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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 à faible risque comme le kératocône

et la dystrophie endothéliale de Fuchs. Les patients qui ont un risque élevé d’inflammation,

comme ceux avec des brûlures acides, alcalines et thermiques, des infections et des ulcères,

ne reçoivent 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 à haut

risque.

Les biomatériaux peuvent être développés sous forme d’implants cornéens solides à 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 être utilisés

par les prestataires de médecine d’urgence ou le personnel médical non spécialisé dans les

zones où les chirurgiens ophtalmologistes ne sont pas disponibles.

Cette thèse explore les formulations de biomatériaux pour les cornéens solides et gélifiants

in situ, leurs performances en tant que dispositifs composites, l’ajout de la stérilisation

terminale à la fabrication d’implants cornéens solides et le développement de futures protéines

mimétiques du collagène pour la formulation d’hydrogel.

Le premier objectif de cette thèse était de développer un implant cornéen solide

adapté à l’implantation chez les patients cornéens à haut risque. Les implants cornéens

peptide-mimant-le-collagène-polyéthylène glycol-phosphorylcholine (PMC-PEG-MPC) et
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les implants recombinants de collagène humain de type III-phosphorylcholine (RCHIII-

MPC) ont réussi à régénérer les cornées de mini-porcs et de lapins, respectivement. La

phosphorylcholine présente dans la formulation PMC-PEG-MPC a diminué l’inflammation

et fourni une alternative cornéenne viable dans les brûlures alcalines à haut risque. Des

nanoparticules d’argent coiffées de peptides étaient fabriquées avec succès à la surface

d’un implant cornéen solide de collagène porcin de type I. Ces implants ont inhibé P.

aeruginosa, S. aureus et S. epidermidis in vitro et empêché la formation de biofilm à

l’interface air-liquide. Ces implants cornéens solides élargissent la gamme d’efficacité pour

inclure les personnes souffrant de brûlures 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 succès à l’aide d’une irradiation par faisceau d’électrons,

offrant une future voie pour la stérilisation terminale des implants cornéens solides à base

de biomatériaux.

Le deuxième objectif était de concevoir un hydrogel qui se solidifierait in situ pour sceller

les perforations cornéennes. Le PMC-PEG était combiné avec du fibrinogène pour former

“LiQD Cornea”, le premier produit de comblement cornéen liquide à être chimiquement

réticulé avec succès in situ pour sceller les perforations cornéennes et les plaies chirurgicales

chez le lapin et les mini-porcs.

Pour le troisième objectif, ce projet fournit également une méthodologie future pour la

production de protéines mimétiques de collagène personnalisées pour les futures formulations

d’hydrogel.

Dans l’ensemble, le collagène et les biomatériaux inspirés du collagène se sont révélés

être 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

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)-α, TGF-β, 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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Fig. 1.2. Single collagen fibril reflecting the banding patterns with d–spacing (67 [nm]).

Each fibril is assembled by collagen molecules featuring a triple helix. The triple helix,

measuring about 300 [nm] in length and 1.5 [nm] in thickness, is made up of α–chains with

every third amino acid of the chain being a glycine. The positions X and Y are predominantly

proline and hydroxyproline, respectively. Reproduced from Gültekin, 2018 under a CC BY

4.0 license [26].

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
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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 µm thick.

The central layer is a 2-4 µm banded zone. The endothelium-adjacent layer is >4 µm 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.
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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 Africa[45]. 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
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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%CI,

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
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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-γ 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-β 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 α-smooth muscle actin (α−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-β
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and the presence of myofibroblasts in the stroma markedly decreases after the basement

membrane is restored and stromal TGF-β 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 lamellae. 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-β 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. HoloclarTM 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]. HoloclarTM 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 IL-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(ε-

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 γ 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 γ-irradiation

[136–138]. Structural analysis of the aceullar graft cornea compared to HDC showed a similar

Young’s modulus (25.1 ± 5.8 kPa vs 24.4 ± 6.4 kPa), but a decrease in melting temperature

(Tm) (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 γ-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

Technique

Model

Species

Surgery Ref

Lin 2008 Porcine trypsin freeze-thaw, sodium

hydroxide, DNase, RNase,

lyophilized

60Co irradiation Rabbit Keratectomy

wound

[129]

Wu 2009 Porcine Sodium deoxycholate,

Phospholipase A2

γ-irradiation (25

kGy)

Rabbit Lamellar

keratoplasty

[128]

Xiao 2011 Porcine Sodium deoxycholate,

phospholipase A2, freezing,

lyophilization.

γ-irradiation (25

kGy)

Rabbit Interlamellar

keratoplasty

[130]

Genicio 2015 Human EDTA - - - [144]

Hashimoto 2015 Human High hydrostatic pressure - - [145]

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

keratoplasty

[131]

Zhang 2015b Human Triton-X, ammonium hydroxide +

DNase or NaCl + DNase

Antibiotics - - [146]

Liu 2016 Ostrich Hypertonic saline, trypsin/trypLE

Express

γ-irradiation (25

kGy)

Rabbit Lamellar

keratoplasty

[132]
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Decellularized Tissues for Epithelial Repair

Identifier Donor

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Zheng 2019 Porcine Sodium hypochlorite,

hyper-hypotonic solution

60Co irradiation Human Lamellar

keratoplasty

[134]

Lin 2019 Porcine Organic acids (formic, acetic, citric) - Rabbit Deep Anterior

Lamellar

Keratoplasty

[147]

da Mata

Martins 2020

Human NaCl and nucleases - - [148]

Wang 2020 - (dermal

matrix)

- - Rabbit Lamellar

keratoplasty

[149]17



Tab. 1.2. Decellularized Tissues for Stromal Repair

Decellularized Tissues for Stromal Repair

Identifier Donor

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Proulx 2009 Human Freeze-Thaw - Cat Penetrating

keratoplasty

[150]

Choi 2010 Human Triton X-100 - - - [151]

Du 2011 Porcine SDS - - Rabbit [152]

Huang 2011 Porcine sodium deoxycholate,

Phospholipase A2

- Rabbit Subcutaneous [153]

Shafiq 2014 Human Sodium chloride, DNase, RNase - Rat Limbal injury [154]

Alio del Barrio

2015

Human SDS and protease inhibitor under

vacuum, DNase

Antibiotic/

antimycotic

solution

Rabbit - [155]

Wilson 2016 Human NaCl, SDS or Triton X-100 with

DNase and RNase

- - - [156]
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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 NaCl 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

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Xu 2017 Porcine 0.5% sodium deoxycholate and

0.04% sodium orthovanadate,

DNase, RNase

Ionizing

Radiation (25

kGy)

Dog Lamellar

keratoplasty

[133]

Guler 2017 Bovine Supercritical CO2 Supercritical

CO2

- - [160]

Alio del Barrio

2018

Human SDS Antibiotic/

antimycotic

solution

Human Lamellar pocket [161]

Huh 2018 Human hypotonic trypsin-EDTA, DNase,

RNase

- Rabbit Corneal pocket [162]

Shi 2019 Porcine HHP, sodium lauroylglutamate,

endonuclease

hypochloric acid

and Co60

irradiation (15

kGy)

Rabbit Lamellar

keratoplasty

[163]

Ahearne 2020 SDS, Tritox-X, DNase, RNase - - - [164]

Uyanıklar 2020 Bovine SDS, GelMA photocrosslinking - - - [165]
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Tab. 1.3. Decellularized Tissues for Endothelial Repair

Decellularized Tissues for Endothelial Repair

Identifier Donor

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Amano 2008 Porcine LN LN Rabbit Stromal pocket [166]

Lee 2014 Porcine,

Primate

- - - - [167]

Bhogal 2017 Human Freeze/Thaw - Rabbit Endothelial

Wound

[168]

Aslan 2018 Bovine SDS 70% ethanol - - [169]

Liu 2018 Porcine SDS - Nonhuman

primate

Intrastromal

pocket

[170]

An 2020 Porcine SDS slightly acidic

electrolyzed

water

- - [171]

Chen 2020 Porcine Sodium deoxycholate,

Phospholipase A2

60Co irradiation Mouse Subcutaneous [135]
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Tab. 1.4. Decellularized Tissue Particles for Stromal Repair

Decellularized Tissue Particles for Stromal Repair

Identifier Donor

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Yin 2019a Porcine peracetic acid, Triton X-100 and

EDTA, DNase, milling

UV at 253.7 nm Ex vivo

Rabbit

- [172]

Yin 2019b Porcine peracetic acid, Triton X-100 and

EDTA, DNase, milling

Sterile filtered

(0.22 µm)

- - [173]

Chandru 2021 Human NaCl, milling Antibiotics Guinea

pigs/

Rabbits

Topical/lamellar

keratoplasty

[174]
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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

species

Decellularization Method Sterilization

Technique

Model

Species

Surgery Ref

Wang 2020 Porcine HHP, dtergent, endonuclease,

milling, CMC/NHS crosslinking

- Rabbit focal corneal

defect

[175]

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

Hong 2018 Human Trypsin, DNase, RNase, plastic

compression collagen thermal gel

- Rabbit anterior lamellar

keratoplasty

[177]

Kim 2019 Bovine Ammonium hydroxide-Triton

X-100,

Peracetic acid Mouse/

Rabbit

Subcutaneous/

corneal pocket

[178]

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

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

species

Decellularization

Method

Sterilization

Technique

Cell

Type

Model

Species

Surgery

Performed

Ref

Epithelium

Zhang

2012

Canine I mM Tris-HCl, 1% Triton

X-100, 0.25%

trypsin-EDTA, DNase and

RNase, freeze dried

γ-irradiation MSC,

LESC

[189]

Luo 2013 Porcine Hypotonic/hypertonic,

0.2% Triton X-10

15 K 60Co amniotic

epithelial

cells

Rabbit Lamellar

Keratoplasty

[190]

Zhao 2014 Porcine

Conjunc-

tiva

SDS γ-irradiation

(25 kGy)

CEpC Rabbit Intracorneal

transplanta-

tion

[191]

Wu 2014 Porcine Hypotonic, Phospholipase

A2 and 0.5% sodium

deoxycholate,

Phospholipase A2

γ-irradiation

(25 kGy)

LESC Rabbit Lamellar

Keratoplasty

[192]

Stroma

Xiao 2011 Porcine Phospholipase A2 γ-irradiation

(25 kGy)

CSK Rabbit Lamellar

Keratoplasty

[130]
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Identifier Donor

species

Decellularization

Method

Sterilization

Technique

Cell

Type

Model

Species

Surgery

Performed

Ref

Cen 2020 Canine 1.5 M NaOH γ-irradiation MSC Rabbit Lamellar

Keratoplasty

[135]

Endothelium

Proulx

2009

Human freeze/thaw - CEnC Cat Penetrating

Keratoplasty

[193]

Full Thickness

Yoeruek

2012

Porcine hypotonic tris buffer,

ethylene diamine

tetraacetic acid (EDTA,

0.1%), aprotinin (10 KIU/

ml) and 0.3% sodium

dodecyl sulphate

- CSK,

CEpC,

CEnC

[194]

Zhang

2017

Porcine NaCl, DNase, RNase Pen/Strep LESC,

CFC,

CEnC

Rabbit Penetrating

Keratoplasty

Xu 2017 Porcine 0.5% sodium deoxycholate

and 0.04% sodium

orthovanadate, DNase I

and RNase A

γ-irradiation non-tumor

igenic

CEpC,

CSK

Dog Lamellar

Keratoplasty

[133]
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Tab. 1.7. Cultured Tissue-Engineered Corneas

Identifier Matrix and/or Culture

Surface

Cell

Source

Cell Types Model Species Surgery Ref

Zieske 1994 Matrix deposited by

fibroblasts

Rabbit CSF, CEpC,

CEnC

- - [195]

Guo 2007 Polyester or polycarbonate

membrane

Human CSK - - [196]

Carrier 2008 Matrix deposited by

fibroblasts

Human CSK, CEpC,

CEnC

- - [197]

Ren 2008 Disorganized pepsin

extracted bovine dermal

collagen

Human CSF - - [198]

Gonzàlez-

Andrades

2009

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

Carrier 2009 Matrix deposited by

fibroblasts

Human CSF and CEpC,

CSF and SEpC,

SF and CEpC,

SF and SEpC

- - [200]

Guillemette

2009

Microstructured

thermoplastic elastomer

Human CSF, CEpC - - [201]
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Identifier Matrix and/or Culture

Surface

Cell

Source

Cell Types Model Species Surgery Ref

Proulx 2010 Matrix deposited by

fibroblasts

Human CSF, CEpC,

CEnC

- - [202]

Karamichos

2010

polycarbonate membrane Human CSK - - [203]

Karamichos

2011

TCP Human CSF - - [204]

Karamichos

2012

polycarbonate membrane Human CSF (Healthy

and

Keratoconus)

- -

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

Lake 2013 Fibronectin or matrix

deposited by fibroblasts

Rabbit CSF, CEpC - - [206]

Zaniolo 2013 Matrix deposited by

fibroblasts

Human CEpC, CSF, - - [207]

Karamichos

2013

TCP Human CSF, CSK - - [208]

Karamichos

2014

polycarbonate Transwell

filters

Human CSSC - - [209]

Wu 2014 Silk fibroin patterned film

functionalized with RGD

Human CSSC, CSF - - [210]
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Identifier Matrix and/or Culture

Surface

Cell

Source

Cell Types Model Species Surgery Ref

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

Abidin 2015 Collagen Human CSK - - [211]

Bourget 2016 Matrix deposited by

fibroblasts

Human CSK, CEnC - - [212]

Couture 2016 Matrix deposited by

fibroblasts

Human CEpC, CSF, - - [213]

Priyadarsini,

2016

polycarbonate membrane Human CSF (Healthy,

Type I and

Type II diabetes

mellitus)

- - [181]

Zhang 2017 Collagen IV, hLaminin

-511 or hLaminim -521

Human CEnC Rabbit Endothelial

keratoplasty

[184]

Ghezzi 2017 Silk fibroin patterned film

functionalized with RGD

Human CSF, CSSC - - [214]

Couture 2018 Matrix deposited by

fibroblasts

Human CEpC, CSF, - - [183]

Deardorff

2018

Silk fibroin patterned film

functionalized with RGD

Human CSSC, CEpC,

induced neural

stem cells

- - [215]
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Identifier Matrix and/or Culture

Surface

Cell

Source

Cell Types Model Species Surgery Ref

Syed-Picard

2018

Fibronectin coated-

polydimethylsiloxane

(PDMS) vs Matrix

deposited by fibroblasts

Human CSSC Mice Intrastromal

pocket

[185]

Thériault

2018

FNC Human CEnC (Healthy

and FCD)

- - [183]

Peh 2019 Collagen Human CEnC Rabbit Endothelial

keratoplasty

[186]

Rico-Sánchez

2019

Fibrin-agarose Human CSK, CEpC Rabbit Anterior

lamellar

keratoplasty

[186]

Le-Bel 2019 Fibrin Human CEpC Human - Herpes

Zoster

Ophthalmic

neurotrophic

keratitis

Autologus

epithelial

transplant, PK

[188]

McKay 2019 polycarbonate membrane Human CSF, CEpC,

CEnC

- - [216]
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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 vitro. 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 TiO2 nanoparticle
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(NP) coating of PMMA [221]. Chloroform was used to pit the PMMA surface to allow NP

hydroxyapatite-TiO2-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 vitro.

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 vitro. 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. Naïve 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

Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Orwin 2000 Bovine Collagen I Sponge CEpC,

CSK,

CEnC

[232]

Orwin 2003 Bovine Collagen I CSF [233]

Mimura 2004 Bovine Collagen I Dried CEnC Rabbit Descemet

Replacement

[234]

Borene 2004 Bovine Collagen I lyophilized,

dyhydrothermally

crosslinked sponge

CSF [235]

Crabb 2006 Bovine Collagen I Sponge CSF [236]

Duan 2006 Bovine Collagen I EDC/

Glutaraldehyde/

dendrimer

CEpC [237]

Duan 2007 Bovine Collagen I EDC-NHS- YIGSR

Dendrimer

CEpC [238]

35



Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Vrana 2008
Rat Collagen I -

chondroitin sulfate
EDC/NHS,

lyophilized, soaked in

CS, EDC/NHS

CSK [239]

Mi 2010 Rat Collagen I Plastic compression LESC [240]

Builles 2010 Rat Collagen I Magnetic Alignment

and EDC/NHS

LESC/

CSK

Rabbits anterior lamellar

keratoplasty

[241]

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]

Kilic 2014

Rat Tail Collagen I

w+w/o Elastin-like

recombi-

namer(YIGSR)

Solvent-film CSK [245]

Xiao 2014 Rat Collagen I Plastic compression Rabbit Stromal Pocket [246]

Chae 2015 Bovine Collagen I Drying LESC Rabbit Lamellar

Keratectomy

[247]

Koulikovska

2015

Porcine Collagen I EDC/NHS HCEpC/

HCF

Rabbits intrastromal

keratoplasty

[248]

36



Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Kureshi 2015 Rat Collagen I Thermal gel CSSC,

LESC

[249]

Palchesko 2016 Rat Collagen I Plastic Compression,

COL4-LAM surfce

coating

CEnC [250]

Rafat 2016
Porcine Collagen

I-MPC
EDC/NHS/

APS/TEMED

(Core/Skirt)

HCEpC Rabbits intrastromal

keratoplasty

[251]

Vazquez 2016 Human Collagen I Air drying, UV CEnC Rabbit DMEK [252]

Kishore 2016 Bovine Collagen I Electrochemical

compaction

EDC/NHS

CSK [253]

Kong 2017
Rat Collagen

I/PLGA
electrospinning/

plastic compression

CEpC,

CSK

[254]

Isaacson 2018
Bovine Collagen I -

methacrylated
3D Printing CSK [255]

Cen 2018 Rat Collagen I Plastic compression CEnC [256]
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Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Shojaati 2018 Rat Collagen I Film formation CSSC Mice Superficial stromal

wound

[257]

Mukhey 2018 Rat Collagen I Thermal gels CSSC [258]

Miotto 2019
Rat Collagen I -

peptide ampiphile
Plastic compression CSMF [259]

Gouveia 2019 Rat Collagen I Plastic compression CSK [260]

Liu 2019 Bovine Collagen I EDC/NHS -

Lyophilization

- Rabbits anterior lamellar

keratoplasty

[261]

Arabpour 2019 PLGA/collagen I Electrospinning Human en-

dometrial

stem cells

[262]
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Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Xeroudaki 2020 Porcine Collagen I EDC/NHS CEpC Rabbits /

Rats

anterior lamellar

keratoplasty or

hybrid

intrastromal

LASIK flap

combined with

anterior lamellar

keratoplasty

[263]

Chen 2020
Bovine Collagen

I/Hyaluronate
HA-azido-PEG5-

NHS,

DBCO-sulfo-NHS

w-ColI, click

chemistry upon

mixing

CEpC Rabbits Partial

keratectomy

[264]

Fernandes-

Cunha

2020

Bovine Collagen I PEG-NHS CEpC Rabbits Partial

keratectomy

[265]
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Identifier
Primary Scaffold

Material
Method of

Manufacture

Cell

Culture

Model

Surgical

Model

Surgery Ref

Wang 2020 Collagen/Vitrigel Ammonium

crosslinking, beta

cyclodextric

CEnC,

CSK

[266]

Islam 2021 Porcine Collagen I EDC/

Glutaraldehyde

CEpC,

CSK,

CEnC

[267]

Na 2021 Bovine Collagen I PEG-NHS

encapsulation

MSC Ex vivo /

Organ

Culture

[268]
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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 µm 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 Xaa-Yaa-Gly triple amino acid repeats in the collagen

structure, not hydrogen bonds mediated by water bridges. Previous data had shown that

(Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10 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)10, (Pro-Pro-

Gly)10 and (Pro-Flp-Gly)10, 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 Xaa-Yaa-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
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self-assembled fibril formation [276]. This peptide monomer consists of (Pro-Lys-Gly)4(Pro-

Hyp-Gly)4(Asp-Hyp-Gly)4. 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 Göttingen 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 C16–KTTKS increased

corneal fibroblast collagen secretion in a dose dependant manner. In 2014, the peptide

ampiphile A6RGD was shown to form short fibrils in a concentration dependent-manner

based on β-sheet assemblies [280]. A6RGD films from 0.1-1.0% wt allowed for CSF attach-

ment and proliferation. A subsequent study of C16G3RGD (RGD) and C16G3RGDS (RGDS)

PAs mixed with C16-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 vivo 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.

By 6 months, sensitivity was back to normal levels. * – p < .05 as compared to un-operated

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 C16-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 (SLATEs)

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 C16-TPGPQGIAGQRGDS allowed for re-

attachment of the sheet. A subsequent study was conducted of a PA film using a 15:85

ratio of C16-TPGPQGIAGQRGDS and C16-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 SLATEs 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. IHC confirmed significantly more collagen type I, collagen

type V and decorin depostion on the aSLATE. The aSLATE also supported greater cytok-

eratin 3 and β-integrin expression in CEpC seeded on the tissue. Both CSF-only SLATEs

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. IHC analysis

one and nine months after implantation showed that the the aSLATE had reduced vimentin

and α-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 µm thick, so they are appropriate for deep anterior lamellar keratoplasty

procedures. The group also has thinner molds designed for use in rabbits (350 µm) and

rodents (200 µm) 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 Isaacson et al in

2018 [255]. CSK keratocytes were 3D printed in a bioink composed of alginate and collagen

I-methacrylate (ColMA) and solidified using CaCl2. 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 α-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], π−π 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 vitro. 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-

inosa in an ex 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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Article 2. Nanoengineering the surface of corneal implants: Towards functional

anti-microbial and biofilm materials

Reproduction of: Khatoon Z, Guzman I, McTiernan CD, Lazurko C, Simpson F,

Zhang L, Cortes D, Mah T, Griffith M and Alarcon EI. Nanoengineering the surface of

corneal implants: Towards functional anti-microbial and biofilm materials. RSC Adv.

2020;10:23675-23681.Reproduced under a Creative Commons Attribution-Non Commercial

4.0 International Public License (CC BY-NC).

Contributions

I performed the bone-marrow dendritic cell assays which showed that the peptide-capped

silver nanoparticles were not immunogenic. This is important for a medical device

that will go into the eye of a patient who may have a compromised cornea that the

device does not trigger any adverse immune reactions. I also contributed to the writ-

ing up the sections pertaining to these assays in the draft, and approved the final manuscript.

Article 3. Electron-Beam Irradiated Recombinant Human Collagen-

Phosphorylcholine Corneal Implants Retain Pro-Regeneration Capacity

Simpson FC, Islam MM, Buznyk O, Edin E, Ljunggren MK, Liszka A, Fagerholm P, Griffith

M. Electron-Beam Irradiated Recombinant Human Collagen-Phosphorylcholine Corneal

Implants Retain Pro-Regeneration Capacity. (In Preparation)

Contributions

I manufactured the biomaterials for microbial and mechanical testing. I performed the

statistical analyses for manuscript. I drafted the initial version of the manuscript with

MMI, EE and MG.

Article 4. LiQD Cornea: Pro-Regeneration Collagen Mimetics as Patches and

Alternatives to Corneal Transplantation
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Reproduction of: LiQD Cornea: Pro-regeneration collagen mimetics as patches and alter-

natives to corneal transplantation. Christopher D. Mctiernan†, Fiona C. Simpson†, Michel

Haagdorens, Chameen Samarawickrama, Damien Hunter, Oleksiy Buznyk, Per Fagerholm,

Monika K. Ljunggren, Philip Lewis, Isabel Pintelon, David Olsen, Elle Edin, Marc Groleau,

Bruce D. Allan*, May Griffith*. Science Advances 17 JUN 2020 : EABA2187. DOI:

10.1126/sciadv.aba2187. Reproduced under a Creative Commons Attribution-Non Com-

mercial 4.0 International Public License (CC BY-NC).

Contributions

I performed the dendritic assays, immunohistochemistry and analyses of the clinical results

from the pig study. I wrote the primary draft of the manuscript with CDM and MG. I

participated in all revisions and approved the final version of the manuscript.

Article 5. Synthesis and application of collagens for assembling a corneal implant

Reproduction of: Edin E, Simpson F, Griffith M. Synthesis and application of collagens

for assembling a corneal implant. In: Methods in Molecular Biology. 2020;2145:169-183.

Reproduced with permission of Springer Nature Customer Service Centre GmbH.

Contributions I validated the methods in described in this paper to produce a recombinant

collagen mimetic program. I drafted the initial version of the manuscript with EE and MG.

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

Appendix A. In situ Tissue Regeneration in the Cornea from Bench-to-Bedside.

Reproduction of: Poudel BK, Robert MC, Simpson FC, Malhotra K, Jacques L, LaBarre

P, Griffith M. In situ Tissue Regeneration in the Cornea from Bench-to-Bedside. Cells

Tissues Organs. 2021. doi: 10.1159/000514690. Reproduced with the permission of S.

Karger AG, Basel.
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Contributions

I contributed the sections on Extracellular Vesicles, Exosomes, and in situ Tissue Re-

generation; Exosomes in Corneal Wound Healing; and Regeneration, and Regulatory

Considerations. I contributed to revisions and approved the final version of the manuscript.

Appendix B. Plant Recombinant Human Collagen Type I Hydrogels for Corneal

Regeneration

Reproduction of: Haagdorens M*, Edin E*, Fagerholm P, Groleau M, Shtein Z, Ulčinas

U, Yaari A, Samanta A, Cepla V, Liszka A, Tassignon MJ, Simpson FC, Shoseyoy

O, Valiokas R, Pintelon I, Ljunggren MK, Griffith M. Plant Recombinant Human

Collagen Type I Hydrogels for Corneal Regeneration. Regen Eng Transl Med. 2021.

https://doi.org/10.1007/s40883-021-00220-3. (* Equivalent contributions) Reproduced

under a Creative Commons Attribution 4.0 International Public License (CC BY).

Contributions

I performed the immunohistochemistry with Marc Groleau. I also contributed the primary

draft of the manuscript, 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.1 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.3 However, this declines to

55% by 15 years due to chronic inflammation.4 A severe worldwide human donor cornea

shortage leaves 12.7 million patients awaiting transplantation, with only one in 70 patients

being treated.5 Patients with inflammation and severe pathologies have risks of up to 70% for

rejecting donor allografts.3 So, they often remain untreated, with valuable tissues allocated

to patients with better chances of success.6

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

has been implicated in the formation of retroprosthetic membrane,7 corneal tissue melt (ker-

atolysis) and tractional retinal detachment. Further, the issues of PMMA-induced inflamma-

tion remain8 and potentially contribute to periprosthetic keratolysis and KPro extrusion.9

In a mouse model, it was shown that inflammatory cytokines, TNF-α and IL-1, elicited by

Boston KPro implantation can result in optic nerve damage.10 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.11 Introduction of topographical features on surfaces were reported to re-

duce adherence of macrophages,12 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-

tokine release13,14) to more tolerogenic hydrophilic ones by modifying surface chemistries.11,13

Hydrophilic terminal groups (NH2, 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.11 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),

α-melanocyte-stimulating hormone, and interleukin-1 receptor antagonists.11

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.15,16 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.15 The

inflammatory cycle triggered by dendritic cell activation also results in lymphangiogenesis

and angiogenesis, which in turn enhances the sensitization to alloantigens.17 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 III (RHCIII) and grafted 500 µm thick implants into 10 patients.18,19 Being cell-free, the

implants were immune compatible, did not activate dendritic cells, and supported the stable

regeneration of corneal epithelium, stroma and nerves.19,20 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.21 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.20
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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.22 In ad-

dition, recombinant pepsin is needed to cleave the telopeptides from the full-length protein

prior to use.23 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.24 As short peptides, they can be produced

synthetically, are easy to purify and also easy to manipulate and customize for different

applications.24,25 A 36 amino-acid CLP was developed by the Hartgerink group as a collagen

analog,26 and performed well as a hemostat.27 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.28,29 However, the N-(3- dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride

(EDC) used for stabilizing the hydrogels was possibly pro-inflammatory.20,30

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).31 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 vitro 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 31P 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 µm thick. In particular, the CLP-

PEG-MPC hydrogels showed a peak at approximately 0 ppm on 31P 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).32 Both hydrogels were highly transparent in visible light (%T400 nm – 700 nm >

80%) (Fig 1 c). 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 ± 0.010 MPa) and higher

elongation at break (59.50 ± 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. 2l). 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. 2l).

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 Göttingen 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 µm (mean

± SEM) at three months post-op to 773 ± 60 µm 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 µm 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 µm (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

µm 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.40

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-l). Immunohistochemical staining for α-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 6c). 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 α chains,

β-dimers and γ 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 α chains, β-dimers

and γ trimers compared to the CLP-PEG and unoperated groups. CLP-PEG implants had

significantly less cornea-specific type V (α1(V)) collagen than CLP-PEG-MPC or untreated

corneas (Fig. 6c, 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 naïve 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. 7c,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 Tsg101-positive extracellular vesicles (EVs) was seen in CLP-PEG

neo-corneas (Fig. 8b) compared to unoperated controls (Fig. 8c). Colocalization of Tsg101

and the exosomal surface marker CD9, showed that many of the EVs were exosomes (Fig.

8e). 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.29 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.39 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.18,19 Here, as in Fagerholm et al.,19 the original implant was

remodelled during corneal regeneration. Furthermore, Jangamreddy et al.29 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 in vitro, with the slower initial

growth on the MPC-containing gels attributed to the non-adherent “slippery" nature of

phosphorylcholine-derived hydrogel surfaces.34,35 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)31, 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.36 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.33

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 (α), dimeric (β), and

trimeric (γ) 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.37 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.29 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 rabbits38 and allowed stable regeneration in a clinical trial

of six high-risk patients with active ulcers and scarring21, 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 rabbits38 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.21 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 allergy39 or zoonotic transmission of pathogens such as viruses that

may result from animal-derived materials.40 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)4(POG)4(DOG)4) (AmbioPharm, SC, USA) was con-

jugated to an 8-arm poly(ethylene glycol) with a hexaglycerol core (Sinopeg Biotech Co.

Ltd., Beijing, China).28 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.21 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 µm 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 in 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 13C 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. 13C NMR produced convoluted spectra in

the region between 55 and 70 ppm that made it difficult to interpret, but 31P 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 µm thick) were evaluated using an Instron electrome-

chanical universal tester (Model 3342, Instron, Norwood, MA) equipped with Series IX/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-1.

Rheology

Circular hydrogels, 8 mm in diameter and 500 µm 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 µm 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"

(W0) of the hydrogel. The hydrogels were then dried until a stable “dry weight" (W) was

obtained. The percent water content of the hydrogels (Wt) was calculated according to the

equation: Wt % = (W - W0) / W %.

Collagenase Degradation

Samples were equilibrated in Tris-HCl 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-HCl at 37◦C.

The undigested mass was weighed at time 0 (W’0) and every 8 hours (W’t) for 2 days (48

hours). At every interval, surface water was blotted away, and samples were weighed using

an ultra-microbalance (SE2, Sartorius, Göttingen, 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’t/W’0) 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%).41 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 µM) 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 s-1)

was calculated using the equation Papp = (dC/dt)/(60C0A) [dC/dt is the slope, C0 the ini-

tial concentration of the donor chamber and A the exposed surface area of the sample in the

slider (0.031 cm2)]. 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).42,43 Selection

of puromycin-resistant cells with 2 µg ml–1 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.42 GFP-HCECs were subsequently

characterized by morphology, and expression of Integrin β1 and focal adhesion kinase cell

proliferation rate.43 These cells were not checked for mycoplasma contamination.

To conduct proliferation studies, CLP-PEG and CLP-PEG-MPC hydrogels were punched

using a 5mm 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% CO2. 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 µg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor (EGF) (Gibco,

California, USA) in a 37◦C and 5% CO2 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.44 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 (1x106/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

µm β-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 1x106 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 µm thick hydrogel disk, to

simulate the total amount present in a complete corneal implant. Hydrogels disks (6 mm di-

ameter, 500 µm 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. 6c) 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 Göttingen 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.45

Eight female Göttingen 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 µm) was trephined to a depth of 500 µm using a 6.5

mm diameter Barron Hessberg trephine. A corneal diamond knife was used to complete the

lamellar dissection. A 500 µm 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/mL 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 vivo 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, Göttingen, 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 HCI 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 4× 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 µm) 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, Göttingen, 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.46 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® TrueVIEWTM

Autofluorescence Quenching Kit (Vector Laboratories, Burlingame, CA, USA). Slides were

stained with DAPI (5 µg/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, Göt-

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 Tsg101 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 µm. 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 µm3 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).51 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

× 4K pixels, at a pixel resolution of between 6.5-21 nm and a pixel dwell time of 8 µs, 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 µm × 26.5 µm 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 (α=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. (α=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) 31P

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 µm. (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, †CLP-PEG
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vs component, p<0.05. (l) 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-l) 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-l). (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 µm.

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. (c) 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. †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.

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

3/76-positive in both regenerated neo-corneas. (j-l) Collagen V staining of the neo-cornea

stromas shows the regeneration of corneal specific ECM components. Black scale bars, 500

µm; white scale bars, 200 µm.

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 α-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 Tsg101+ 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

Tsg101+, CD9+ exosomes represented by yellow staining. White scale bars, 200 µm. (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 µm. (j-l) 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 (a1,b1) 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, l)

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 α-SMA (a),

CD31 (f) and LYVE 1 (k). Three of four CLP-PEG pigs showed positive vascular staining

for α-SMA (b-d), CD31 (g-i) and LYVE 1 (l-n). Unoperated corneas express no vascular

markers. (e,j,o). 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 3.
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Figure 4.
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Figure 8.
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Supplementary Figures
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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

CLP-PEG-MPC CLP-PEG
Biosynthetic

implants*
Human cornea

Tensile Strength

(MPa)
0.022 ± 0.004 0.56 ± 0.21 0.286 ± 0.0619 3.81 ± 0.4033

Elongation (%) 59.50 ± 7.70 49.96 ± 8.10 20.149 ± 7.61419 N/A

Young’s Modulus

(MPa)
0.044 ± 0.010 0.150 ± 0.015 1.749 ± 0.78219 3-1334,35

Storage Modulus

(G’) (kPa)
15.15 ± 1.086 22.36 ± 1.489 - -

Loss Modulus

(G”) (kPa)
0.1522 ± 0.0569 0.0433 ± 0.006 - -

Transmission (%) 29-80(UV) 32-92(UV) 95.1 ± 0.0519 87.1 ± 2.0

80-97(Vis) 92-99(Vis) (at 500 nm)36

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

Degradation at

48h

100.17 ± 3.54 96.19 ± 1.89 <10%37 -

*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 4.11E+14
F (1.163, 13.96) =

1713
P<0.0001

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 2.4E+11

Source of Variation % of total variation P value GGε

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 (3.082, 18.49) =

39.73
P<0.0001

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

Source of Variation % of total variation P value

Geisser-

Greenhouse’s

ε

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

Time 31.79 6 5.298
F (1.622, 21.09) =

36.24
P<0.0001

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 ε

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 (1.280, 7.682) =

17.80
P=0.0023

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 GGε

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.
Adjusted P

Value

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 (4.508, 58.60) =

2.774
P=0.0300

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 GGε

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
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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

Time 55.88 5 11.18
F (2.416, 31.40) =

1.211
P=0.3169

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 GGε

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

P value
Mean rank

of CLP-PEG

Mean rank of

CLP-PEG-

MPC

Mean

rank

diff.

Mann-

Whitney

U

q value

Epithelial

Hyperplasia
0.485714 5.125 3.875 1.25 5.5 0.981143

Vascularization >0.999999 5 4 1 6 >0.999999

Supplementary Table 8. Multiple unpaired t-tests of IHC Quantification

α-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
SS (Type

III)
DF MS F (DFn, DFd) P value

Interaction 2.55E+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

γ

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

β

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

α1(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

α1(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

α2(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

Target Antibody

Dilution

Factor

CD11c

Brilliant Violet 650™ anti-mouse CD11c, (Clone: N418),(IsoType: Ar-

menian Hamster IgG), (Reactivity: Mouse), (Format: BV650), (APP:

FC), (Species: Hamster), Biolegend, 117339

1:1600

IA-IE

(MHC

Class II)

PerCP/Cy5.5 anti-mouse I-A/I-E,(Clone: M5/114.15.2),(IsoType:

Rat IgG2b, κ),(Reactivity: Mouse),(Format: PerCP/Cy5.5),(APP:

FC),(Species: Rat), Biolegend, 107626

1:3200

CD40 CD40, APC, clone: 1C10, eBioscience™, 501129392 1:400

CD80

PE anti-mouse CD80,(Clone: 16-10A1),(IsoType: Armenian Hamster

IgG),(Reactivity: Mouse, Cross-Reactivity: Dog (Canine)),(Format:

PE),(APP: FC),(Species: Hamster), Biolegend, 104708

1:100

CD86

FITC anti-mouse CD86,(Clone: GL-1),(IsoType: Rat IgG2a,

κ),(Reactivity: Mouse),(Format: FITC),(APP: FC),(Species: Rat),

Biolegend, 105006

1:50

119



Supplementary Table 11. Antibodies used for immunohistochemistry

Target Antibody (or Lectin) 1:500

Mucin
Lectin from Ulex europaeus (gorse, furze) FITC conjugate, Sigma-

Aldrich, L9006
1:50

Cytokeratin

K3/K76
Anti-Keratin K3/K76 Antibody, clone AE5, Millipore, CBL218 1:500

α-SMA Anti-alpha smooth muscle Actin antibody [1A4], AbCam, ab7817 1:100

LYVE1 Anti-LYVE1 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

Mouse IgG
Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (H+L), Jac-

skon Immuno Labs, 115-545-146
1:1000

Rabbit IgG
Alexa Fluor® 488 AffiniPure Goat Anti-Rabbit IgG (H+L), Jack-

son ImmunoResearch Laboratories, 111-545-144
1:1000

CD9

CD9 Mouse anti-Bovine, Canine, Equine, Feline, Human, Mink,

Mustelid, Non-human primate, Porcine, Rabbit, Clone: MM2/57,

Invitrogen™, MA180307

1:100

Tsg101
Recombinant Anti-TSG101 antibody [EPR7130(B)], AbCam,

ab125011
1:100

Rabbit IgG
IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa

Fluor® 594, Invitrogen, A11037
1:1000

Mouse IgG
IgG (H+L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa

Fluor® Plus 647, Invitrogen™, PIA32728
1:1000
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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.1–6 While the most common cause of bacterial keratitis is contact lens wear,7

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.8,9

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 tears10–12 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.13–15 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.16

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.17–19

While interesting, many of these materials and devices rely on impregnation or multistep chemical

modifications of the implant to tether the antimicrobial component.20,21 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.13,22 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. S1.†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. S2†. 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. S3†). 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.†Analysis 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.24 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.13,25

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-1) 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 (AgNO3), 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 situ 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 10× 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

105 CFU mL-1 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 PA14, 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 × 107 CFU mL-1 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 1× 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 ImageJ.

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% L929 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 1× 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 2× with Hank’s buffer, and then

cells were fixed with a solution of 4% PFA in 1× PBS at 4◦C in the dark. Fixative was removed

and wells were washed 2× with NH4Cl in PBS, waiting 7 minutes between washes. The samples

were then washed 3× with 1× 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 1× 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 3× with 1× PBS.

The coverslips were removed from the wells and mounted onto a glass slide using ProlongTM Gold

antifade reagent with DAPI (Invitrogen, P36931). Cells were imaged with a Zeiss Axiovert 200M

Fluorescence microscope equipped with an AxioCam MR camera using 63× 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.29 Red blood cells in the mar-

row were lysed using ammonium chloride solution (155 mM NH4Cl, 10 mM KHCO3). Cells

(1 × 106 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-1 peni-

cillin–streptomycin–glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 55 mM b-mercaptoethanol

with 25 ng mL-1 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-1 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 HistodenzTM density gradient (Sigma-Aldrich, St. Louis, MO) and seeded on the hydrogels at a

density of 1 × 106 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, IA/IE CD40,

CD80 and CD86 (Table S1†) and Zombie AquaTM Fixable Viability Kit (BioLegend, San Diego,

CA). Flow cytometry was performed with a BD LSR II and analyzed using FlowJo v10.6.1 (Becton,

Dickinson & Company, Franklin Lakes, NJ, USA). The cells were gated using Zombie Aqua and

CD11c as markers of a live, dendritic cell phenotype (see Fig. S5†for 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 (TNFα), EMMPRIN,

vascular endothelial growth factor (VEGF), epidermal growth factor receptor (EGF-R), interleukin

3 (IL3), interleukin 6 (IL6), interleukin 1 alpha (IL1-α), interferon gamma (IFN-γ), 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-1, Ar plasma gas flow: 15

L min-1). The final concentration of silver in each sample tissue were measured in mg kg-1 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 (AgNO3), 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,
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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 × 105 CFU mL-1

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 × 107 CFU mL-1) 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. Error 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 µM 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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Supplementary Table

Table S1. Antibodies for Flow Cytometry

Target Antibody
Dilution

Factor

CD11c

Brilliant Violet 650TM anti-mouse CD11c,(Clone: N418),(IsoType:

Armenian Hamster IgG),(Reactivity: Mouse),(Format:

BV650),(APP: FC),(Species: Hamster), Biolegend, 117339

1/1600

IA-IE

(MHC

Class II)

PerCP/Cy5.5 anti-mouse I-A/I-E,(Clone: M5/114.15.2),

(IsoType: Rat IgG2b, κ), (Reactivity: Mouse),(Format:

PerCP/Cy5.5), (APP: FC), (Species: Rat), Biolegend, 107626

1/3200

CD40 CD40, APC, clone: 1C10, eBioscienceTM , 501129392 1/400

CD80

PE anti-mouse CD80,(Clone: 16-10A1),(IsoType: Armenian

Hamster IgG),(Reactivity: Mouse, Cross-Reactivity: Dog (Ca-

nine)),(Format: PE),(APP: FC),(Species: Hamster), Biolegend,

104708

1/100

CD86

FITC anti-mouse CD86,(Clone: GL-1),(IsoType: Rat IgG2a,

κ),(Reactivity: Mouse),(Format: FITC),(APP: FC),(Species:

Rat), Biolegend, 105006

1/50
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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

10-6 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 µl 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 µm 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 µm 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 1A,F). 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 µL 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 (TSB) 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 dogbone-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 mm•min-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-1. 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 % = Wt / Wo %, where Wt is the weight of hydrogel at a particular time point and

Wo 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 µg/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 A1, Carl Zeiss, Göttingen, 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 AxioImager Z2, Carl Zeiss, Göttingen, 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 (Linköpings

Djurförsöksetiska Nämnd). Three groups of curved RHCIII-MPC implants 6 mm in diameter and

350 µm 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 µm. 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, Malmö, 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 µm below the

epithelial surface, representing the nerves of the subbasal nerve plexus at the basal epithelial and

subepithelial regions; sixty to 100 µm below the epithelial surface, representing the most anterior

stromal region; 110 to 150 µm below the epithelial surface, representing the deep anterior stroma;

160 µm 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

157



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 immunohistochemistry

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 RHCIII-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 VDmax15.
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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 -80circC 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 µm,

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 3+12 (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 in TSB. (G-J) No colonies of S. aureus

persisted after the two methods of sterilization.
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TABLES

Table 1. Comparison of physical properties of e-beam irradiated and unirradiated corneal implants.

C-PBS 17 kGy 19 kGy 21 kGy p-Value

Optical Properties

Transmission

(%)
88 ± 1.9 84 ± 3.8 88 ± 4.6 88 ± 7.8 0.704

Backscatter

(%)
1.6 ± 0.4 1.2 ± 0.7 0.03 ± 0.06 1.2 ± 1.4 0.2

Mechanical Properties

Tensile

Strength

(MPa)

0.3 ± 0.1 0.3 ± 0.04 0.2 ± 0.1 0.3 ± 0.3 0.7

Elongation at

break (%)
12 ± 0.8 12 ± 0.4 10 ± 2.3 11 ± 4.4 0.8

Young’s mod-

ulus (MPa)
3.6 ± 0.8 3.7 ± 0.6 2.9 ± 0.5 4.1 ± 3.2 0.9

Thermal Stability

Denaturation

Temperature

(◦C)

54 ± 1.7 51 ± 2.3 51 ± 2.0 56 ± 0.5 0.02

Data is reported as mean ± SE. Top value was constrained to 100.
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Table 2. Slit lamp evaluation performed at six months post-operative.

Outcome Unoperated C-PBS 17 kGy K-W

Corneal Opacity

Severity
0 1 [-5.6, ns] 1 [-6.9, *] 8.4, p=0.003

Corneal Opacity (Area) 0 1 [-5.6, ns] 1 [-6.9, *] 8.4, p=0.003

Corneal Vascularization 0 0 [-2.0, ns] 0 [-2.0, ns] 3.0, p=0.5

Conjunctival Congestion 0 0 0 N/A

Conjunctiva Chemosis

and Swelling
0 0 0 N/A

Corneal Staining 0 0 0 N/A

The exam was performed by two independent raters with an inter-rater reliability score of κ=0.6,

so the median score, rounded up, was used for all comparative analysis. Clinical score is reported as

the median group score. Groups were compared using a Kruskal-Wallis test, with a Dunn’s multiple

comparison correction for between group analyses. Data is reported as (Median, [Mean Rank Diff.

to UO, Significance])
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Table 3. Corneal thickness measurements of the implantation area of operated and non-operated

eyes at 6 months post-operation by pachymetry.

Group Corneal thickness M ± SD
Mean Rank Difference to Un-

operated

EB 378 ± 15.4 2.50

EB-F 379 ± 37.3 3.9

C-PBS 351 ± 21.8 7.50*

Unoperated 407 ± 35.9 -

Statistical significance (P≤0.05) of operated eyes from healthy, unoperated control eyes was

determined using a Kruskal-Wallis test (6.6, p=0.03) with a Dunn’s multiple comparison between

experimental and unoperated corneas.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Sigmoidal Regression of Collagenase Assay

Sigmoidal regression of irradiated and unirradiated implants after collagenase

treatment

C-PBS 17 kGy 19 kGy 21 kGy p-Value

Top 100 100 100 100 N/A

Bottom 36 ± 1.6 41 ± 0.9 33 ± 0.8 39 ± 0.7 <0.0001

IC50 15 ± 0.6 10 ± 0.4 10 ± 0.3 10 ± 0.3 <0.0001

Hill Slope -0.09 ± 0.01 -0.13 ± 0.01 -0.14 ± 0.01 -0.13 ± 0.01 0.0016

Span 64 59 67 61 N/A

R square 0.96 0.98 0.99 0.99 N/A
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Figure S1.
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One Sentence Summary: LiQD Cornea is an injectable pro-regeneration alternative to corneal

transplantation for treating corneal blindness and repair perforations.

Abstract: Transplantation with donor corneas is the mainstay for treating corneal blindness, but

a severe worldwide shortage necessitates the development of other treatment options. Corneal per-

foration from infection or inflammation is sealed with cyanoacrylate glue. However, the resulting

cytotoxicity requires transplantation. LiQD Cornea is an alternative to conventional corneal trans-

plantation and sealants. It is a cell-free, liquid hydrogel matrix for corneal regeneration, comprising

short collagen-like peptides conjugated with polyethylene glycol and mixed with fibrinogen to pro-

mote adhesion within tissue defects. Gelation occurs spontaneously at body temperature within

five minutes. Light exposure is not required - particularly advantageous since patients with corneal

inflammation are typically photophobic. The self-assembling, fully-defined, synthetic collagen ana-

log is much less costly than human recombinant collagen and reduces any risk of immune rejection

associated with xenogeneic materials. In situ gelation potentially allows for clinical application in

outpatient clinics instead of operating theatres, maximizing practicality, and minimizing healthcare

costs.
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Introduction

The cornea is the transparent front surface of the eye that provides about two-thirds of the focusing

power of the eye. Any permanent transparency loss from injury or disease can result in blindness.

Currently, 23 million people globally have unilateral corneal blindness, while 4.9 million are bilat-

erally blind (1). Transplantation with human donor corneas has been the mainstay for treating

corneal blindness for a century. However, a global donor cornea shortage leaves 12.7 million on

waiting lists, with only 1 in 70 patients treated (2).

Conditions requiring corneal transplantation include persistent ulceration leading to scarring or

perforation after corneal infection, burns, auto-immune diseases, and physical trauma. Corneal per-

forations are an emergency, and in many centers, the cornea is temporarily sealed using cyanoacry-

late glue to maintain integrity and avoid losing the eye (3). However, cyanoacrylate glue is toxic

and can cause local irritation and inflammation. Its incomplete polymerization leaves behind toxic

cyanoacrylate monomers, while its hydrolysis releases potentially toxic compounds like formaldehyde

and alkyl cyanoacrylate (4). These induce corneal scarring and vascularization. Patients generally

require follow-up corneal transplantation. Despite these clear limitations, the use of cyanoacrylate

glue to seal corneal perforations has remained the established emergency treatment for over 50 years

(5). Other interventions include corneal suturing (6), tectonic corneal grafts (7), conjunctival flaps

(8), multilayered amniotic membrane transplantation (9), soft ‘bandage’ contact lenses (10), and

tissue sealants.

Sealants examined include a variety of natural adhesives like fibrin, gelatin, chitosan, and alginate

(11), as well as a number of synthetic polyethylene glycol (PEG) derivatives (12). Most of these

interventions, however, work only in a limited range of cases or require invasive surgery with possible

limitations for future visual rehabilitation (13).

PEG based sealants have shown promise in sealing perforating microincisions, but to the best of

our knowledge there is no study which has looked at their efficacy in sealing macroperforations.

Furthermore, PEG based sealants typically require multicomponent mixing and suffer from short

application windows. For example, ReSure (Ocular Therapeutic) which requires two component

mixing of PEG and a trilysine acetate solution allows only a 20 second window for application

upon initiation of polymerization (14).
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A new bioadhesive, GelCORE, was recently reported as an alternative to cyanoacrylate glue for

corneal tissue repair in partial-thickness corneal defects and corneal perforations. The authors used

white light, with Eosin Y, triethanolamine (TEA), and N-vinylcaprolactam (VC) as initiators to gel

a mixture of methacryloyl functionalized gelatin in situ (11). The GelCORE report included a 14-

day rabbit study in which a 50% thickness wound was repaired. However, due to the short duration

of the study, long-term effects could not be evaluated. The use of animal-derived gelatin has an

associated risk of zoonotic disease transfer and severe allergic reactions to both bovine and porcine

gelatin in vaccines have been reported (15). Photocrosslinking may also be problematic in the

clinical setting. Patients with corneal inflammation are photophobic (light-sensitive) and may not

be able to tolerate intense visible light application over four minutes without retrobulbar or general

anaesthesia. In a mechanism analogous to corneal crosslinking for keratoconus, the creation of free-

radicals in photocrosslinking may also be toxic to the corneal endothelium in thinned or perforated

corneas (16). Hyaluronic acid-based materials have also been tested as alternative bioadhesives in an

in vitro organ setting using excised porcine eyes (17). This solution relied on hydrazone crosslinking

of dopamine-modified hyaluronic acid (HA-DOPA), where dopamine supplied the tissue adhesive

properties. While successful in vitro, this material has not been evaluated in animal models. Neither

GelCORE nor HA-DOPA was tested for repair of full-thickness corneal perforations, nor have they

been examined as alternatives to donor corneal tissue for transplantation.

Over 10 years ago, our team members conducted a first-in-human clinical trial on cell-free, biosyn-

thetic hydrogels made from recombinant human collagen type III (RHCIII). These hydrogels pro-

moted stable corneal tissue and nerve regeneration, showing that they were immune-compatible

alternatives to donor cornea transplantation in anterior lamellar keratoplasty (ALK) (18, 19). Re-

cently, we demonstrated that hydrogel implants derived from a short collagen-like peptide (CLP)

conjugated to an inert, but mechanically robust, multifunctional polyethylene glycol (PEG) are

functionally equivalent to the RHCIII-based implants when tested under pre-clinical conditions in

mini-pigs (20). The use of fully-defined short synthetic peptides provides homogeneous materials

that are easily modified and scaled up in comparison to their full-length analogs. In addition to

being fully synthetic, the use of CLP-PEG collagen analogs circumvents the batch-to-batch hetero-

geneity seen with extracted proteins, as well as potential allergic reactions to xenogeneic proteins

(21) and possible zoonotic disease transmission (22). Despite being able to promote regeneration,

these solid implants require an operating theatre for implantation, involving costs for a full surgical

team. Realistically, to reach the enormous numbers of patients awaiting transplantation, most of

them living in low to middle income countries, a drastic paradigm change is needed.
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To date, vaccines have been vastly successful both in cost and delivery, with every person receiving

a vaccine delivered in a syringe. By analogy, in dentistry, when someone has a cavity in a tooth, the

pathologic tissue is removed, and the tooth is filled. A similar paradigm is likely needed to tackle

this significant global issue, where the pathologic tissue is replaced by a regeneration-stimulating

liquid corneal replacement, LiQD Cornea, in a syringe that gels in situ. Previously, we reported

that CLP-PEG polymerizes in situ and can form a seal in experimental in vitro models of corneal

perforation when supported by an ab interno patch (23). In this study, we introduce the LiQD

Cornea, a new injectable hydrogel matrix with adhesive properties. We examined the potential

efficacy of our LiQD Cornea comprising CLP-PEG-fibrinogen as a sealant/filler of full-thickness

corneal perforations and an alternative to lamellar corneal transplantation that potentially allow

treatments to be carried out in an ophthalmologist’s office.

Results

Physical and Mechanical Characterization

The CLP-PEG-fibrinogen LiQD Cornea formed a porous hydrogel upon gelation in the presence of

thrombin and a non-toxic crosslinker, 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium

chloride (DMTMM) (Fig. S1). LiQD Cornea hydrogel samples showed a refractive index of 1.354 ±

0.037, consistent with human corneas and physical and chemical properties consistent with previous

generations of RHCIII and CLP-PEG hydrogels (Table 1) (18, 20). In the visible spectrum (400-800

nm), LiQD Cornea samples transmitted between 93% and 99% of incident light. The transmission

of light in the UV region decreased to a low value of 19% in the UVC spectral region. Bursting

pressure testing using ex vivo porcine corneas showed that the LiQD Cornea formulation, although

less robust than cyanoacrylate or fibrin sealant, nevertheless withstood 170 mmHg of pressure. This

was a 7.7 fold increase over the average 11 – 21 mmHg intraocular pressure within the human eyeball

(Table 1).

In vitro Characterization

Human corneal epithelial cells from an immortalized line (24) adhered to and spread readily on

in vitro gelled matrices, indicating that the LiQD Cornea supports epithelial growth (Fig. 1A).

The materials were also found to be immune compatible. Precursors of murine bone marrow-

derived macrophages (BMDM) cells seeded on LiQD Cornea hydrogels in the presence of macrophage

differentiation media showed higher levels of expression of CD 206 (anti-inflammatory M2 marker)

in comparison to CD 86 (pro-inflammatory M1 marker) at the time points examined (Fig. 1B).
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This showed a polarization of the mononuclear macrophage precursors into anti-inflammatory or

tolerizing phenotypes. Exposure of bone marrow-derived dendritic cells (BMDC) to the LiQD

Cornea hydrogel and its components resulted in low expression of CD 40, CD80, and CD86, which are

markers of activated, antigen-presenting dendritic cells. This showed that overall, the LiQD Cornea

formulation did not activate dendritic cells, which are the main cells associated with triggering graft

rejection (25). By comparison, dendritic cells showed significant activation marker expression when

exposed to the positive lipopolysaccharide (LPS) controls (Fig. 1C).

In Vivo Rabbit Perforation Study

In accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement

for the Use of Animals in Ophthalmic and Visual Research and with ethical permission from the

Western Sydney Local Health District Animal Ethics Committee (Australia), conical perforations

were made in one cornea each in three New Zealand white rabbits. The perforations measured 3 mm

in diameter on the external epithelial surface tapering to 1 mm on the internal endothelial surface.

To seal the wound gape, thrombin solution was first applied to the wound margins. Then a mixture

of CLP-PEG-fibrinogen and DMTMM crosslinker was applied. As the gel sets, the thrombin which

was applied to the wound surface converted the fibrinogen at the interface of the gel to fibrin,

adhering the gel firmly to the wound. DMTMM then crosslinks the entire mixture. The surgically-

created perforations were completely sealed with the LiQD Cornea hydrogel, as indicated by the

retention of an air bubble placed within the anterior chamber (Fig. 1E). Two rabbits had a complete

seal with the first application, while the third cornea required additional material for an air-tight

seal. All animals received antibiotic (chloramphenicol), and anti-inflammatory (dexamethasone)

eye drops three times daily for three days. There was no incidence of leakage or infection of the

perforation sites in any animal, and by seven days post-surgery, all normal peri-surgical inflammation

had subsided. The hydrogels initially showed haze that began to recede one day after surgery. At

28 days follow-up, two out of three rabbits had transparent corneas (Fig. 1E) and normal slit lamp

exams. In the third rabbit, the gel remained visible as a slight haze in the cornea. Histopathology

of the cornea showed epithelial hyperplasia and reduced corneal stroma in the perforation site,

indicating that the perforation site of each cornea had undergone re-epithelialization. There was also

keratocyte infiltration, indicating the onset of corneal stromal regeneration, and partial regeneration

of Descemet’s membrane. Furthermore, when LiQD cornea was applied to the perforated corneas

of the rabbits the gel remained cohesive with itself and generally did not leak into the anterior

chamber. While there was small degree of post-operative anterior chamber inflammation on Day 1,

this subsided by day 3 and remained that way for the duration of the study.
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In Vivo Study in Göttingen Mini-Pigs

Genetically uniform Göttingen mini-pigs were used (26) in compliance with the Swedish Animal

Welfare Ordinance and the Animal Welfare Act, and with ethical permission from the local ethical

committee (Linköpings Djurförsöksetiska Nämnd). Anterior lamellar keratoplasty wound beds, 6.5

mm in diameter, 500 µm deep (i.e., over 70% depth) were made in one cornea each of four mini-pigs

by trephination followed by dissection with a blade. LiQD cornea was applied as for the rabbits. Fig.

S2A shows the progress of repair and regeneration of all pigs receiving the LiQD Cornea compared

to syngeneic grafts and healthy unoperated controls. At 12 months, the application of LiQD Cornea

was successful in all pigs (Fig 1F), although in all cases the surgeon applied the LiQD Cornea at least

twice, removing the first material before reapplication to achieve the desired curvature. One pig,

who received four attempts at LiQD Cornea application, underwent full corneal perforation and was

given a suture to bridge the unintended gape. Post-surgical OCT of the LiQD cornea application

(Fig. S2B) showed that although the initial LiQD Cornea fills were imperfect, the anterior corneal

surfaces of all four pigs were smooth and followed the contours of the host tissue by three months

post-operation. These results also show that an easy-to-use point-of-care delivery device (Fig. S3)

is merited for future clinical application.

Clinical follow-up showed that at one-month follow-up, all pigs had successfully re-epithelialized.

At three months post-surgery, pachymetric analyses showed that the standard corneal thickness

was restored in LiQD Cornea animals. (Fig. 3A, S2B). Intraocular pressure was normal at all

post-surgical exams, indicating that the LiQD cornea successfully sealed the surgical site (Fig. 2B).

The LiQD cornea pigs showed more significant haze and neovascularization than syngeneic grafts

at all post-surgical time points, but haze was reduced in three out of four animals at 12 months

post-operation (Fig. 2C-D). The fourth pig had poor surgical results with iritis and formation of

peripheral anterior synechiae (attachment of the iris to the cornea) and infiltration of a large blood

vessel into the surgical site, resulting in a hazy cornea at 12 months post-operation. This pig had

inadvertently received a full-thickness corneal perforation that was reattached with a suture that

trekked in a large blood vessel. This pig nevertheless showed full regeneration of corneal tissue

and nerves. Aesthesiometry performed to determine touch sensitivity showed the restoration of the

corneal blink response in all operated corneas, indicating the presence of regenerated nerves within

the graft site (Fig. 2E). Analysis of the density of corneal nerves over time showed that by 12

months post-operation, there was no statistically significant differences in the nerve density (Fig.

2F) between the LiQD Cornea (3012.8 ± 1613.7 µm/mm2), syngeneic (2205.3 ± 1162.4 µm/mm2),

and unoperated control (4800.4 ± 1964.9 µm/mm2). However, it is clear that the unoperated
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controls had a higher nerve density. There were no marked differences in tear production in the

three treatment groups at any time point, as indicated by Schirmer’s test (Fig. 2G). Collagen content

analysis of the central cornea demonstrated significantly lower levels of high molecular weight, γ, β,

α1(V) and α1(I) type collagen in the LiQD Cornea pigs, as compared to the syngeneic grafts and

unoperated eyes (Fig. 2H, Table S5).

H&E sections of mini-pig corneas at 12-months post-surgery showed that LiQD Cornea-treated

corneas had regenerated their epithelia and stroma (Fig. 3A) and resembled corneas in the syngeneic

graft (Fig. 3B) and untreated control groups (Fig. 3C). The unoperated endothelia remained

healthy. Transmission electron microscopy (TEM) confirmed the presence of healthy electron-lucent

epithelial cells in all three samples (Fig. 3D-F). There were no cells with condensed cytoplasm or

pyknotic, shrunken nuclei that are characteristic of apoptotic cells. TEM also revealed that the basal

epithelial cells in all samples had desmosomes between them (Fig. 3G-I)), showing that regenerated

cells in the LiQD Cornea had tight junctions and were functional as a barrier. Immunohistochemical

analysis showed the presence of mucin, indicating a functional tear film in all samples (Fig. 3J-

L), and epithelial cytokeratin 12, indicating terminal differentiation of regenerated epithelium (Fig.

3M-O). All samples contained very few CD163-positive cells from the monocyte/macrophage lineage

(Fig. 3P-R). Immunohistochemical staining for smooth muscle actin (α-SMA) (Fig. S4A-C) and

the lymph vessel marker, lymphatic vessel endothelial hyaluronan receptor 1(LYVE1) (Fig. S4D-F)

respectively showed no increase in staining for myofibroblasts or lymphatics in the LiQD Cornea,

as compared to allografts.

TEM images of the epithelial-stromal junction shows the presence of small vesicles in the epithelial

cells in all three samples (Fig. 4A-C). Immunohistochemical staining showed the presence of large

numbers of Tsg101 positive vesicles in the epithelium and stroma of LiQD Cornea treated samples

(Fig. 4D). Tsg101 is an established marker for extracellular vesicles (EVs), forming part of the

Endosomal Sorting Complex Required for Transport-I (ESCART-I) which is necessary for exosome-

dependent intercellular signaling and vesicular trafficking (27). The staining is more diffuse in the

syngeneic grafts (Fig. 4E) and minimal in the untreated controls (Fig. 4F). The samples were

also stained for the tetraspanin, CD9, another established extracellular vesicle marker that more

specifically marks exosomes (28). Co-localization of Tsg 101 with CD9 showed that exosomes were

present in the basal epithelium and upper stroma in the LiQD cornea pigs (Fig 4G), to a lesser

extent in syngeneic grafts (Fig 4H) and only minimally in the untreated corneas (Fig. 4I).
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In vivo confocal microscopy (IVCM) showed that the epithelium in the LiQD Cornea was fully

regenerated at the three-month examination time point and remained stable at the 12-month end-

point (Fig. 5A), resembling that of the syngeneic (Fig. 5B) and untreated corneas (Fig. 5C).

Regenerated nerves were found within the sub-basal epithelium of the LiQD cornea starting at

three to six months post-surgery. At 12 months post-operation, the nerves present were in distinct

parallel bundles (Fig. 5D), characteristic of the sub-epithelial nerve plexus, similar to those found

in the healthy unoperated control corneas (Fig. 5F). Nerves in the syngeneic grafts were not as well-

defined in their configuration (Fig. 5E). From three to nine months, reflective keratocytes indicative

of in-growing cells were seen within the matrix. The presence of reflective cells corresponded with

the increased haze seen by slit lamp biomicroscopy (Fig. 2C). At 12 months, keratocytes grew into

the cell-free matrix to reconstitute the stroma (Fig. 5G). The majority of these keratocytes were

not reflective and resemble keratocytes in the syngeneic grafts (Fig. 5H) and untreated controls

(Fig. 5I). The decrease in reflectivity likely corresponds to the decrease in haze in Fig. 2C.

Discussion

In order to address the severe shortfall of donor tissue in the treatment of corneal blindness, it

is imperative that novel alternatives to corneal transplantation and perforation repair are devel-

oped. While a number of techniques and materials are currently available to treat corneal defects

and perforations, many of them involve complex procedures and employ materials with poor bio-

compatibility, mechanical mismatch, and an inability to support regeneration. Ideally, any newly

developed method should be easy to apply in a clinical setting, readily fill corneal defects and seal

perforations. At the same time, it should support tissue regeneration, limiting the need for further

surgical intervention and follow-up corneal transplantation.

Our results showed that LiQD Cornea behaved as an injectable liquid at temperatures above 37◦C,

gelling as it cools down. in situ gelation of the LiQD Cornea in animal corneas took five minutes

at body temperature, after initiation with DMTMM, a non-toxic crosslinker (23). Most patients

with corneal perforations have inflamed eyes and are photophobic. Unlike light activated systems,

LiQD Cornea did not require a dedicated light source for curing. Without the requirement for light

activation, no anaesthetic will be needed in future clinical application to render the exposure to

an intense light source for crosslinking tolerable. In addition, photoinitiated crosslinking has been

reported to have possible phototoxic effects on the corneal endothelial cells (16). Considering that

the initial perforation in pathologic corneas would also impact the health of the endothelium, it

would be prudent not to further deplete the local population of endothelial cells.
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The incorporation of an approved surgical fibrin sealant permitted adhesion of the LiQD cornea

during in situ gelation. Corneal perforations in ex vivo corneas were completely sealed in situ with

a bursting pressure of 170 mmHg, which is several-fold higher than normal intraocular pressures of 11

to 21 mm Hg (29). HCECs grew readily on the LiQD Cornea hydrogels. The BMDC study indicated

that the LiQD Cornea did not activate dendritic cells unlike the positive control, LPS, which is a

well-established activator of dendritic cells. As the LiQD Cornea formulation does not activate

dendritic cells, the risk of graft rejection due to activation of CD4+ and CD8+ T-cells is reduced

(30). The BMDM assay indicated that naïve BMDMs cultured in the presence of LiQD Cornea

hydrogels primarily matured into a M2 phenotype that is associated with tolerogenic activity (31).

These results taken together demonstrated that the LiQD Cornea formed a seal that will withstand

the pressures encountered within the eye and will be fully biocompatible and immune compatible.

Injection of the LiQD Cornea into full-thickness corneal perforations in rabbits confirmed the ability

to seal the wound gape. The completeness of the seal was validated by the addition of a post-surgical

air bubble. The bubble was present up to two days post-surgery, indicating that the material had

created a complete seal that did not allow the leakage of air. The rabbit histology showed that the

patch was completely re-epithelialized. However, the 28-day duration of the study did not provide

time for full stromal, endothelium and nerve regeneration.

The Göttingen mini-pigs used were genetically coherent or homogenous. Hence, grafts from one

animal to another were considered syngeneic, i.e. they were sufficiently identical and immunolog-

ically compatible to allow for transplantation. The 12-month in vivo pig study confirmed that

LiQD Cornea allowed regeneration of the corneal epithelium, stroma and nerves. Even if the ma-

terial does not achieve the desired perfectly smooth surface directly after application, OCT results

showed that the corneal thickness and curvature was restored to those matching the syngeneic grafts

and unoperated controls (Fig. S2B). The primary difference in the clinical performance of the LiQD

cornea and the syngeneic grafts was increased haze in the surgical site between three to six months

post-operation, during the period of rapid keratocyte in-growth into the cell-free matrix. Syngeneic

grafts were already populated with donor cells, so no rapid in-growth of host cells was expected.

However, at one-year post surgery, the haze was reduced to a low grade in three out of four LiQD

Cornea recipients, while the syngeneic graft outline was still clearly visible in the corneas. Neovas-

cularization had accompanied the haze, as we had previously reported for solid CLP-PEG implants

during the rapid cell population of cell-free grafts (20). However, as observed in previous solid

implant studies (32, 33), the vessels receded over the 12-month observation period as haze cleared

in three of four animals. While this small amount of vascularization and haze is not ideal, it is
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unlikely to lead to immune rejection. LiQD Cornea does not activate dendritic cells in vitro, and is

acellular and repopulated by the host cells, unlike traditional corneal transplants which bring with

them allogeneic cells (25) whose surface proteins can trigger immune reactions. Vascularization

could increase the risk of rejection of subsequent allografts (34), but LiQD Cornea is designed to

regenerate the eye wall without the need for subsequent transplantation, avoiding problems with

induced irregular astigmatism, rejection, and lack of access to transplant donor material. Where

corneal perforations involve the central visual axis, at minimum, LiQD cornea aims to restore eye

wall integrity as a viable pathway for future rehabilitation. In our pig model, steroid medication was

only administered for 5 days. In a clinical setting, it may be possible to modulate neovascularization

during healing through application of topical steroids for a longer period.

We also found that LiQD corneas had lower expression of mature type I collagen in the cornea. This

is in keeping with the fact that the LiQD Cornea matrix had no collagen and hence, all collagen

found at 12-months post-surgery was due to active remodeling of the gel, in comparison to syngeneic

grafts which had a complete extracellular matrix at the time of grafting. When considering the

relative performance of the LiQD cornea and the syngeneic grafts, it is important to note that the

syngeneic grafts are likely less inflammatory than a standard clinical allograft, due to the genetic

homogeneity of Göttingen mini-pigs. Interestingly, as previously reported for CLP-PEG (20), the

LiQD Cornea also induced the production of copious amounts of EVs that included exosomes, in

comparison to the syngeneic grafts, and the lack of EVs in the untreated, healthy controls. We

currently hypothesize that the presence of the EVs is linked to the production of new extracellular

matrix in the surgical site, as the reduced collagen content in the LiQD Cornea suggests that the

new tissue is still undergoing ECM protein secretion to restore the matrix at 12 months.

Overall, LiQD Cornea performed equivalently to syngeneic grafts, indicating a possible role as

an alternative to conventional donor corneal transplantation for conditions treatable by lamellar

transplantation. However, as noted, it took the surgeon an average of two attempts to achieve

the desired curvature, indicating that an appropriate point-of-care delivery device (Fig. S3) is

needed for clinical application. The self-assembling, fully-defined, synthetic collagen-like LiQD

Cornea is considerably less costly than human recombinant collagen and reduces any risk of allergy

or immune rejection associated with xenogeneic materials. in situ gelation potentially allows for

clinical application in an outpatient clinic instead of an operating theatre, thereby maximizing

practicality while minimizing healthcare costs.

Materials and Methods
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Synthesis of 8 arm CLP-PEG

The synthesis and characterization of CLP-PEG through conjugation of 8-Arm-PEG-Maleimide to

the 38 A.A. CLP via the formation of a thio-ether linkage has been previously described (23, 35).

Successful conjugation of the CLP to the PEG-maleimide is confirmed through the disappearance of

the vinylic proton peak at 7 δ ppm by 1H NMR spectroscopy and the appearance of characteristic

vibrations in the FTIR spectrum.

Briefly, Collagen-like peptide [CLP: CG(PKG)4(POG)44] (AmbioPharm, SC, USA) was conjugated

to a 40K 8 arm PEG-maleimide with hexa-glycerol core (Sinopeg Biotech Co. Ltd., Beijing, China)

to give rise to CLP-PEG (35). Briefly, 20 mL of water was degassed by sparging with N2 for 20

min. The flask was charged with 770 mg of 8 arm PEG-maleimide, and the solution was stirred

until complete dissolution was achieved. CLP (625 mg) was added to the stirring solution (molar

ratio of 8 arm PEG-maleimide:CLP is 1:8). The solution was allowed to stir for an additional 20

minutes (at this point all materials should be dissolved). The pH of the solution was adjusted to 4.5

through dropwise addition of 2 M NaOH. As the pH of the solution is adjusted, the reaction mixture

becomes too viscous to be appropriately stirred. At this point another 30 mL of N2 purged water

was added. The reaction flask was covered in aluminum foil and allowed to stir for 5 days. The pH

of the reaction mixture was monitored periodically during this time and adjusted accordingly. At

the end of the 5 days, an additional 50 mL of water was added to the reaction mixture and again

the pH was adjusted to 4.5. The solution was filtered through a 0.45 µm syringe filter. The filtered

solution was transferred to dialysis tubing (MWCO 14 000). The tubes were dialyzed against pH

4.5 water for 7 days, while exchanging the water every 12 hours. The contents of the dialysis bags

were transferred to 50 mL Falcon tubes as 25 mL aliquots. The solutions were frozen overnight at

-80◦C and freeze dried, resulting in a cotton-like solid CLP-PEG conjugate.

Reconstitution of CLP-PEG and Fibrinogen at 10% and 1% w/w respectively

The plunger of a 10 mL sterile syringe with luer lock was removed and the end fitted with a

syringe cap. CLP-PEG and fibrinogen (clottable protein, Tisseel, Baxter International, Deerfield,

IL, USA) were added to the barrel of the syringe. HyPure™ molecular biology grade water (GE

Lifesciences, Logan, UT) was added to give a final dilution of 10% w/w and 1% w/w for the CLP-

PEG and fibrinogen, respectively. The syringe was then sealed with parafilm and the CLP-PEG and

fibrinogen was allowed to reconstitute at room temperature (RT) for 2-3 weeks. To facilitate the

reconstitution process, the mixture was stirred periodically with a spatula and warmed up to 37◦C in
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a incubator. Once completely resuspended, the solution was heated above its melting temperature

(>37◦C) and centrifuged at 3000 rpm for 10 minutes. This process was repeated until all bubbles

had been removed from the syringe.

Reconstitution of Thrombin

Thrombin was reconstituted at 250 U/mL by the addition of 4 mL of 10 mM PBS to the vial of

thrombin contained within the Tisseel kit. The solution was mixed at RT for 20 minutes prior to

use. The solution was either immediately used or aliquoted into several Eppendorf tube and frozen

at -20 ◦C for future use. Frozen samples were thawed to RT before use.

Mixing and Application of LiQD Cornea

The solution within the syringe containing 10% w/w CLP-PEG and 1% w/w fibrinogen behaves

as a liquid (injectable) at temperatures above 37◦C, but sets as a gel when cooled to 25 ◦C due

to the templated assembly of the CLPs. However, this sol-gel transition is reversible. In order to

make this sol-gel transition irreversible to obtain a hydrogel, a solution of the crosslinker 4-(4,6-

Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) in 10 mM PBS was added

to the mixture to obtain a final 2% w/w concentration of DMTMM, while cooling down the solution

of CLP-PEG and fibrinogen from 50◦C to 25◦C. For application into the cornea, the stock solution

of CLP-PEG/fibrinogen was heated to 50◦C and transferred to a 2 mL glass syringe and assembled

within a T-piece mixing system that had been primed with 10 mM PBS. The T-piece system was

heated to 50 ºC and mixed until homogeneous. A 10% w/w solution of DMTMM in 10 mM PBS

was introduced through the injection port of the mixing system to give a final concentration of 2%

w/w DMTMM. The solution was mixed within the T-piece system until homogeneous and then

dispensed into the wound bed to which the 250 U/mL solution of thrombin had been applied.

Physical and Mechanical Characterization

Collagenase Degradation Assay

Collagenase from Clostridium histolyticum (Sigma-Aldrich) at 5 U/mL in 0.1 M Tris-HCl buffer

containing 5 mM CaCl2 was used to evaluate the stability of the hydrogels as previously described.

Briefly, samples were weighed after blotting off surface water at different time points to determine

the rate of loss of mass. The percentage of residual weight was calculated using the following

equation: Residual mass % = Wt / W0 %, where Wt is the weight of hydrogel at a certain time

point and W0 is the initial weight of the hydrogel.
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Fourier Transform Infrared (FTIR) Spectroscopy

Hydrogels were dried under vacuum for 3 days and measured using a Nicolet is5 FTIR spectrometer

equipped with a iD7 Attenuated Total Reflectance (ATR) sampling accessory with 4 cm-1 resolution;

a total of 300 individual spectra were collected for each sample.

Differential Scanning Calorimetry (DSC)

Denaturation temperature of the hydrogels was measured using a Q2000 DSC (TA Instruments,

New Castle, DE, USA). Heating scans were recorded in the range of 8 to 210◦C at a scan rate of

10◦C/min. Glass transition temperature (Tg) was measured as the onset of the endothermic peak.

Refractive Index

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

tometer. Young’s Modulus and Tensile Strength The Young’s Modulus and Tensile Strength of a

500 µM sheet of crosslinked material was evaluated in an Instron electromechanical universal tester

(Model 3342, Instron, Norwood, MA) equipped with Series IX/S software, using a crosshead speed

of 10 mm min-1. The hydrogel was equilibrated in 2× PBS for 1 h before being cut into a 10 x

5 mm rectangular piece. In order to remove surface water, the hydrogel was gently blotted with

paper immediately prior to Instron measurement.

Water content of hydrogels

The water content of hydrogels was evaluated by weighing the “wet weight” (W0) of the samples and

then comparing this to the weight of the material after being dried at RT until a constant weight

was achieved (W). The total water content of the hydrogels (Wt) was calculated according to the

equation: Wt % = (W - W0) / W %

Pore Size of hydrogels

Pore size measurements were made from SEM images obtained using a low temperature scanning

electron microscope (Cryo-SEM) in a Tescan (model:Vega II – XMU) with cold stage sample holder

at -50 ◦C.

Viscosity of hydrogels
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The viscosity of 500 µm hydrogels were measured on a Brookfield RS-CPS+ Rheometer (Brookfield

Engineering Laboratories, Inc., Middleboro, MA). The measurements were carried out at 37 ◦C

under parallel-plate geometry.

Light Transmission of hydrogels

The light transmission of hydrogels between 250 nm and 800 nm was evaluated by placing a 5 mm

x 10 mm strip of hydrogel on the inside wall of a quartz cuvette filled with PBS and reading its

absorption in a Spectramax M2e series plate/cuvette spectrophotometer (Molecular Devices, San

Jose, CA, USA). A cuvette filled with only PBS was used as the baseline reference. Measured

absorbances were then converted to corresponding % transmission values.

Ex Vivo Model of Corneal Perforation and Sealing Evaluation

Corneoscleral buttons were excised from porcine eyes obtained from a local abattoir (Tom Hender-

son’s Meats and Abattoir Inc., Chesterville, ON, Canada). The corneoscleral buttons were mounted

on an artificial anterior chamber (Barron Artificial Anterior Chamber, Katena, NJ) and standard-

ized corneal defects were made. Briefly, a 4 mm punch was used to partially trephine test corneas

centrally to a depth of approximately 200 µm. Lamellar dissection of the cap was performed with

a pediatric crescent blade, leaving a residual stromal depth which was then trephined with a 3 mm

punch to a depth of 200 µm. A subsequent central full thickness defect was created in the central

stromal bed with a 1 mm skin biopsy punch to mimic a full-thickness corneal perforation commonly

encountered in clinical practice.

Sealing Methods

Once the standardized corneal perforations had been made, one of three different materials were

used to seal the defect. Each condition was repeated four times. Cyanoacrylate glue was injected to

completely fill the defect. After allowing the glue to dry the infusion was increased and the bursting

pressures were measured. For fibrin glue evaluation, fibrinogen (2% w/w) and thrombin (250 U/mL)

solutions were mixed (4:1) and transferred to completely fill the defect. After allowing the glue to

dry, the infusion was increased and the bursting pressures were measured. For the LiQD Cornea,

the defect was coated with 250 U/mL thrombin. The LiQD Cornea was injected to completely fill

the defect. After allowing the glue to dry the infusion was increased and the bursting pressures were

measured.

Bursting Pressure Evaluation
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Artificial anterior chambers were connected via an intra-arterial blood pressure monitor (TruWave,

Edwards Lifesciences) to a saline infusion bag using a pressure cuff to regulate infusion pressure.

After application of test material, the infusion pressure was increased until the seal gave way,

resulting in fluid egress. Bursting pressure (mmHg) was recorded as the peak in a continuous trace

of infusion pressure versus time.

In vitro Evaluation of the LiQD Cornea

The in vitro compatibility of the LiQD Cornea was tested using green fluorescence protein (GFP)

transfected immortalized human corneal epithelial cells (HCECs) (24). Briefly, 3 wells of a 24 well

plate were coated with the LiQD Cornea. The glue was allowed to set for 1 hour before it was

washed 3 times with 1 mL of 2× PBS. GFP-HCECs were seeded into the control wells and onto

the materials at a density of 5,000 cells/well. GFP-HCECs were supplemented 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 humidified incubator at 37 ◦C and 5% CO2.

Bone-Marrow Derived Dendritic Cell Culture and Flow Cytometry Analysis

With ethical permission from the Animal Care and Use Committee of Maisonneuve-Rosemont Hos-

pital, bone marrow was isolated from the tibia and femur of male, C57BL/6J mice (6-12 weeks

old) (36, 37). Cells were seeded on suspension culture plates with 1×106 million cells per well in

RPMI 1640 containing 10% (v/v) fetal bovine serum (Wisent), 0.5 mg/mL penicillin-streptomycin-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 55 µm β-mercaptoethanol and 2.5 ng/uL

granulocyte-macrophage colony-stimulating factor (GM-CSF) (all Gibco, ThermoFisher, Waltham,

MA, USA). BMDCs were cultured for six days. RPMI-C containing 5.0 ng/mL GM-CSF was ex-

changed for half of the media on days two and three of culture. On day six, the cells were collected

and enlarged cells were selected using a Histodenz™ density gradient (Sigma-Aldrich, St. Louis,

MO). The selected cells were seeded at a density of 1×106 cells/well on a 24 well plate for materials

testing.

For materials testing, BMDCs were incubated for 24 hours with a 6mm, 500 µm thick hydrogel

disk. Individual hydrogel components CLP, PEG, CLP-PEG, DMTMM, fibrinogen, and thrombin

were applied to the cells at a concentration equivalent to the hydrogel volume (Table S1). LPS

was used as a positive control for BMDC activation. BMDCs were labelled with direct-conjugate

antibodies for CD11c, CD40, CD80 and CD86 (Table S2) and Zombie Aqua™ Fixable Viability Kit
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(BioLegend, San Diego, CA). All samples were acquired using a BD LSR II and analyzed using

FlowJo software (Becton, Dickinson & Company, Franklin Lakes, NJ, USA). BMDCs were selected

using Zombie Aqua and CD11c as markers of a live, dendritic cell phenotype. Mean fluorescence for

CD40, CD80 and CD86 was measured for the selected BMDCs and transformed into a ratio over

the untreated BMDC control for analysis.

Macrophage Polarization Assay

Macrophages were isolated as previously described (38) with ethical permission from the Animal

Care and Use Committee of the Ottawa Heart Research Institute. Briefly, bone marrow-derived

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% L929 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 18 mm circular glass coverslips. A portion of the coverslips

was then coated with the LiQD Cornea. The hydrogel was allowed to set for 1 hour before it was

washed 3 times with 1 mL of 2× 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 200,000 cells/well. 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 hours up to 7 days. On days 4 and 7 a subset

of the wells was processed for immunofluorescence analysis to determine their polarization towards

either an M1 or M2 phenotype. Briefly, media was removed, wells were washed 2× with Hank’s

buffer, and then cells were fixed with a solution of 4% PFA in 2× PBS at 4◦C in the dark. Fixative

was removed and wells were washed 2× with NH4Cl in PBS, waiting 7 minutes between washes.

The samples were then washed 3× with 2× PBS. On the final wash 0.2% NaN3 was added from a

2% NaN3 stock (10 µL/ 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

hours at RT. Primary antibodies for CD206 and CD86 (Table S1) 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 2× PBS. Secondary antibodies (Table S1) were diluted and added to the plate and

incubated at RT covered in foil for 1 hour. After 1 hour of incubation with the secondary antibodies,

the wells were washed 3× with 2× 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
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camera using 63× oil immersion objective. The filters employed were DAPI blue filter (Ex: 352-402

/ Em: 417-477), GFP green filter (Ex: 457-487 / Em: 502-538), Texas Red red filter (Ex: 542-582

/ Em: 604-644).

Rabbit Perforation Study

All experiments had ethical approval from the Western Sydney Local Health District Animal Ethics

Committee. Three New Zealand white rabbits underwent controlled surgical perforation of the right

eye under general anaesthesia (sedation: 25 mg/kg medetomidine, analgesia: 0.5 mg/kg buprenor-

phine, anaesthesia: 50 mg/kg ketamine, 2% inhaled isofluorane). A 3 mm surgical trephine was

used to make a partial thickness incision prior to full perforation using a 15 stab knife. The full

incision was then enlarged to create a 1 mm full thickness perforation. The perforation was filled

with LiQD Cornea hydrogel and allowed to crosslink in situ. Air was injected into the anterior

chamber to ensure that the perforation was completely sealed. For the three days post-surgery,

rabbits received 0.1% dexamethasone (Maxidex, Alcon Laboratories, Australia) and 0.5% chloram-

phenicol eyedrops (Chlorsig, Aspen Pharma, Australia) three times a day. Animals were monitored

daily for signs of discomfort or glue leakage for the first week post-surgery, and then twice weekly

for subsequent weeks. Rabbits underwent follow-up clinical evaluation and slit lamp exams on days

1, 2, 3, 7, 14, 21 and 28 post-surgery. At day 28 post-surgery, rabbits were euthanized and corneas

from all operated and unoperated eyes were excised, fixed in 10% buffered formalin and processed

for paraffin embedding for histopathological examination (33).

In Vivo Study in Göttingen Mini-Pigs

In compliance with the Swedish Animal Welfare Ordinance and the Animal Welfare Act, and with

ethical permission from the local ethical committee (Linköpings Djurförsöksetiska Nämnd), Göt-

tingen mini-pigs underwent an anterior lamellar keratoplasty of the left eye. The left corneas were

cut with a 6.5mm surgical trephine to a depth of 500 µm, followed by blunt dissection of corneal

stroma with a blade to create a wound bed. Four pigs received the LiQD Cornea formulation,

which was crosslinked in situ and subsequently covered with human amniotic membrane that was

secured with overlying sutures. Four pigs received syngeneic grafts, i.e., they were grafted with

the tissue removed from another, albeit genetically coherent, pig in the group. Syngeneic grafts

were secured with conventional interrupted sutures. The right contralateral corneas served as unop-

erated controls. Post-operation, the operated eyes received dexamethasone/tobramycin eye drops

(Tobrasone, Alcon, Sweden). Upon surgical completion, the pigs received a maintenance dose of
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one drop, three time per day for five days post-surgery. Pigs were monitored daily for ocular health.

Clinical exams were conducted under anaesthesia pre-surgery and at six weeks, 3, 6, and 12 months

post-surgery. Clinical exams included slit lamp examination using a Kowa Sl-15 Portable slit lamp

(Kowa Company, LTD., Aichi, Japan), anterior segment optical coherence tomography (AS-OCT)

to conduct corneal pachymetry (Optovue, Fremont, CA, USA), Schirmer’s tear test (tear strips

from TearFlo, Hub Pharmaceuticals, Rancho Cucamonga, CA, USA), aesthesiometry to determine

corneal sensitivity as a measure of nerve function (using a Cochet-Bonnet esthesiometer; Handaya

Co., Tokyo, Japan), measurement of intraocular pressure (using a TonoVet tonometer, Icare Finland

Oy, Vantaa, Finland) and in vivo confocal microscopy (Heidelberg HRT3 with a Rostock Cornea

Module, Heidelberg Engineering GmbH, Dossenheim, Germany).

Central Collagen Content Analysis

Central corneal biopsies (3 mm) were taken from each cornea and snap frozen. For analyses, the

samples were thawed and resuspended in 10 mM HCl at a ratio of 1:35 (w/v). Samples were digested

using 1 mg/mL pepsin (Roche, Basel, Switzerland) at 2-8◦C for 96 hours. The soluble fraction was

recovered by centrifugation at 16,000xg for 30 min at 2-4◦C. An aliquot of the pepsin soluble frac-

tion was mixed with NuPAGE 4X LDS sample buffer (Life Technologies, ThermoFisher, Waltham,

MA, USA) 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, ThermoFisher,

Waltham, MA, USA). Pre-stained broad range marker (New England Biolabs, P7712) and porcine

skin type I collagen (Koken Co. Ltd., Tokyo, Japan) were used as molecular weight standards. To

quantitate the amounts of type I and type V collagens in control and operated corneas, densito-

metric scans of the stained gels were made to obtain relative numerical units using GE Healthcare

ImageQuant 350 (GE Healthcare, Chicago, IL, USA).

Histopathology and Immunohistochemistry

After removal of a central biopsy, a quarter of each operated and unoperated cornea was processed,

paraffin-embedded and stained with hematoxylin and eosin as described previously (32). Another

quarter of each operated and unoperated cornea was treated with a sucrose gradient and fixed in 4%

paraformaldehyde. The samples were frozen in optimal cutting temperature medium and sectioned

at 8 or 10 µm prior to mounting on glass slides. Slides were washed in PBS prior to permeabilization

in PBS with 0.3% Triton-X-100 for 15 minutes. Slides were then washed in PBS. Sections stained

using AlexaFluor 488 or 647 secondary antibodies were incubated for 30 minutes in Tris-buffered
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saline (TBS) containing 50 mM ammonium chloride to reduce background fluorescence. All sections

were blocked for 1 hour at RT in PBS containing 5% normal goat serum or FBS with 0.1 g/mL

saponin. Sections were stained with primary antibodies for cytokeratin 12, CD163, α-smooth muscle

actin, and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) (Table S3) overnight at 4◦C

in blocking solution. Slides were washed in PBS or TBS buffer containing 5% FBS and incubated

with secondary antibodies (Table S3) conjugated to AlexaFluor 488 or 594 diluted at 1:1000 in

blocking solution for one hour at RT. Sections stained using AlexaFluor 488 or 647 secondary

antibodies were quenched for autofluorescence using the Vector® TrueVIEW™ Autofluorescence

Quenching Kit (Vector Laboratories, Burlingame, CA, USA). Slides were stained with DAPI (5

µg/mL) for 10 minutes prior to mounting in Vectashield Antifade Mounting Medium or Vectashield

Vibrance Mounting Medium (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. All slides were imaged using a

Zeiss LSM 880 confocal microscope (Zeiss, Oberkochen, Germany). Two dimensional images were

processed using FIJI (40). Extracellular vesicle and exosome staining using CD9 and Tsg101 was

reconstructed as surfaces in Imaris v9.2.1 (Bitplane Inc., Concord, MA, USA) with an intensity

threshold of 1.5 and 2 for CD9 and Tsg101 respectively, with a minimum voxel threshold of 10. A

co-localization channel was built using the same intensity threshold as the surface reconstructions

and converted into surfaces using a fluorescent intensity threshold of 0.5 and a minimum voxel

threshold of 2.

Transmission Electron Microscopy

For Transmission Electron Microscopy (TEM), a quarter of each cornea was fixed in 2.5% glu-

taraldehyde solution in 0.1 M sodium cacodylate-buffer (pH 7.4). Samples were then cut in 1mm

wide strips and post-fixed in 1% OsO4 solution for 2 hrs. After dehydration in an ethanol gradient

(50% - 70% - 90% - 95% - 100% ethanol), whole mounts were embedded in EMbed 812 (Electron

Microscopy Sciences, Hatfield, Pennsylvania). Ultrathin sections were stained with lead citrate and

examined using Tecnai G2 Spirit Bio Twin Microscope (FEI, Eindhoven, The Netherlands) at 120

kV.

Central Cornea Nerve Analysis

In vivo confocal microscopy examinations were performed at various timepoints (pre-surgery, 3

months, 6 months, 9 months, and 12 months post-surgery) throughout the 12-month mini-pig
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study. For each examination, all images with nerves were identified. For identification purposes,

nerves were defined as bright, slender, straight, or branched structures; as substantially uniform

in intensity along their length and width, and as having a marked contrast difference from the

background intensity level. Nerve tracing and analysis software NeuronJ was used in combination

with FIJI software to manually measure the total length of nerves present in each image identified

as containing nerves (39). The central cornea nerve densities are reported from the average of the

single-frame image displaying the highest nerve density for each treatment group and timepoint.

Evaluation of Preliminary Point-of-Care (POC) Delivery System

Testing of the preliminary POC delivery system (Fig. S3) was performed using the previously

described ex vivo corneal perforation model. Briefly, a stock solution consisting of 10% CLP-PEG

and 1% fibrinogen was heated to 50◦C and transferred to a 1 mL disposable BD syringe. An equal

volume of 10% w/w DMTMM in 10 mM PBS was added to a second 1 mL disposable BD syringe.

The syringes were then attached to a dual syringe adapter (Medmix Systems AG, Switzerland),

which was fitted with a 1:1 static mixer (Medmix Systems AG, Switzerland) and a 19 G x 25 mm

flattened tip cannula. The mixing system was heated to 50◦C and the material was dispensed

through the mixing system into the wound bed to which a 250 U/mL solution of thrombin had been

applied.

Statistical Analyses

The in vitro statistical analysis for BMDCs was performed using an unpaired, two-way t-test with

a confidence interval of 95% for each marker (GraphPad Prism 8.3.0, 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 statistics were conducted on uneven population

sizes (LiQD Cornea n=4; syngeneic graft n=4; unoperated n=8). For variables with repeated

measures over time, a mixed-effects analysis with Geisser-Greenhouse’s correction was performed

(α=0.05) with a Tukey multiple comparison test for treatment effects by time point (GraphPad

Prism 8.3.0). Post-mortem collagen content analysis was performed using a one-way ANOVA for

each collagen type with a Tukey post-hoc test (α=0.05) (IMB® SPSS® Statistics Version 25, IMB

Corp., Armonk, NY, USA). All graphs were prepared using GraphPad Prism and data is displayed

as mean with individual data points or mean ± standard error of the mean (SEM).
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Figure Legends

Figure 1. Biological evaluation of LiQD Cornea. (A) Immortalized human corneal epithelial cells

cultured on LiQD Cornea hydrogels and control tissue culture plastic, showing that the hydrogels

support epithelial growth. (B) Expression of T-cell co-stimulatory molecules in bone marrow-derived

dendritic cells (BMDCs). Expression of CD40, CD80, and CD86 was measured by flow cytometry

and data is presented as a ratio of mean fluorescent intensity of the experimental samples to un-

treated BMDCs. Lipopolysaccharide (LPS) acted as a positive control for BMDC activation; *

p≤0.05 by Student’s t-test. (C) Expression of pro-inflammatory M1(CD 86) and anti-inflammatory

M2 (CD 206) phenotypic markers at 4 and 7 days after exposure of naïve bone marrow-derived

macrophage precursors to LiQD Cornea hydrogels. (D) Example of a human corneal perforation.

(E) Post-surgical photos of rabbits immediately after injecting LiQD Cornea into a perforated

cornea. The two-stepped surgically-induced perforation can be seen. At Day 2 post surgery, the air

bubble placed under the cornea during surgery is prominent, indicating that the perforation was

completely sealed. The perforated cornea was completed healed by 28 days post-operation Photo

Credit: Damien Hunter, University of Sydney. (F) Mini-pig corneas where the LiQD Cornea was

tested as an alternative to a donor allograft, showing the gross appearance of the LiQD Cornea, syn-

geneic graft and an unoperated eye at 12 months post-surgery. Photo Credit: Monika K. Ljunggren,

Linköping University.

Figure 2. Clinical exam progression of LiQD Cornea in Göttingen mini-pigs. (A) Pachymetry

showing corneal thickness measured by OCT, showing no significant differences in thickness com-

pared to controls. There was a normal increase in corneal thickness in unoperated controls as the

pigs matured. (B) Intraocular pressures were similar in all three groups, showing a slight overall

increase over the normal aging process of the pigs. (C) Central corneal haze measured using a

modified McDonald-Shadduck scoring system on a scale from 0-4. An increase of haze corresponds

to the period of in-growth of stromal cells into the cell-free implants. By 12 months post-operation,

the cells appeared to have attained quiescence. (D) Corneal neovascularization was seen in the

LiQD Cornea, mainly from the animal that sustained an unintended perforation. (E) Corneal blink

response measured by Cochet-Bonnet aesthesiometry showed no significant differences amongst the

three groups. (F) Corneal nerve density in the LiQD Cornea group was significantly lower than

the unoperated corneas during months 3 through 9 post-operation when the severed nerves were

regenerating. (G) Schirmer’s tear test showed similar responses in all three groups tested. (H) Ex-

pression of high molecular weight collagens (HMW, γ, β), type V collagen, and type I collagen (α1
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and α2) in the central portion of the cornea. Figures A-B, and E-H were assessed using a mixed-

effect model with a Tukey post-hoc test for multiple comparisons. Figures C-D were analyzed using

a Mann-Whitney U test for ordinal data. * p≤0.05 for LiQD Cornea to unoperated, † p≤0.05 for

LiQD Cornea to syngeneic graft, ‡ p≤0.05 syngeneic graft to unoperated. All data is plotted from

as mean ± SEM or mean with individual values.

Figure3. Histopathology, transmission electron microscopy (TEM), and immunohistochemistry of

the LiQD Cornea at 12 months. (A-C) Paraffin-embedded sections of porcine cornea stained with

hematoxylin and eosin show multi-layered, non-keratinizing epithelia in all three samples. (D-F)

TEM images of corneal epithelium in all three samples. (G-I) Epithelial cells showed abundance of

desmosomes between cells (arrowhead). (J-L). A fully regenerated corneal tear film mucin stained

with FITC-conjugated lectin (green) from Ulex Europeaus is seen in the LiQD Cornea. This is

similar to the tear film in the controls. (M-O) Cytokeratin 12 (red), a marker for fully differentiated

corneal epithelial cells is present in the regenerated LiQD Cornea as in controls. (P-R) CD163

staining (red) shows that a few mononuclear cells are present in stroma of all three samples. Cell

nuclei were stained blue with DAPI.

Figure 4 Extracellular vesicle (EV) and exosome secretion of the regenerated LiQD Cornea com-

pared to a healthy unoperated cornea and a syngeneic graft. (A) Transmission electron micrograph

of a LiQD Cornea sample showing the presence of basal epithelial cells invaginations into the stroma.

A basement membrane was present. Vesicles can be seen inside the epithelial cell (an example is

indicated with a red arrow). EVs are seen (white arrows) in the underlying stromal compartment.

(B, C) TEM of syngeneic graft and untreated cornea, respectively. (D-F) Surface reconstructions

of corneal sections stained with the cytosolic, extracellular vesicle marker Tsg101 (red) and DAPI

(blue) (G-I) Surface reconstruction of colocalized CD9 and Tsg101 staining indicating the presence

of exosomes in the basal epithelium and upper stroma of the LiQD cornea sample. There was less

staining in the syngeneic graft and minimal in the untreated control. Scale bars, red: 500 nm, white:

20 µm.

Figure 5. In vivo confocal microscopy images of the LiQD Cornea (left column) compared to

a healthy unoperated cornea (right column) and a syngeneic graft (centre column) at 12 months

post-surgery. Regenerated corneal epithelial cells cover the surface of the LiQD cornea (A) as with

the syngeneic graft (B) and untreated cornea (C). Regenerated nerves (arrows) found at the sub-

basal epithelium within the LiQD cornea (D), ran parallel to one another and were morphologically

similar to those found in the unoperated cornea (F). Nerves in the syngeneic graft were less distinct

206



(E). Keratocytes were present in all corneas (G-I). The unoperated endothelium remained intact

and healthy in all corneas (J-L). Scale bars, 100 µm.

Supplementary Figure Legends Figure S1. Cryo-scanning electron microscopy

(SEM) and Fourier-transform infrared spectroscopy (FTIR) of LiQD Cornea hydrogels. (A) Rep-

resentative cryo-SEM image of the LiQD cornea and corresponding pore size histogram, which

illustrates the mean pore size of the resulting hydrogel. Mean was determined from the measure-

ment of > 250 different pores. Scale bar, 50 µm. (B) Overlay of the representative ATR-FTIR

spectra of CLP-PEG (red), fibrinogen (blue), and crosslinked LiQD Cornea (black). The charac-

teristic amide peaks of both the CLP-PEG conjugate and fibrinogen are present in the crosslinked

LiQD cornea.

Figure S2. Clinical progression of the LiQD Cornea in all four Göttingen mini-pigs. (A) Surgical

microscope images showing the presence of haze at 3 months post-surgery as stromal cells are

migrating into the implant. The haze is diminished at 12 months except in one animal where an

unintended perforation and suture placement resulted in haze. Representative images of a syngeneic

corneal graft and an untreated contralateral cornea are shown as controls. Haze is seen at the graft-

host interface of the syngeneic cornea. Photo Credit: Monika K. Ljunggren, Linköping University.

(B) Optical coherence tomography images of representative samples of LiQD Cornea, syngeneic

grafts and unoperated corneas over 12 months post-surgery. The filling of the surgical wound

bed was not always optimal as shown by the over-filled LiQD Cornea that had gelled in situ (a).

Remodeling over the initial 3 months resulted in a regenerated cornea with a smooth external

curvature that conforms to the overall shape of the host cornea (p). The initially cell-free hydrogel

(a-d) became populated with cells (m-p, s-v, w-z, cc-ff).

Figure S3. Towards point-of-care (POC) delivery of LiQD Cornea. Comparison of the current T-

piece mixing system (A) with the preliminary POC delivery system (B). (C) Representative image

of an ex-vivo perforation model sealed using LiQD Cornea that was mixed and dispensed to the

wound bed using the preliminary POC delivery system. (D) POC delivered LiQD Cornea after

failure in bursting pressure testing. Red arrows indicate the interface of the applied material and

the perforated cornea. Photo Credit: Christopher D. McTiernan, Université de Montréal.

Figure S4. Immunohistochemistry of the cornea at 12 months. (A-C) The operated corneas show

minimal staining for α-SMA, and no large vessels present in the operated region although they are

present in the scleral positive control (D). (E-G) LYVE1 was not observed in the central cornea,
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although lymphatic vessels were seen in the corneal limbus and sclera (H). Cell nuclei were stained

blue with DAPI.

Figure S5. Schematic for the preparation of CLP-PEG conjugate.
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Tables

Table 1.

Tensile Strength Modulus Viscosity Transmission

(MPa) (MPa) (Pa/s) (%)

0.02 0.16 31.7 ± 27.6
19-93% (UV)

93-99% (Vis)

Refractive Index
Water Content Collagenase Td

(%) (mg/min) (◦C)

1.354 ± 0.037 91.2 ± 2.3 7.3E-7 ± 6.1E-7 64 ± 8.5

Material Average Bursting Pressure

(mmHg)a
Representative Image of

sealed ex-vivo perforation

modelb

Cyanoacrylate Glue >300 mmHg

Fibrin Glue 259 ± 14.5

LiQD Cornea 170 ± 16.9
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Supplementary Tables

Table S1. Antibodies for Immunocytochemistry

Target Antibody (or Lectin)
Dilution

Factor

CD206 Anti-Mannose Receptor antibody, AbCam, ab64693 1/1000

CD86 Anti-CD86 antibody [GL-1], AbCam, ab119857 1/500

Rat IgG
Donkey anti-rat IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488 (Invitrogen, A-21208)
1/2000

Rabbit IgG
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 568 (Invitrogen, A-11011)
1/2000
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Table S2. Antibodies for Immunohistochemistry

Target Antibody
Dilution

Factor

Mucin
Lectin from Ulex europaeus (gorse, furze) FITC conjugate, Sigma-

Aldrich, L9006
1/500

Cytokeratin

12

Recombinant Anti-Keratin 12/K12 antibody [EPR17882], AbCam,

ab185627
1/500

α-SMA Anti-alpha smooth muscle Actin antibody [1A4], AbCam, ab7817 1/500

LYVE1 Anti-LYVE1 antibody, AbCam, ab33682 1/100

CD163 CD163 antibody | 2A10/11, Bio-Rad, MCA2311GA 1/500

β3-tubulin beta Tubulin Antibody, Novus Biologicals, NB-600-936 1/1000

CD31 Anti-CD31 antibody [C31.3 + JC/70A]. AbCam, ab199012 1/500

CD9

CD9 Mouse anti-Bovine, Canine, Equine, Feline, Human, Mink,

Mustelid, Non-human primate, Porcine, Rabbit, Clone: MM2/57,

InvitrogenTM , MA180307

1/100

Tsg101
Recombinant Anti-TSG101 antibody [EPR7130(B)], AbCam,

ab125011
1/100

Mouse IgG
IgG (H+L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa

Fluor® 488, Invitrogen, A11029
1/1000

Rabbit IgG
IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa

Fluor® 594, Invitrogen, A11037
1/1000

Mouse IgG
IgG (H+L) Highly Cross-Adsorbed Goat anti-Mouse, Alexa

Fluor® Plus 647, InvitrogenTM , PIA32728
1/1000
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Table S3. Antibodies for Flow Cytometry

Target Antibody
Dilution

Factor

CD11c

Brilliant Violet 650TM anti-mouse CD11c,(Clone: N418),(IsoType:

Armenian Hamster IgG),(Reactivity: Mouse),(Format:

BV650),(APP: FC),(Species: Hamster), Biolegend, 117339

1/1600

IA-IE

(MHC

Class II)

PerCP/Cy5.5 anti-mouse I-A/I-E,(Clone: M5/114.15.2),(IsoType:

Rat IgG2b, κ),(Reactivity: Mouse),(Format: PerCP/Cy5.5),(APP:

FC),(Species: Rat), Biolegend, 107626

1/3200

CD40 CD40, APC, clone: 1C10, eBioscienceTM , 501129392 1/400

CD80

PE anti-mouse CD80,(Clone: 16-10A1),(IsoType: Armenian

Hamster IgG),(Reactivity: Mouse, Cross-Reactivity: Dog (Ca-

nine)),(Format: PE),(APP: FC),(Species: Hamster), Biolegend,

104708

1/100

CD86

FITC anti-mouse CD86,(Clone: GL-1),(IsoType: Rat IgG2a,

κ),(Reactivity: Mouse),(Format: FITC),(APP: FC),(Species:

Rat), Biolegend, 105006

1/50
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Table S4. Clinical Results – Mixed-effects model

Pachymetry

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.0045 F (1.830, 23.79) = 7.150 0.4575

Treatment 0.3941 F (2, 13) = 1.001

Time x Treatment 0.2117 F (8, 52) = 1.417

Random effects SD Variance

Pig 73.13 5348

Residual 47.1 2218

Was the matching effective?
Chi-square, df 12.06, 1

P value 0.0005

IOP

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time <0.0001 F (3.682, 47.87) = 11.68 0.7365

Treatment 0.6255 F (2, 13) = 0.4866

Time x Treatment 0.0943 F (10, 65) = 1.723

Random effects SD Variance

Pig 1.342 1.801

Residual 2.342 5.486

Was the matching effective?
Chi-square, df 7.991, 1

P value 0.0047

Haze

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.0002 F (2.661, 34.59) = 9.092 0.5322

Treatment <0.0001 F (2, 13) = 47.40

Time x Treatment <0.0001 F (10, 65) = 6.769

Random effects SD Variance
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Pig 0.1826 0.03333

Residual 0.3232 0.1045

Was the matching effective?
Chi-square, df 7.693, 1

P value 0.0055

Implant Neovascularization

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.0186 F (2.444, 31.77) = 4.173 0.4887

Treatment 0.0055 F (2, 13) = 7.977

Time x Treatment 0.0041 F (10, 65) = 2.949

Random effects SD Variance

Pig 0.4974 0.2474

Residual 0.4557 0.2077

Was the matching effective?
Chi-square, df 33.92, 1

P value <0.0001

Aesthesiometry

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.0207 F (1.019, 7.136) = 8.702 0.3398

Treatment 0.2408 F (1.311, 9.178) = 1.631 0.6556

Time x Treatment 0.2251 F (2.080, 1.734) = 3.999 0.3467

Random effects SD Variance

Pig 0.1652 0.0273

Pig x Time 0 0

Pig x Treatment 0.2884 0.08317

Residual 0.5188 0.2691

Was the matching effective?
Chi-square, df 5.236, 2

P value 0.0729

Nerve Density
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Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.0243 F (2.773, 34.67) = 3.653 0.6933

Treatment 0.0033 F (2, 13) = 9.160

Time x Treatment 0.0745 F (8, 50) = 1.939

Random effects SD Variance

Pig 309.9 96028

Residual 1275 1625511

Was the matching effective?
Chi-square, df 0.3532, 1

P value 0.5523

Schirmer’s Tear Test

Fixed effects (type III) P value F (DFn, DFd)

Geisser-

Greenhouse’s

ε

Time 0.1752 F (3.187, 41.44) = 1.719 0.4575

Treatment 0.796 F (2, 13) = 0.2322

Time x Treatment 0.7514 F (10, 65) = 0.6660

Random effects SD Variance

Pig 73.13 10.64

Residual 147.1 23.51

Was the matching effective?
Chi-square, df 12.06, 1

P value 0.0005
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Table S5. Collagen Content One-Way ANOVAs

Collagen

Type
Comparison

Sum of

Squares
df

Mean

Square
F Sig.

HMW

Between

Groups
3.89E+11 2 1.94E+11 3.707 0.053

Within Groups 6.82E+11 13 5.25E+10

Total 1.07E+12 15

γ

Between

Groups
1.26E+12 2 6.30E+11 14.922 0.000

Within Groups 5.49E+11 13 4.22E+10

Total 1.81E+12 15

β

Between

Groups
9.61E+12 2 4.80E+12 28.254 0.000

Within Groups 2.21E+12 13 1.70E+11

Total 1.18E+13 15

α1(V)

Between

Groups
1.11E+11 2 5.56E+10 6.479 0.011

Within Groups 1.12E+11 13 8.59E+09

Total 2.23E+11 15

α 1(I)

Between

Groups
3.17E+12 2 1.59E+12 8.498 0.004

Within Groups 2.43E+12 13 1.87E+11

Total 5.60E+12 15

α2(I)
Between

Groups
5.90E+11 2 2.95E+11 2.729 0.102

α2(I)
Within Groups 1.40E+12 13 1.08E+11

Total 1.99E+12 15
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thalmology and Institute of Biomedical Engineering, Université de Montréal, Montréal, QC, Canada

Abstract

Recombinant or artificial designer collagens have developed to a point where they are viable can-

didates for replacing extracted animal collagens in regenerative medicine applications. Biomimetic

corneas made have shown promise as replacements for human donor corneas, and have previously

been fabricated from several different collagens or collagen-like peptides (CLPs). Prokaryotic ex-

pression systems allow for cheap, rapid, gram scale production of collagens/CLPs. Here, we describe

a procedure for production of collagen-like peptides for the manufacturing of a biomimetic cornea.

Key words
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1. Introduction

1.1. Collagen and Collagen-Like Peptides

Collagen is the most abundant protein present in the extracellular matrix that surrounds the cells

of various tissues and organs in the mammalian body, including the cornea [1]. The defining feature

of collagen is its unique supercoiled triple-helix structure [2, 3]. Fibrillar collagens, in particular, are

robust structural macromolecules that contain cell-interactive domains. Hence, they have excellent

properties for creating regenerative, cell-free scaffolds for corneal repair as seen in early clinical

evaluation (Fig. 1) [4].

Most commercially available collagen is extracted from animal sources and purified using different

methods, resulting in heterogeneity of size and helicity [5]. Recombinantly produced human col-

lagens and short collagen mimetic peptides (CMPs) or collagen-like peptides (CLPs) developed as

alternatives to animal collagens. Both have the benefit of low heterogeneity. Also, unlike xenogeneic

collagens [6], there is little/no risk of allergy to xenogeneic protein or zoonotic disease transfer. Col-

lagen was initially considered a protein that is unique to multicellular animals, as hydroxyproline

residues within collagen have been considered the main determinants for structural stability [7].

However, CLPs have since been identified in prokaryotes, such as bacteria [8, 9]. These proteins

have been isolated from biofilm, and they have been shown to also have triple helical structures and

similar thermal stability to mammalian collagens [10]. As such, researchers have been able to design

new CLPs that are based on bacterial collagen sequences and analyzed the structure-mechanical

property relationships between these fibrils [8, 11, 12]. Collagens are chains of G-X-Y amino acid

motifs, where the G amino acid (Gaa) is glycine [12]. The amino acidat the X (Xaa) position is fre-

quently proline, and in animal collagens, the Y amino acid (Yaa) is oftenhydroxyproline. Important

features that are known to affect collagen assembly, stability, as well as the relatedmelting tempera-

ture include the Grand Average of Hydropathicity (GRAVY) score, hydroxyproline spacing, andthe

frequency of the six amino acid sequence Xaa1Yaa1Gaa1Xaa2Yaa2Gaa2 where the Yaa1 position

hosts alysine and the Xaa2 is occupied by a negatively charged residue (glutamic, or aspartic acid)

[12, 13, 14, 15]. In longer collagen peptides (>50 amino acids), assembly regions are often necessary

for collagen fibril formation [16, 17]. In small CLPs that have high inter-strand interactions, assem-

bly regions are not needed. Therefore, when selecting or designing a CLP, the experimenter needs

to consider the availability of functional groups that can be used to stabilize the collagen helix, as

well as stabilizing inter-fibrillar interactions.
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1.2. CLP Production

Solid state synthesis is the method of choice for shorter CLPs (<40–50 amino acids). However,

longer peptideshave been produced using a combination of solid phase peptide synthesis, polymer-

ization, and self-assembly [18]. The final products of such a combination strategy are triple helical

nanofibers of 10–20 nm. The Hartgerink group used an N-terminal cysteine and C-terminal thioester

to achieve selective head to tail polymerization of peptides under aqueous conditions, without the

need for protecting groups [18]. However, this method is not cost-effective for producing longer

polypeptides. Recombinant DNA technology is more efficient and cost-effective for production of

full-length recombinant human collagens. Full-length human and recombinant human collagens

have been produced in a range of transgenic species ranging from yeast (Pichia pastoris for types 1

and III human collagen [19]) to human fibroblasts [20], silkworms [21], and plants (tobacco for type

I human collagen) [22]. CLPs (in this case, gelatins) have also been recombinantly produced, e.g.,

in silkworms [23].

1.3. CLP Protocols

The protocols that we provide cover the production of recombinantly produced CLP to fabrica-

tion of corneal shaped and sized implants (Fig. 2). This protocol covers in particular CLPs that

are based on bacterial sequences or synthetic sequences that lack hydroxyproline residues, as these

are significantly less demanding to produce. If a sequence is reliant on hydroxyprolines for stable

fibril formation, a system designed particularly for allowing this type of post-translational modi-

fication must be used. For shorter sequences, however, solid state synthesis is recommended and

hydroxyprolines can be incorporated more easily.

We have not provided any specific CLP sequence but instead have provided a general protocol

that can be used in its entirety or in part for fabrication of implants, using a CLP that the reader

has access to. The specific cloning protocol given here is optimized for CLPs that are between

20 and 50 kDa, with either an assembly initiation region or which can fold in the absence of

such a region. For convenience we have named the generic CLP we are preparing “exColA.” For

preparation of hydrogel implants, various crosslinkers can be used. Water-soluble carbodiimides

such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and its co-reactant,

N-hydroxysuccinimide (NHS) can be used to stabilize hydrogels. A protocol for making hydrogels

for implantation into mini-pig corneal models based on the CLP sequence from O’Leary et al. [24]

and EDC-NHS crosslinking can be found in Islam et al. [25]. Here, the CLP was conjugated to
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an 8-arm PEG prior to crosslinking. Our exColA peptide, however, is crosslinked without prior

conjugation to a polymeric backbone. In Samarawickrama et al. [26], 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) was used as a crosslinker. Unlike EDC-

based crosslinking, DMTMM does not require accurate pH control or pH shift during the reaction

to be effective [27].

2. Materials

Please note that examples of equipment given are those we have used. The can be substituted with

equipment or reagents from other manufacturers or suppliers.

2.1. Synthetic DNA

(1) pUC57-exColA: Commercially available DNA cloning vector with recombinant CLP se-

quence, exColA. The exColA sequence should be codon optimized. This vector contains a

Tobacco Etch Virus (TEV) endoprotease cleavage site after His-tag (see Notes 1 and 2).

The name exColA is a placeholder for the CLP selected by the reader.

2.2. Preparation of Cloning System and Expression System

(1) E. coli cloning strain: 5-α cold shock competent E. coli.

(2) E. coli expression strain: ClearColi BL21(DE3) Electrocompetent Cells (see Note 3).

(3) Expression plasmid: pColdIII.

(4) Ampicillin stock solution: 3 g of ampicillin in 30 mL distilled water. The ampicillin solution

is decanted into a 60 mL syringe and filtered through a 0.22 µm syringe filter. The sterile

filtered solution is divided into 3 mL aliquots and stored at -20 ◦C.

(5) LB Miller broth: 100 g of powdered LB broth is weighed and placed in a 6 L glass flask. The

flask is filled to 4 L with distilled water. The flask is covered with aluminum foil and sealed

with autoclaving tape. The bottle is autoclaved for 20 min at 121 ◦C and then allowed to

cool. When the broth has cooled to below 45 ◦C, 4 mL of ampicillin stock is added to make

a final concentration of 100 µg/mL.

(6) LB Miller agar plates: 5 g of LB broth is added to a 1 L bottle. 2 g of agar is added and the

volume is made up to 200 mL by adding distilled water. The powder is dissolved by heating

in a microwave oven at high intensity until boiling. The solution is boiled by microwaving

at 30% intensity for an additional 5 min. When flask has cooled to below 55 ◦C, 4 mL
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of ampicillin stock is added to make a final concentration of 100 µg/mL. The solution is

poured into 35 mm petri dishes (see Note 4).

(7) Culture tubes: 100 mm size, translucent microbiology polypropylene tubes.

(8) Shaking incubator: A closed, temperature-controlled, shaking incubator capable of main-

taining 250 RPM and 37 ◦C.

(9) Incubator: A closed, temperature-controlled, incubator capable of maintaining 37 ◦C.

(10) Agar gel electrophoresis system: Horizontal electrophoresis system with combs to make 30

µL wells.

(11) 1% Agar gels prepared according to external protocol [28].

(12) Tris, Acetic acid, EDTA (TAE) buffer: Ready-made TAE buffer concentrate is diluted 1:50

in water.

(13) Loading buffer.

(14) Invitrogen™ SYBR™ Safe™ DNA Gel Stain.

(15) Blue light table: Light source capable of exciting at 470 nm.

(16) Gel imaging box: Imaging system with light source capable of exciting at 470 nm.

(17) Freezing solution: 10 mL glycerol solution and 10 mL water.

(18) Miniprep kits.

(19) Vacuum manifold.

(20) Centrifuge.

2.3. Expression of CLP

(1) Culture flasks.

(2) Shaking incubator.

(3) Magnetic stirrer.

(4) Thermometer.

(5) LB Miller broth (see Subheading 2.2, item 5).

(6) 1 M Isopropyl β-D-1-thiogalactopyranoside (IPTG): 2.38 g IPTG in 10 mL of water. The

solution is filtered using a 0.22 µM syringe filter and stored at -20◦C.

(7) Lysis buffer: 690 mM NaCl, 13.5 mM KCl, 50 mM Na2HPO4, 9 mM KH2PO4, 20 mM

imidazole, 5 M urea, 5 g/L Triton X100, 10% v/v glycerol.

(8) 1 mM phenylmethanesulfonyl fluoride (PMSF) in ethanol.

(9) Probe sonicator.

(10) Ultracentrifuge. 1

(11) SDS-PAGE system.
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(12) SDS-PAGE Precast Protein gels. 1

(13) SDS-PAGE running buffer: 10× Tris/Glycine/SDS, diluted 1:10 in water.

(14) Laemmli buffer.

(15) Coomassie solution.

(16) Gel imaging box: Imaging system with white light illumination.

2.4. FPLC Purification of CLP

(1) FPLC system.

(2) FPLC columns.

(3) Loading/washing buffer: PBS powder, pH 7.4, 5 M urea, 20 mM imidazole to make 1 L.

(4) Elution buffer: PBS powder, pH 7.4, 5 M urea, 500 mM imidazole to make 1 L.

(5) 20% ethanol: Prepared from sterile water and 100% ethanol. Filter with 0.20 µm bottle

filters.

(6) TEV reaction buffer: 500 mM NaCl, 20 mM Tris, pH 7.5 in water.

(7) Bradford solution:

2.5. Preparation of Lyophilized CLP

(1) Dialysis tubing (see Note 5).

(2) Dialysis buffer container (see Note 6).

(3) Urea in water: 4 M, 3 M, 2 M, and 1 M solutions of urea in ultrapure water is prepared

and sterile filtered using a 0.2 µm bottle filter.

(4) Liquid nitrogen.

(5) Lyophilizer.

2.6. Preparation of Corneal-Shaped Implants The apparatus used for molding is identical to

that used for making collagen-based implants and can be found in Islam et al. [29].

(1) Pre-weighed 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride

(DMTMM) powder aliquots of 50–100 mg. Store at -20 ◦C.

(2) T-junction connector and fittings.

(3) Glass syringes: 2 mL, Luer lock.

(4) Rubber septum: 2 mm thickness.

(5) Biopsy punch: 4 mm diameter.

(6) 500 µL, 100 µL and 50 µL Hamilton syringes.
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(7) Needle (22 s/51/2)L for 500 µL syringe.

(8) Needle (22 s/51/2)S for 100 µL and 50 µL syringes.

(9) Wide glass dish.

(10) Metal jigs: stainless steel jigs machined to tightly hold PTFE corneal molds.

(11) Polypropylene corneal implant molds: 500 µm thick, 10 mm diameter, x curvature (custom-

made).

(12) Allen key.

(13) Hydrated chamber (a pipette tip box can be used).

3. Methods

3.1. Preparation of Cloning System

(1) Transform 5-α cold shock competent E. coli with pUC57-exColA according to the bacterial

strain supplier protocol.

(2) Pick at least 10 colonies by touching the colony with a 10 µm sterile pipette tip and place

the pipette tip in 6 mL of Miller media in a bacterial culture tube.

(3) Culture the 5-α E. coli clones for 24 h at 37◦C at 250 RPM; cultures can be taken to the

next step after the optical density (OD) reaches 0.6 or higher.

(4) Freeze stocks of 5-α pUC57-exColA. 500 µL of bacterial culture is mixed with 500 µL of

freezing solution in a 2 mL cryotube and placed in -80◦C.

(5) Clone exColA from pUC57 to pColdIII according to any conventional cloning protocol [30,

31].

(6) Transform 5-α E. coli with pColdIII-exColA according to the protocol supplier with the

bacterial strain.

(7) Pick at least 10 colonies by touching the colony with a 10 µm sterile pipette tip and place

the pipette tip in 6 mL of Miller media within a bacterial culture tube.

(8) Culture the 5-α E. coli pColdIII-exColA clones for 24 h at 37◦C at 250 RPM; cultures can

be taken to the next step after OD reaches 0.6 or higher.

(9) Freeze stocks of 5-α pUC57-exColA. 500 µL of bacterial culture is mixed with 500 µL of

freezing solution in a 2 mL cryotube and placed in -80◦C.

(10) Perform Miniprep plasmid isolation according to manufacturer protocol on the 10 clones. 1

(11) Digest the 10 clones with restriction enzymes, or run analytical PCR. Use a different set of

enzymes than was used for the cloning in step 5.

(12) Run agarose gels according to external protocol (see Notes 7 and 8) [28].
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(13) Image and validate the presence of expected bands using a gel imaging system.

(14) Discard any clones that do not cut/amplify in expected manner.

3.2. Preparation of CLP Expression System

(1) Transform ClearColi with pColdIII-exColA according to supplier protocol.

(2) Pick at least 10 colonies by touching each colony with a 10 µm sterile pipette tip and then

placing the pipette tip in 6 mL of Miller media in a bacterial culture tube.

(3) Culture the ClearColi clones for 24–48 h at 37 ◦C at 250 RPM; cultures can be taken to

the next step after OD reaches 0.6 or higher.

(4) Freeze stocks of ClearColi pColdIII-exColA. To freeze, 500 µL of bacterial culture is mixed

with 500 µL of freezing solution in a 2 mL cryotube and placed in a -80 ◦C freezer.

(5) Perform a diagnostic restriction digestion according to external protocol [32].

(6) Run agarose gels [28].

(7) Image and validate the presence of expected bands.

(8) Discard any clone that does not show the appropriate restriction digested bands or amplifies

in expected manner.

(9) Optional: perform sequencing of plasmid.

3.3. Expression of CLP

(1) ClearColi pColdIII-exColA is scraped on 10 µm pipette tip and placed in 40 mL of culture

media.

(2) Culture is maintained at 37 ◦C until OD > 0.5.

(3) 40 mL of bacterial culture is added to 3 L of media in baffled culture flask.

(4) Culture is maintained at 37 ◦C at 250 RPM until an OD of 1 is reached (see Note 9).

(5) IPTG is added to culture to a final concentration of 1 mM.

(6) Culture is brought to 5–8 ◦C by placing in ice bath on a stir-plate at 250 RPM. Monitor

temperature with an analog thermometer.

(7) Culture is placed at 5–16 ◦C at 250 RPM for 24 h.

(8) Culture is divided into 1 L centrifugation flasks and pelleted at 4 ◦C, 4000 rcf.

(9) Supernatant is discarded.

(10) Pellet is dissolved in lysis buffer: 5× the pellet volume of buffer is used.

(11) Bacteria is lysed with sonication: 60% amplitude; 1 s on, 200 ms off; 4× 2 min with 10 min

of cooling on ice between each cycle.
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3.2. Preparation of CLP Expression System

(1) Transform ClearColi with pColdIII-exColA according to supplier protocol.

(2) Pick at least 10 colonies by touching each colony with a 10 µm sterile pipette tip and then

placing the pipette tip in 6 mL of Miller media in a bacterial culture tube.

(3) Culture the ClearColi clones for 24–48 h at 37 ◦C at 250 RPM; cultures can be taken to

the next step after OD reaches 0.6 or higher.

(4) Freeze stocks of ClearColi pColdIII-exColA. To freeze, 500 µL of bacterial culture is mixed

with 500 µL of freezing solution in a 2 mL cryotube and placed in a -80 ◦C freezer.

(5) Perform a diagnostic restriction digestion according to external protocol [32].

(6) Run agarose gels [28].

(7) Image and validate the presence of expected bands.

(8) Discard any clone that does not show the appropriate restriction digested bands or amplifies

in expected manner.

(9) Optional: perform sequencing of plasmid.

3.3. Expression of CLP

(1) ClearColi pColdIII-exColA is scraped on 10 µm pipette tip and placed in 40 mL of culture

media.

(2) Culture is maintained at 37 ◦C until OD > 0.5.

(3) 40 mL of bacterial culture is added to 3 L of media in baffled culture flask.

(4) Culture is maintained at 37 ◦C at 250 RPM until an OD of 1 is reached (see Note 9).

(5) IPTG is added to culture to a final concentration of 1 mM.

(6) Culture is brought to 5–8 ◦C by placing in ice bath on a stir-plate at 250 RPM. Monitor

temperature with an analog thermometer.

(7) Culture is placed at 5–16 ◦C at 250 RPM for 24 h.

(8) Culture is divided into 1 L centrifugation flasks and pelleted at 4 ◦C, 4000 rcf.

(9) Supernatant is discarded.

(10) Pellet is dissolved in lysis buffer: 5× the pellet volume of buffer is used.

(11) Bacteria is lysed with sonication: 60% amplitude; 1 s on, 200 ms off; 4× 2 min with 10 min

of cooling on ice between each cycle. Solution is centrifuged at 15 kRCF at 4 ◦C for 30 min.

(12) Supernatant is decanted and combined in a sterile glass flask.

(13) Pellets are resuspended in 5 mL of lysis buffer with fresh PMSF.

(14) Suspension is sonicated using the same parameters as above.
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(15) Perform SDS-PAGE of the supernatant from step 13 and solution from step 14 according

to external protocol [33].

(16) If either of solutions from step 13 or 14 is devoid of target protein, that fraction is discarded.

(17) Pool fractions that contain significant amounts of exColA.

3.4. FPLC Purification of CLP

(1) The HisPrepTM FF 16/10 column containing Ni-loaded sepharose is attached to FPLC

system (see Note 10).

(2) System cleaning is performed according to FPLC system manufacturer handbook.

(3) Column is equilibrated with 5 column volumes (CVs) of running buffer (see Note 11).

(4) Sample from step X 3.3.18 is loaded by direct injection at 3 mL/min flow (see Note 12).

AQ1

(5) Wash the sample flow path with 1 CV of washing buffer.

(6) Column with bound sample is washed with 10 CVs of washing buffer (see Note 13).

(7) A linear gradient from washing buffer to elusion buffer is performed over 10 CVs. Fraction

collection is performed over the whole span of the gradient, and one additional CV. Fraction

volume is set to 20 mL (see Note 14).

(8) FPLC system and column is washed according to manufacturer instructions.

(9) Chromatogram is used to identify which fractions contain eluted protein. The peak is

expected in the range of 100–400 mM of imidazole. Peak base width is expected to be no

wider than 30 mL (see Note 15).

(10) Dialysis tubing should be cut to the correct length for the sample volume. The length can

be calculated using the formula:

4 +
376.992×SampleV olume

TubingFlatWidth

TubingF latWidth × 100 + 0.5

100

It is recommended to add 5–10 cm of tubing to this measurement to have space to attach

the dialysis tubing clamps.

(11) The dialysis tubing should be pre-equilibrated in the buffer to remove the residual preser-

vatives from the tubing before use.

(12) Clamp the bottom end of the dialysis tube by folding over the end of the tubing and

attaching the weighted clamp over the folded edge.

(13) Carefully pipette the solution into the tubing.
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(14) Open the tubing fully at the top end to allow air into the tubing above the sample. Fold

the top end of the tubing over and clamp at the top ensuring that the air bubble remains

between the clamp and the sample. The air is critical for the buoyancy of the sample during

dialysis.

(15) Fill the buffer container 80% with buffer and an appropriately sized stir bar. Add the sample

and fill to 100% of the volume to prevent spillover.

(16) Dialysis is performed by stepwise dialysis against urea solution. The sample is dialyzed

against a total of 50 dialysis volumes of urea solution for a total of 12H per buffer step.

4 M, 3 M, 2 M, and 1 M is used and finally the solution is dialyzed against 100 dialysis

volumes of TEV reaction buffer (see Notes 16 and 17).

(17) The protein content is quantified using a Bradford assay according to the manufacturer

instructions.

(18) The sample is digested with TEV protease. 0.25 mg of TEV protease is used per mg of

protein.

(19) FPLC column is equilibrated with 5 CV of running buffer.

(20) The sample is loaded on the column. Due to the lack of His-tag after digestion, only His-

rich bacterial proteins should bind to the column while the protein of interest should run

straight through. The flowthrough is run to outlet and collected in a sterile glass bottle.

Do not run to waste (see Note 18).

(21) Wash buffer is run for 1 CV and collected in the same vessel as sample load flow through.

(22) Bound protein is eluted using 3 CV of elution buffer. Flow-through goes to waste (see Note

19) .

3.5. Preparation of Lyophilized CLP

The protein flow-through should be dialyzed again from FPLC buffer until it is in ultrapure water.

(1) Dialyzed exColA is transferred into 50 mL liquid nitrogen-safe tubes.

(2) Sample tubes are frozen in liquid nitrogen for 10 min (see Note 20).

(3) Sample tubes are opened slightly to allow air flow and placed in lyophilizer flasks.

(4) The lyophilizer system is closed, and cycle is started.

3.6. Preparation of Corneal-Shaped Implants
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(1) Remove the plunger from a sterile 10 mL syringe and wipe the interior of the barrel with a

particle-free wipe to remove the syringe’s coating as it can interfere with hydrogel formation.

Cap the syringe using a rubber cap held in place with parafilm.

(2) Weigh the empty syringe and record the weight. Carefully transfer the lyophilized exColA

into the syringe and weigh the assembly to determine the exColA mass.

(3) Add ddH O for a final concentration of 20% w/w. Cap the top of the syringe with a rubber

stopper and parafilm. Centrifuge for 1 min at 200 rcf to ensure protein and water are in

contact with one another. Dissolving can be expedited by cycles of heating to 37 ◦C for 30

min followed by cooling on ice. Store at 4 ◦C (see Note 21).

(4) Centrifuge dissolved exColA at 1000 RCF at 4 ◦C for 1 h; repeat until solution is free of

visible bubbles.

(5) Transfer 0.7 g of exColA solution from plastic syringe to a glass syringe using a 2 mm inner

diameter PTFE tube to connect the two syringes. Ensure that no bubbles are produced

during the transfer.

(6) Prepare water bath in large glass beaker using ultrapure water (dd-water).

(7) Fill syringe mixing system with dd-water and violently expel any trapped air bubbles into

a water bath. Eject all water from the attached syringe and keep the mixing system sub-

merged. Attach the glass syringe containing collagen to the empty Luer adapter on the

mixing system, take care not to introduce bubbles. Place assembled mixing system on ice

(see Note 22).

(8) Dissolve DMTMM to 20% w/w in H O. Sterile filter through a 0.2 µm syringe filter.

(9) Inject dissolved DMTMM through the septum of the mixing system; use a volume equivalent

to 0.7 times the molar amount of primary amines in exColA (see Note 23).

(10) Mix the solution by alternating pressing the two plungers of the mixing system; pass the

solution through the central t-piece 40 times to ensure sufficient homogeneity.

(11) Eject 150 µL of exColA/DMTMM solution to each cornea mold. Assemble molds and jigs,

expelling any surplus CLP/DMTMM solution around the edges of the molds. Place in a

hydrated chamber overnight at room temperature.

(12) Open the jigs and place the mold assemblies in PBS overnight at 4 ◦C. 1

(13) Carefully pry the jigs open and incubate the open molds overnight in PBS at 4 ◦C.

(14) Gently lift the corneal implants out of the molds once fully hydrated. Wash in PBS at 4 ◦C

for 7 days, changing the buffer daily.

4. Notes
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(1) When an appropriate CLP has been designed or selected, codon optimization for the desired

expression system must be performed. This service can be performed by commercial entities

such as GenScript. We suggest incorporation of an N-terminal 6x His tag and TEV endo-

protease cutting site. The design should take into account the nucleases that will be used

for future enzymatic cloning, ensuring that these are avoided within the coding sequence.

(2) Cleavage sites other than the TEV site can be used. TEV endoprotease was chosen due to

high specificity and due to the rarity of the motif.

(3) Endonuclease deficient bacterial strains are required for long-term stability of cloning strains.

This protocol uses a cold shock competent bacterial strain. If different competency bacteria

is used, the reader should follow the protocols supplied together with that cloning strain for

transformation. We use ClearColi , an E. coli strain that was modified to have diminished

or non-existent activation of LPS response in mammalian cells. A distinction should be

made between endotoxin pathway activation and lack of immunogenicity. LPS is not the

only bacterial constituent that can trigger inflammation or rejection [34].

(4) Microwaving will sterilize the solution sufficiently for no spontaneous growth to occur for

several weeks on properly stored agar plates, even in the absence of antibiotics.

(5) Dialysis tubing made from nitrocellulose can generally be used. Mw cutoff needs to be

based on target protein Mw. Dialysis tubing should be purchased with a pore size that is

at least 5 kDa smaller than a single subunit of your protein of interest. The dialysis tubing

width should be chosen so that a standard batch results in tubing that is the correct length

for your dialysis chamber. If necessary, use two shorter lengths of dialysis tubing for the

sample to fit the beaker, so it floats free and unencumbered within the chamber.

(6) The dialysis buffer container should be sufficiently large to hold a minimum of 50× the

sample volume. A large graduated cylinder may be ideal as it allows for longer lengths of

dialysis tubing for large samples than a large beaker.

(7) Optional: at this point sequencing can be used in place of restriction digestion to ensure

that no mutations have been introduced into the sequence.

(8) We recommend use of SYBR Safe in place of toxic and mutagenic ethidium bromide.

(9) Oxygenation is of critical importance during the initial growth of the bacterial colony. The

culture conditions outlined here assumes a large aerated space in the shaking incubator, or

a ventilated/actively oxygenated incubator.

(10) Binding capacity is heavily dependent upon the geometry and surface chemistry of the

electrophoresis matrix. If a different matrix is used, the reader must reference manufacturer

instructions and adjust bed volume to facilitate a sufficient protein binding capacity.
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(11) Depending on the predisposition of the protein used, a higher ionic strength might be needed

for wash/bind buffer and elution buffer. If the protein is noted to form insoluble particles

when exposed to the wash/bind buffer, 5× PBS can be used instead of 1×.

(12) Ensure that the column manufacturer-specified max delta pressure is not exceeded in this

step. If column becomes visibly compressed or the delta pressure exceeds manufacturer

recommendations, a lower pump speed should be used.

(13) If this is a routine run, the flow-through in this step can be run to waste. If this is an early

optimization run, the sample should be collected by running it to an outlet valve with a

clean collection vessel.

(14) Average peak base width using HisPrep™ FF 16/10 columns is 1 CV, which is why 20 mL

fractions are used.

(15) If yields are poor the imidazole absorption at 280 nm can make resolving the exact range of

target elusion difficult; in these cases, a “dry run” with all the same parameters but without

protein in the loading buffer can supply a baseline that can be deducted from the absorbance

chromatogram.

(16) The first dialysis stage should be no more than 3 h before the buffer is changed.

(17) The stepwise dialysis is necessary to avoid protein falling out of solution.

(18) This flow-through contains your target protein. Only bacterial His rich proteins will bind

the column.

(19) This step is a cleaning step, removing His rich bacterial proteins, TEV protease, and digested

His-tags from the column.

(20) Samples should be frozen and lyophilized according to the instructions provided by the

lyophilizer manufacturer. These instructions are based on protocols for most research

lyophilizers.

(21) If the protein cannot be kept soluble in water at room temperature, other buffers can be

used. Note that many collagens do not lyophilize well in phosphate-based buffers; PB and

PBS should be avoided in this step.

(22) Depending on the size and inter-strand interaction strength, the viscosity of different CLPs

at any given concentration will vary. A mechanical syringe mixer can facilitate mixing of

solutions that are not possible to safely mix by hand.

(23) DMTMM has a MW of 276.72 Da. The volume of exColA is 0.7 mL. The concentration of

exColA is 0.2 g/mL. The concentration of DMTMM is 0.2 g/mL. To calculate the volume

to inject use the formula:
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VDMTMM =
(0.7 × (0.2/MWexColA) × (1◦AexColA) ×MWDMTMM )

0.2
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Figure Legends

Figure 1. Before and after photos of patients who had been grafted with recombinant human

collagen-based implants to treat ulcers and scarring due to infection or burns. These patients

showed stable integration of the implants and regenerated neo-corneas after an average of 2 years

post-surgery. Modified from Fig. 2, Islam et al. [4]

Figure 2. Collagen-like peptide-based implant manufactured according to Subheading 3.6 of this

chapter.
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Chapter 8

Discussion

8.1. Solid Corneal Implants

The first objective presented in this thesis examines methods to improve the manufacture of solid

corneal implants. Here, we validated the hypothesis that an interpenetrating network of polyphos-

phorylcholine could improve the anti-inflammatory properties of CLP-PEG (Hypothesis 1A, that

peptide-capped silver nanoparticles can be used to improve the anti-microbial properties of solid

corneal implants (Hypothesis 1B), and that e-beam can be used to terminally sterilize RHCIII-MPC

implants (Hypothesis 1C). Appendix B compares aligned vs random recombinant human collagen

type I (RHCI) solid corneal implants.

8.1.1. Impact of phosphorylcholine on cornea regeneration

The addition of polyphosphorylcholine to a collagen or peptide base-material fundamentally alters

the mechanical properties of the gel. Despite the increase in total solid content, polyphosphoryl-

choline increases elongation at break and decreases the Young’s modulus, leading to a more elastic

hydrogel material [272, 273, 326]. Polyphosphorylcholine was originally conceptualized as a phos-

pholipid mimetic, due to its phosphate group and hyrgoscopic properties [327]. It was originally

used to create anti-microbial coatings on medical devices like stents (For review see [328]. In our

composite hydrogels, polyphosphorylcholine acts as a GAG-mimetic retaining water content, so it

adds an additional structural mimic for the corneal ECM.

The anti-inflammatory properties of polyphosphorylcholine are the outcome of complex struc-

ture/function relationship mediated by rapid re-epithelialization by CEpCs on the surface of the



hydrogel, encapsulating the hydrogel inside the cornea. This creates an environment where the

fibroblasts and myofibroblasts at the edge of the surgical incision interact directly with the CLP-

PEG-MPC material. The CLP-PEG-MPC material is resistant to collagenase, but it is still subject

to degradation by macrophages and other enzymatic degradation. As long as the fibroblasts sense

the presence of a non-native material, and they aren’t anchored in the full corneal ECM with adja-

cent cells they can still secrete factors that promote the slow degradation of the hydrogel material

and its replacement with newly secreted ECM that can support fibroblast attachment. We observe

the outcome of this slow remodelling via decreased haze, central corneal neovascularization, and a

lack of corneal thickening.

8.1.2. Suitability of collagen-based constructs for anti-bacterial additives

Chapter 4 discusses a porcine collagen hydrogel crosslinked with an epoxide crosslinker, BDDGE,

and surface functionalized with peptide-capped silver nanoparticles to improve the implant’s anti-

microbial properties (Hypothesis 1B). BDDGE was used as a crosslinker because carbodiimide

chemistry is incompatible with the incorporation of silver nanoparticles [329]. Capping the AgNPs

with CLKRS peptides is a successful strategy to mitigate the cytotoxic effects of AgNP. The CLKRS-

AgNP coated corneal implants successfully supported HCEpCs and promoted an M2 tolerogenic

macrophage phenotype in vitro. This functionalized corneal implant was successful in inhibiting P.

aeruginosa, S. aureus, and S. epidermidis in vitro and preventing biofilm formation at the air-liquid

interface.

Collagen-based hydrogels are excellent base substrates for anti-bacterial additives. They have a

wide range of amino-acids present to serve as attachment points for other chemistries. The primary

limitation for collagen or other protein-based hydrogels is degradation. The lifespan of a conjugate

or entrapped active ingredient depends on the rate of breakdown of either the conjugate bond or

the collagen matrix within the material. Depending on the rate of breakdown, a surface coating

may only be effective for a span of hours to days before the mechanical action of the eyelid and

the enzymatic action of tears removes the coating from the surface. Ideally, functional additives

that are evenly distributed throughout the hydrogel are not released from the central region until

cells reach the area and begin the degradation and remodeling process. We currently do not have

longitudinal data on the persistence of NPs in this type of system. It is likely that the persistence of

functional additives is highly specific to the entrapment or linkage, hydrogel pore size, and rate of
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remodeling. Care should also be taken in selection of a crosslinker with the incorporation of metallic

nanoparticles.

8.1.3. Effect of e-beam on collagen-derived biomaterials

Low dose e-beam was successfully used to sterilize RHCIII-MPC solid corneal implants (Hypothesis

1C); however, this process was not without caveats. The industrial standard dose for gamma or

e-beam irradiation is 25 kGy [330]. Previous literature suggested that this range was too high for

biomaterials, so the RHCIII-MPC implants were tested at 17, 19 and 21 kGy [137]. Irradiation

did not result in significant changes in tensile strength, elongation at break and Young’s modulus,

but a trend towards a change was present and may have been identified with a larger sample size.

Given this data, the lowest dose at 17 kGy was used to test biocompatibility in rabbits. The

irradiated and control RHCIII-MPC implants successfully regenerated the corneal tissue in the

rabbit model. The control implants resulted in a decrease in corneal thickness, but the irradiated

implants were comparable to the unoperated controls. The ability to use terminal sterilization

in the manufacturing process for RHCIII-MPC provides it an advantage over HDC, which can be

contaminated by bacteria and fungi. Overall, e-beam was demonstrated to be a successful technique

for the sterilization of RHCIII-MPC corneal implants.

Interestingly, we did not observe the phenomenon reported for ACG, where the Young’s modulus was

maintained, but there was a significant alteration in melting temperature after γ-irradiation [138].

The downwards shift in Tm suggests that the γ-irradiation is causing free-radical damage to the

peptide backbone, lowering the threshold for complete fibril unwinding. Our result indicate that the

e-beam is not causing a comparable shift in Tm in the RHCIII-MPC material, this could either be

due to fewer free radicals generated by e-beam or a protective effect from the polyphosphorylcholine.

8.2. Liquid Corneal Fillers

8.2.1. Adhesive Properties

Hypothesis 2A was confirmed, showing that 1% fibrinogen, in combination with thrombin applica-

tion to the wound bed, would attach the LiQD Cornea to the surrounding wound bed. The fibrinogen

is cleaved into fibrin by the thrombin applied to the wound bed, to attach to fibrin present on the

wound surface using coiled coil interaction. It may also provide additional structural support for
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the biomaterial after cross-linking. The presence of fibrinogen in LiQD Cornea may affect the envi-

ronment of the corneal wound healing response. Fibrinogen is cleaved by thrombin into the active

form fibrin that forms fibrils due to the action of its coiled coil domains. Fibrin(ogen) is associ-

ated with a pro-inflammatory, pro-angiogenic wound healing response [331]. It contains binding

sites for Tissue-type plasminogen activator, plasminogen, plasmin inhibitor, α2-PI, Lipoprotein(a)

[LP(a)], Histidine-rich glycoprotein (HRGP), heparin, vascular endothelial (VE)-cadherin, intercel-

lular adhesion molecule-1 (ICAM-1) and the integrins αIIbβ3, αVβ3, αMβ2 or αxβ2 (CD11c/CD18)

[331, 332]. This means that it has direct interactions with platelets (αIIbβ3), VECs (VE-cadherin,

ICAM-1) and dendritic cells (αxβ2) that promote angiogenesis. The peptides cleaved by throm-

bin, fibrinopeptides A and B, act as chemoattractants for neutrophils, monocytes and macrophages

[331, 333–335]. Overall, the presence of fibrinogen throughout the hydrogel material may accelerate

wound healing, but it may also create a pro-inflammatory environment and lead to increased my-

ofibroblast formation and neovascularization. LiQD Cornea is an excellent proof of concept for the

viability of in situ collagen mimetic peptide-based hydrogels, but the incorporation of commercial

fibrin glue limits its future as a medical device.

8.2.2. Tissue Regeneration by CLP-PEG-fibrinogen

CLP-PEG-fibrinogen successfully regenerated the corneal epithelium and stroma (Hypothesis 2B).

Interestingly, the remodelling process appears to have occurred more slowly than in the CLP-PEG

and CLP-PEG-MPC solid implants, with visible haze up to 9 months post-operatively. This is

reflected in the collagen quantification analysis, which shows decreased fibril formation in the LiQD

Cornea, compared to the the syngeneic graft and unoperated cornea, a pattern that is not observed in

the solid implants. This may be due to the pro-inflammatory properties of the fibrinogen described

above or to a difference in the structural properties of the material. As the LiQD Cornea has a higher

CLP-PEG content than the CLP-PEG-MPC implants, it is difficult to compare them directly.

8.3. Design of Collagen Mimetics

There is a fourth option for a primary protein matrix for hydrogel design, beyond xenogeneic

collagen, recombinant human collagens and solid state peptides. Chapter 7 presents a method for the

production of a fully recombinant collagen mimetic protein in low endotoxin E. coli (Hypothesis 3A).

This allows for the design of collagens that do not require enzymatic addition of hydroxyprolines.
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It also allows their creator to tune their thermal properties and their isoelectric point to achieve

solubility at neutral pH and the ability to repeatedly thermally assemble and disassemble into fibrils.

Their sequences can also be designed to carry cell attachment sequences (RGD, IKVAV, YIGSR)

to faciliate cellular attachment to the fibrils. Recombinant collagen mimetics’ greater molecular

weight, combined with their adaptive thermal properties, provides the strengths of both collagens

and collagen mimetic peptides to create a unique hydrogel matrix. Their in silico design also

makes them patentable intellectual property, which can assist in protecting the formulations during

development and expanding the options for their future use.

8.4. Perspectives

8.4.1. Collagen vs. Peptide Implants

This thesis presents four collagen-based solid corneal implants: RHCIII-MPC, CLKRS-NP-porcine

collagen I (PCI), aligned recombinant human collagen type I (RHCI), and random RHCI (For RHCI

study, please see Appendix B. Of these three implants, the rRHCI has the highest tensile strength

and the second lowest elongation at break (Table 8.1). As it is manufactured using a crosslinking,

dehydration and rehydration method, it can have an extremely high solid collagen content when

rehydrated for use. The CLKRS-NP-PCI hydrogel had the second highest modulus, followed by

RHCIII-MPC corneal implants. This is likely due to the fact that the RHCIII-MPC implants

contain a network of polyphosphorylcholine that has been previously demonstrated to decrease

tensile strength and increase elongation at break in RHCIII and PCI implants [272]. However, the

phosporylcholine networked increased the elasticity of the implants from 28% for RHCI up to 49%

for type I porcine collagen, making them more flexible for handling [272]. All three collagen-based

implants were not as tough as the human cornea.

Corneal implants need to be flexible so the surgeon can manipulate them in the operating theater

and elastic so they can retain single sutures without cracking or cheese-wiring. The manufacture of

collagen-based biomaterials needs to be optimized to balance the high tensile strength of collagen

fibers with the brittleness that can occur as a result of over-crosslinking. The methods for mixing

collagen hydrogels are inherently limited by the thermal properties of the collagen fibers. Collagens

rely on coiled-coil domains to assemble into their triple helical quaternary structure, but these

domains are cleaved after assembly. This means that if collagen is heated, unwinding the fibrillar

structure, it cannot re-assemble in its original conformation. This converts it to gelatin during
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manufacturing. The manufacturing techniques used to make the collagen-based materials are all

temperature controlled to prevent disassembly of the collagen from occurring. When dissolved in

water, collagens form a highly viscous, non-Newtonian liquid that is difficult to manipulate. As a

result, collagen hydrogels are either manufactured in acidic conditions and dehydrated (rRHCI), use

a lower concentration of collagen (CLKRS-NP-PCI), or require robotic assisted mixing (RHCIII-

MPC) [336–338]. These methods all require strict process controls to ensure that the collagen does

not lose its structural integrity during processing.

The production of collagen-based biomaterials can also be limited by the supply line issues. RHCIII

and RHCI are only manufactured by a single company, both of whom manufacture collagen primarily

for internal use in their medical device programs (Eluminex Inc. [formerly Fibrogen Inc.] and

CollPlant Inc. respectively). This means that these materials must be co-developed with the

supplier and any process deviations or business solvency issues can entirely close off the supply

of these materials for the corneal implant manufacturing process. Similarly, medical grade animal

collagens are supplied by a limited number of companies. While there are more companies supplying

this market, re-validating a collagen product may require design modifications if there are differences

in the extraction process that affect the size and assembly of the fibrils. Supply line issues are an

important front-end consideration for the manufacture of collagen-based materials and the long-

term accessibility of the base material for the product. Overall, collagen-based materials provide

good mechanical properties, but have a lot of undesirable manufacturing considerations.

Peptide-based biomaterials solve both of the primary concerns of collagen-based biomaterials. Pep-

tides can be synthesized by any company providing active pharmaceutical ingredient-grade peptides

for the biotechnology industry. It is significantly easier to validate a new peptide supplier, as all

manufacturers use comparable solid state synthesis methods and it is possible to directly compare

the certificates of analysis for the existing and new peptides. CLPs are synthesized as monomers

and designed to use thermal assembly to form self-assembled structures. There are no concerns that

heat-mediated fibrillar disassembly will result in changes to the material, as these gels can easily

reform their quaternary structure as they cool. The CLP-PEG only material has a lower tensile

strength than the RHCIII or rRHCI biomaterials, but greater elongation at break [271, 326, 339].

The addition of MPC to the biomaterial reproduces the trend of decreased tensile strength and

greater elasticity that was observed with both RHCIII vs RHCIII-MPC and porcine collagen vs.

porcine collagen-MPC materials [272, 326].
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The CLP-PEG biomaterials provide a unique opportunity to simplify the manufacturing process by

exploiting the thermal gelation properties of the peptide. It is possible to heat the CLP-PEG stock

solution to 55◦C to reduce the viscosity during manufacturing, removing the need to use a T-piece

for manufacturing. This makes it easier to precision fill the molds when manufacturing corneal

implants.

Tab. 8.1. Summary of Mechanical Properties for Solid and Liquid Corneal Biomaterials

RHCIII-

MPC

CLP-

PEG-

MPC

CLP-PEG rRHCI
LiQD

Cornea
Cornea

Tensile

Strength
0.3 ± 0.1

0.022 ±

0.004
0.56 ± 0.21 2.67 ± 0.8 0.02

3.81 ±

0.04

Elongation

at Break
20.1 ± 7.6 59.5 ± 7.7 50 ± 8 28 ± 6 N/A N/A

Young’s

Modulus
1.7 ± 0.8 0.04 ± 0.01 0.15 ± 0.02 52.8 ± 13.1 0.2 3 to 13

Refractive

Index

1.351 ±

0.001

1.340 ±

0.005

1.338 ±

0.004

1.354 ±

0.037

1.423 –

1.436

Water Con-

tent
91.5 ± 0.92 90.9 ± 0.78 92.7 ± 0.85

89.2 ±

0.003
91.2 ± 2.3 78

8.4.2. Primary Matrix Design of Liquid-to-Solid Hydrogel Formulations

The thermal properties of the CLP-PEG hydrogels make them uniquely suited to the production of

liquid to solid corneal fillers. The ability to monomerize the CLP-PEG, then re-form the thermal

network allows for the liquid application of the material to fill the corneal wound, prior to irre-

versibly crosslinking the hydrogel with DMTMM. Collagen-based biomaterials are unsuitable for

the formation of thermal gels, as they need to be applied at temperatures under 37◦C. In order to

get a complete fill, the collagen would need to be applied at extremely low concentrations in order

to have a sufficiently low viscosity to fill the wound bed.

Gelatin-methacrylate (Gel-MA), which is photocrosslinkable, has been developed as a liquid to solid

injectable corneal filler [315, 325]. In GelMA-based biomaterials, a photoinitiator is used to generate

free-radicals to initiate the polymerization reaction between methacryl groups [340]. This allows
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for indiscriminate crosslinking to the surrounding tissue. The smaller molecular size of the gelatin

allows for the hydrogel to penetrate and polymerize through the damaged native ECM to adhere

it to the wound bed. Unfortunately, free radicals can damage ribosomes, DNA and RNA if they

infiltrate surrounding cells [341]. Given that gelatin may already be recognized as a DAMP by the

immune system (see section 1.3.1.1), the addition of free radical damage increases the likelihood

that the repair will initiate a strong inflammatory response in the host tissue, preventing scar-free

repair. Gelatin is susceptible to enzymatic degradation, so it is more likely to be degraded by MMP

and macrophage activity in the short term [342]. Unmodified gelatin could be directly substituted

for CLP-PEG in the LiQD Cornea, but our group does not use xenogeneic protein sources for our

clinical development pipeline. This means that we would be turning expensive, recombinant human

collagens into gelatin to enable thermal disassembly and re-assembly, which is both expensive and

illogical.

8.4.3. General Design for in situ tissue regeneration

There is a trade-off between ease of use and ease of point of care delivery. Solid implants require a

dedicated corneal surgeon, and the outcomes are dependent on the surgeon’s skill, as well as their

experience with the device. The shelf life of a solid device after terminal sterilization is one the

scale of 1-2 years and easy to test. Solid corneal implants do not need particular considerations

when it comes to shipping, and while refrigerated storage is preferable, there is a high likelihood

that extended storage at room temperature can be validated. The outcomes using a liquid filler are

less affected by surgical skill, as the device doesn’t require the extensive use of surgical procedures.

Ideally, the LiQD Cornea could be administered by an emergency medical technician, combat medic,

or equivalent to stabilize an injury for transfer to an ophthalmic surgeon for assessment. Liquid

hydrogel formulations present greater hurdles in packaging, storage and stability. Hydrogels designed

to crosslink in situ need to be shipped and stored in a way that minimizes premature crosslinking

of the bulk material and breakdown of the crosslinker, which likely involves aseptic fill, freezing,

and/or packaging under inert gas.

8.4.4. Should sterilization technique be integral to biomaterials design?

Sterilization technique should be accounted for in the design of biomaterials, especially as

irradiation-based methods are known to increase covalent crosslinking in dECM and collagen-based

biomaterials. This may decrease elasticity and increase brittleness of the biomaterial. If terminal
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sterilization is considered integral to the manufacturing process, it’s important to plan this into

the device design. Ideally, a research team would develop an optimal biomaterial and determine a

sterilization dose that does not affect its mechanical properties. If this is not possible, it may be

necessary to generate biomaterials with varying degrees of chemical crosslinking and test them at

varying doses of irradiation, in order to optimize the relationship between these two processes and

ensure that the final product meets the required mechanical characteristics.

If it’s determined that terminal sterilization is unwanted or impossible to quality control, bioma-

terials can be processed using aseptic techniques. This outcome is undesirable because it places a

significantly higher burden on the manufacturing process to certify that all incoming materials are

sterile and that all processes conform to strict environmental monitoring criteria.

Overall, it’s important to design biomaterials with a sterilization technique in mind, because it

would be extremely work-intensive and expensive to re-design a material that fails during a required

terminal sterilization procedure, or to re-design a manufacturing process to be aseptic.

8.4.5. Recommendation of sterilization methods for future efforts

We have shown that low dosage e-beam sterilization is compatible with solid corneal implants;

being an industry standard as well as a well validated terminal sterilization method, this approach

is unlikely to be supplanted in the near future. When working with liquid formulations that need

to be assembled or crosslinked in situ, further work is needed to determine the optimal route.

There is some evidence of increased peptide or protein stability in aqueous solutions at the point

of sterilization; however, crosslinking is limited by physical distance, which means that the benefits

of a lower degree of radical formation on the polymer might be offset by the higher mobility of the

molecule in a solution. The first big risk of irradiating a liquid formulation compared to a solid

implant is crosslinking of the polymer or protein which can inhibit assembly, thermo-responsive

properties, and introduce graininess in the material. The second risk with irradiation of a liquid in

a pre-crosslinked state is breakdown of the crosslinking agent, which may cause poor adhesion to

the wound bed, changes in modulus, and a reduced tolerance to elevated temperatures.
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8.5. Future Work

8.5.1. Primary Hydrogel Components

Recombinant collagens, xenogeneic collagens and CLP-PEG based collagen implants all have in-

herent limitations. The collagens are limited by their pre-assembly and susceptibility to thermal

disassembly and CLP-PEG is limited by minimal self-assembly due to low peptide monomer content

and steric hindrance from the PEG.

Chapter 7 discusses the methods for producing a custom collagen mimetic protein. In the future,

collagen inspired proteins can be designed with tuneable properties, including the ability to self-

assemble, cell adhesion motifs, and the removal of hydroxyprolines to streamline production of the

protein. Unlike collagen, these custom recombinant proteins can be patented because they are

designed in silico. This means that both the protein material and the composite hydrogel can

undergo patent protection, to ensure the ability to commercialize a medical device.

8.5.2. Anti-Inflammatory Properties

The next obvious design step for the rRHCI solid corneal implant and the LiQD Cornea is the

incorporation of polyphosphorylcholine. The rRHCI material can easily be designed to incorporate

the existing free radical chemistry used in the RHCIII-MPC and CLP-PEG-MPC solid implants.

The LiQD Cornea presents a significantly larger design issue, as free radical chemistry to too toxic

for direct application in situ. The polyphosphorylcholine network will require a re-design to be

compatible with the LiQD Cornea format for hydrogels.

8.5.3. Adhesives

The LiQD Cornea requires a re-design to eliminate the fibrinogen and thrombin from the biomaterial.

Although this system created an effective seal for the hydrogel in the wound bed, fibrin glue’s status

as a biologic and inflammatory properties cannot be overlooked as obstacles in the development of

a liquid corneal wound sealant.

Biology provides us with many examples of natural adhesives that can be employed in improving

the LiQD Cornea formulation including catecholamines used by barnacles, activated esters, and
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biotin and (strept)avidin systems. This adhesive could be developed as a separate glue to attach

the hydrogel or incorporated into the primary formula to simplify application.

8.5.4. Anti-microbial Properties

CLKRS-NPs were successfully shown to adhere to collagen-based hydrogels in a single synthesis

reaction. This method could be used to attach them to the surface of RHCI or CLP-PEG based

solid corneal implants, to improve their immediate anti-microbial properties. Anti-microbial drugs

or NPs can also be mixed into liquid corneal sealants, although it is currently unclear if they

would provide a sufficient dose in the hydrogel material, or if they would require adjunctive topical

application.
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Abstract

Corneal blindness accounts for 5.1% of visual deficiency and is the fourth leading cause of blindness

globally. An additional 1.5–2 million people develop corneal blindness each year, including many

children born with or who later develop corneal infections. Over 90% of corneal blind people globally

live in low- and middle-income regions (LMIRs), where corneal ulcers are approximately 10-fold

higher compared to high-income countries. While corneal transplantation is an effective option for

patients in high-income countries, there is a considerable global shortage of corneal graft tissue and

limited corneal transplant programs in many LMIRs. In situ tissue regeneration aims to restore

diseases or damaged tissues by inducing organ regeneration. This can be achieved in the cornea

using biomaterials based on extracellular matrix (ECM) components like collagen, hyaluronic acid,

and silk. Solid corneal implants based on recombinant human collagen type III were successfully

implanted into patients resulting in regeneration of the corneal epithelium, stroma, and sub-basal

nerve plexus. As ECM crosslinking and manufacturing methods improve, the focus of biomaterial

development has shifted to injectable, in situ gelling formulations. Collagen, collagen- mimetic,

and gelatin-based in situ gelling formulas have shown the ability to repair corneal wounds, surgical

incisions, and perforations in in-vivo models. Biomaterial approaches may not be sufficient to treat

inflammatory conditions, so other cell-free therapies such as treatment with tolerogenic exosomes

and extracellular vesicles may improve treatment outcomes. Overall, many of the technologies

described here show promise as future medical devices or combination products with cell or drug-

based therapies. In situ tissue regeneration, particularly with liquid formulas, offers the ability to

triage and treat corneal injuries and disease with a single regenerative solution, providing alternatives

to organ transplantation and improving patient outcomes.
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Introduction

Conventional Tissue Engineering versus In Situ Tissue Engineering

Tissue engineering aims at regenerating new tissues to replace and restore damaged body parts.

Biomaterials play an important role, providing the scaffolds or templates for the therapeutic cells

to repair or recreate a target tissue. The biomaterial scaffolds provide optimal anchorage, mi-

croenvironment, and topology for seeded or migrating cells (from adjacent tissues) for proliferation,

alignment, and integration with host tissue before and after transplantation [Mano et al., 2007].

Conventionally, bioresorbable polymers like polycaprolactone and poly(lactic acid) were pre-

fabricated into solid state scaffolds/matrices of desired shape and size, incubated with therapeutic

cells from autologous or allogeneic sources expanded in vitro, and then surgically transplanted

to target sites in patients [Cima et al., 1991]. The tissue construct is pre-conditioned prior to

implantation to allow smooth graft-host integration. This has been referred to as ex vivo tissue

engineering by Gaharwar et al. [2020].

More recently, cell-free scaffolds have been implanted into target organ sites to stimulate the patient’s

own endogenous cells to migrate into the scaffold, expand and regrow the tissues or organs. This

has been referred to as in situ tissue engineering [Gaharwar et al., 2020]. Examples of scaffolds

developed include the use of cell-free solid implants in human clinical trials [Fagerholm et al., 2010]

to development of flowable, gel-forming precursors that could be delivered using injection devices

and crosslinked in-situ [Elisseeff et al., 1999; McTiernan et al., 2020]. These stimuli or triggers

for in-situ gelation range from exogenous or endogenous chemical cues, such as pH [Chiu et al.,

2009], metabolites, ionic factors [Jaikumar et al., 2015], and crosslinkers [McTiernan et al., 2020],

to physical stimuli such as temperature [Yeon et al., 2013], UV light [Shirzaei Sani et al., 2019] and

electrical potential.

An extensive review of in situ tissue engineering can be found in Gaharwar et al. 2020 [Gaharwar et

al., 2020]. Essentially, bioresponsive materials are developed to serve as templates that recapitulate

the conditions in organogenesis to enable regeneration of targeted tissues and organs. In the present

review, we focus on in situ tissue engineering in the human cornea as a treatment for corneal

blindness and how it compares with more traditional therapeutic methods. While Gaharwar et al.

cite difficulty to monitor the regenerative process as a disadvantage of in situ tissue engineering

in general, this is not a problem in the cornea. The transparency of the human cornea allows the
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tracking of the regeneration process in real time, particularly by in vivo confocal microscopy (IVCM)

or anterior segment optical coherence tomography (ASOCT).

The human cornea

The cornea is the transparent window at the front of the eye. As such, the cornea has two important

roles in ensuring the proper function of the visual system. First, the cornea forms the eye wall,

providing tensile strength and protecting the intraocular contents. Second, through its optical

clarity and by providing two thirds of the eye’s refractive power, the cornea is essential for the

formation of a clear image on the retina.

The cornea is composed of five main layers (Fig. 1) [Rowsey and Karamichos, 2017]. From the ocular

surface, these layers are the epithelium, the Bowman layer, the stroma, the Descemet membrane

and the endothelium. A more recent sixth pre-Descemetic layer referred to the Dua layer has also

been described [Dua et al., 2013] .

The epithelium consists of 5-6 layers of non-keratinized stratified squamous epithelial cells. The

epithelium renews itself every 7 to 10 days from stem cells located in the limbal palisades of Vogt,

at the periphery of the cornea [DelMonte and Kim, 2011; Eghrari et al., 2015]. The epithelium cre-

ates a physical barrier with the exterior to protect the eye. Immunoglobulins, lysozyme, lactoferrin

and other proteins in the tears add further safeguard against ocular surface pathogens [McDermott,

2013]. Cell-surface associated mucins of the epithelium enhance ocular surface protection and lu-

brication, allowing for a smooth tear film to optimize the cornea’s refractive function.[Sack et al.,

2001; DelMonte and Kim, 2011].

The stroma, which in human corneas includes a Bowman layer, is about 80 to 85% of the thickness

of the cornea. Stromal cells called keratocytes populate the stroma and produce its extracellular

matrix (ECM), composed of collagen (types I and V) and proteoglycan, organized into lamellae.

The stroma derives its transparency from a precise alignment of collagen fibers. In addition, the

stroma must maintain a turgescence of approximately 78% water to maintain optimal alignment and

transparency [DelMonte and Kim, 2011]. The Bowman layer is a 12 µm thick acellular layer anterior

to the stroma, generated through interactions between the epithelial cells and stromal keratocytes.

The precise functional role of Bowman Layer has not been scientifically demonstrated and absence

of adverse complications in individuals lacking the Bowman layer suggests that its role is minor

[Wilson and Hong, 2000]. The Descemet membrane is composed of collagen (Type IV and VIII)

and ranges from 8–10 µm thickness in adults. It is the endothelium’s basement membrane. The
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endothelium is composed of a single cell layer lining the most posterior aspect of the cornea. Being in

direct contact with the aqueous humor of the anterior chamber of the eye, the endothelium controls

the degree of stromal hydration through Na/K ATPase pumps and maintains the transparency of

the stroma [Eghrari et al., 2015]. The hexagonal corneal endothelial cells are the only cell layer of

the cornea that do not proliferate [Joyce, 2012].

To maintain its transparency and immune privilege, the cornea must remain avascular. Thus, the

perilimbal vasculature, as well as the aqueous humor and tear film, provide all the nutrients required

for the cornea’s metabolic activity. The cornea is also richly innervated. Branches of the ophthalmic

branch of the trigeminal nerve enter the cornea within the mid stroma, travel anteriorly and pierce

through the Bowman membrane to create a complex network of nerves just below the epithelium

[DelMonte and Kim, 2011].

Corneal blindness and need for bioengineered solutions

According to the World Health Organization, corneal diseases rank as the 4th most prevalent cause

of blindness, representing 5.1% of blindness overall [World Health Organization, 2020a]. Globally,

4.2 million people suffer from bilateral corneal blindness and 23 million people suffer from corneal

moderate to severe visual impairment [World Health Organization, 2019]. The most common causes

of corneal blindness are infectious keratitis and ocular trauma [Porth et al., 2019]. While most

epidemiological data captures vision as a function of both eyes, many corneal diseases present

unilaterally. These diseases, while not causing blindness, causes monocular vision loss, severe or

chronic pain, patient suffering and loss of quality of life are additional consequences of corneal

disease.

Corneal diseases and injuries affect all ages and all populations. However, they disproportionately

affect the young and populations of developing economies, contributing to the high societal burden

of corneal diseases. For example, corneal diseases such as xerophthalmia (vitamin A deficiency) and

ophthalmia neonatorum (neonatal keratoconjunctivitis) represent approximately 20% of childhood

blindness [Oliva et al., 2012]. Trachoma, an infectious cause of corneal scarring and neovasculariza-

tion that has left 2 million persons blind or visually impaired, disproportionately targets children

and their mothers [Courtright and West, 2004; International Agency for the Prevention of Blindness,

2020; World Health Organization, 2020b].

Overall, over 90% of of corneal blindness occurs in low and middle income regions [Whitcher et

al., 2001]. The burden of corneal disease is heightened in these countries as access to corneal
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transplantation is limited. Fifty-three percent of corneal blind patients live in countries where

corneal transplant surgery is simply not accessible [Gain et al., 2016]. Availability of human donor

corneal tissue is a critical barrier to transplantation. Indeed, it is estimated that globally only one

corneal donor tissue is available for every 70 patients in need of surgery [Gain et al., 2016]. However,

even if donated corneas were readily available, patients with inflammation or severe pathologies may

not respond well to conventional donor transplantation using allograft corneas. These corneas are

already highly sensitized and therefore are often at high risk of graft failure or rejection [Pleyer,

2009]. With each subsequent rejection, the chances of rejection escalates as the patients draw closer

to permanent blindness [Pleyer, 2009]. Alternatives or supplements to human donor corneas are

therefore urgently needed.

State-of-the-art available treatments in clinical application

Human corneal transplantation

Many advances in corneal surgical technique have been made since the first corneal transplanta-

tion performed by Zirm in 1905, including surgical microscopes, microsurgical instrumentation and

suturing material. These advances have improved the outcomes of traditional penetrating kerato-

plasty (PKP) [Zirm, 1906]. Traditional PKP aims to remove the entire thickness of the diseased

central cornea and replace it by clear human donor corneal tissue. More recent advances have

focused on the development of partial thickness lamellar techniques. For example, deep anterior

lamellar keratoplasty (DALK) replaces the diseased stroma but leaves the posterior corneal layers in

place. Endothelial keratoplasty (EK), using Descemet stripping automated endothelial keratoplasty

(DSAEK) or Descemet membrane endothelial keratoplasty (DMEK) allows the targeted removal of

diseased endothelium and Descemet membrane. While endothelial keratoplasty is the most often

performed corneal transplantation procedure in North America, PKP remains the most commonly

performed corneal transplantation globally [Gain et al., 2016; Mathews et al., 2018].

Modern reports of the outcome of PKP demonstrate survival rates of 59-82% at 5 years and of

50-65% at 10 years [Muraine et al., 2003; Williams et al., 2007; Williams et al., 2008; Barraquer et

al., 2019].The primary risk factors for graft failure are preoperative corneal diagnosis and previous

graft failure. Inflammatory diseases of the cornea, such as infectious keratitis, trauma and chemical

burn, have significantly worse prognosis. As well, corneal transplantation success rates precipitously

drop in the setting of prior corneal graft failure. In one retrospective study of 895 penetrating
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keratoplasties, the 10 years success rate was 81% for a first graft, 33% for a second graft and 16%

for 3 or more grafts.

The cost of a human cornea from the eye bank ranges from US 1800to2000 (figures from co-authors’

organizations – hospital and eyebank). The costs of various bioengineered alternatives to donated

tissues vary. Keratoprostheses that utilize human donor corneas as part of the device would therefore

also need to bear the cost of screening donated corneas. Stem cell transplantation that involves

expansion of cells in specialized cleanrooms operating under Good Manufacturing Practice (GMP)

are expensive procedures due to the cost of GMP cell production [National Institute for Health and

Care Excellence, 2017]. Cell-free alternatives made from synthetic materials that can potentially be

produced in large batches under controlled conditions have to potential to be produced within $100

to $1000.

Keratoprostheses

Keratoprosthesis development is the earliest bioengineering approach to replace damage and diseased

cornea in humans. Over the years, multiple keratoprosthesis procedures and devices have been

tested, but only few are used in clinics. The Boston keratoprosthesis (Boston KPro), the osteo-

odonto-keratoprosthesis (OOKP), MICOF (Moscow eye microsurgery complex in Russia), AlphaCor

and Keraklear are several keratoprostheses that are used clinically.

The Boston KPro is the most widely used model with 11000 units implanted worldwide as

of 2015 (https://www.masseyeandear.org/assets/MEE/pdfs/professionals/kpro/kpro- newsletter-

2015.pdf). It comprises a polymethylmethacrylate (PMMA) optic and a human corneal donor graft

as the carrier interface for securing onto the host cornea. The human donor cornea is sandwiched

between a polymethylmethacrylate (PMMA) front plate and a titanium back plate. The Boston

KPro suffers from complications such as glaucoma development (Fig. 2) and sight-threatening in-

fections. More importantly, this device requires donor corneal tissue, and therefore cannot overcome

the shortage of donor corneas.

To improve outcomes and reduce the risk of sight-threatening complications such as glaucoma, ex-

trusion, retinal detachment and retroprosthetic membrane formation [Liu et al., 2005], research is

focused on improving the conception of KPro using biocompatible materials for better integration

[36]. The major limitation of current KPros is insufficient amount of cellular invasion into the im-

plant which is important for long term stability and integration. Lack of adhesion of cells at the

interface between the corneal carrier graft and the optical stem of the B-KPro can result in growth of
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microbes causing corneal necrosis, or endophthalmitis, loosening of implant/device, leakage of aque-

ous humor, stromal downgrowth or device extrusion. It is therefore important to have a biomaterial

which is biocompatible, biostable, supports integration and immunological acceptance and provides

some anti-microbial protection. These biomaterials should support cell adhesion, allow movement

of nutrients and glucose into the implant while supporting an infection free environment [Griffith et

al., 2012; Riau et al., 2015]. Two very recent reviews from our team discuss the technologies being

developed to overcome the short-comings in current KPros and we refer the reader to them [Griffith

et al., 2020; Hu et al., 2020].

Stem cell transplantation To date, corneal limbal epithelial stem cells (LESCs) are being used for

re-surfacing of the cornea where stem cells of the patient’s eyes have been depleted by damage or

injury. Two main methods are used in the clinic. The first is the expansion of LESCs in culture

and then grafting onto the cornea after removal of the damaged epithelium on a carrier. Various

carriers used include human amniotic membrane [Tsubota et al., 1999], fibrin [Pellegrini et al., 1997]

and compressed collagen [Levis et al., 2015]. Other substrates such as silk are also being tested.

The second method is the Simple Limbal Epithelial Transplantation (SLET), where small biopsies

of LESCs are minced and spread over the corneal surface and glued in place after removal of the

pathologic epithelium (Sangwan et al., 2012).

Corneal mesenchymal stromal (or stem) cells (MSCs) have also been expanded in culture and

reinjected into the cornea. To date, clinical studies show restoration of clarity to corneas with

opacifications [Basu et al., 2014].

Corneal endothelial cells (CNCs) do not proliferate in situ but they have been induced to expand in

culture. CNC sheets [Okumura et al., 2014; Tan et al., 2014] and cells [Okumura et al., 2017] have

been developed for use as replacements to damaged or dysfunctional endothelium.

A comprehensive review has been published by Stern et al. [Stern et al., 2018]. We also discussed

this topic more recently in Hu et al. [Hu et al., 2020]. While these techniques using ex vivo tissue

engineering has seen clinical success, drawbacks include donor-tissue morbidity, requirement for

large quantities of immune-acceptable therapeutic cells and the lack of reliable and reproducible cell

sources and the loss of cellular phenotype [Gaharwar et al., 2020].

In situ tissue engineering with solid implants
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A range of implants with and without cells have been developed as alternatives to human corneal

donor transplantation. These have been reviewed previously [Brunette et al., 2017; Griffith et al.,

2020; Hu et al., 2020] so here, we discuss the design characteristics of one corneal implant that has

been successfully evaluated in a clinical trial.

In 2010, Fagerholm et al. [Fagerholm et al., 2010] reported the 2-year results of the first- in-human in

situ tissue regeneration of the human cornea, a tissue that does not normally regenerate on its own.

Cell-free biosynthetic corneal implants made from crosslinked recombinant human collagen type III

(RHCIII) integrated stably with the patients’ own tissues and stimulate endogenous re-growth of

corneal cells and nerves, and overall improved vision. Patients at four years post-operative were still

stable and required no immunosuppression compared to allografted patients, where an 11% rejection

episode occurred (the reported rejection rate at 1-2 years post-operation is 10-15%) [Fagerholm et

al., 2014]. Implanted patients had a 4-year average corrected visual acuity of 20/54 and gained more

than 5 Snellen lines of vision on an eye chart [Fagerholm et al., 2014].

Implant design considerations

The hydrogel RHCIII implants used in Fagerholm et al. [Fagerholm et al., 2010, 2014] were designed

to mimic the native ECM of the cornea. The ECM has an important role in early organogenesis

by providing the environment needed for cellular migration, proliferation and differentiation. As

regeneration tends to recapitulate organogenesis, collagen was selected because it is the main scaf-

folding of the corneal ECM. Recombinant human collagen (RHC) was selected to avoid lot-to-lot

heterogeneity and obtain a homogenous source of scaffolding material, important in the production

of implants for clinical use. RHC use also avoids animal source xenogeneic proteins that could cause

allergies or other adverse immune reactions or transmit zoonotic disease [Manuelidis et al., 1977;

Wong and Griffiths, 2014]. RHCIII was used even though the native cornea contains RHC type I,

because a comparison done in a 12-month study in the corneas of mini-pigs showed that they were

equivalent [Merrett et al., 2008] and the homotrimeric RHCIII [Linsenmayer, 1991] was easier to

produce in cGMP grade. RHCIII fibrils were finer and had a tendency towards higher optical clarity

[Assouline et al., 1992]. Hydrogels were selected as the scaffold type to mimic the highly hydrated

cornea ECM, and to keep the collagen fibrils well below 300 nm (half the wavelength of visible light)

to prevent scattering [Hayes et al., 2015]. Finally, the hydrogels were crosslinked to increase the

mechanical strength of the implants to allow for surgical handling and to increase the resistance

of the fibers against proteolysis to enhance their stability [Vater et al., 1979]. It should be noted

that the choice of crosslinkers and amounts used should be very carefully determined, to maintain

A-ix



transparency and elasticity of the hydrogels. For example, the crosslinked RHCIII implants used by

Fagerholm and co-workers showed white light transmittance of 95%, well within the accepted level

for healthy human corneas at around 8% [Fagerholm et al., 2014].

Patients with corneas that are inflamed or have severe pathologies, are often at high risk for rejecting

donor human corneas. These inflamed corneas are already immune sensitized and grafting of allo-

graft tissues into these corneas often results in graft failure. Therefore, for subsequent use in patients

diagnosed with severe pathologies associated with high- graft rejection risk, 2-methacryloyloxyethyl

phosphorylcholine (MPC) was incorporated into the RHCIII implants as interpenetrating networks

[Islam et al., 2018]. MPC has been shown to have inflammation suppressing properties [Yumoto et

al., 2015], which may be due to its anti-fouling properties that includes preventing the adhesion of

inflammatory cells such as macrophages [Ham et al., 2020]. The resulting RHCIII-MPC implants

were able to promote stable regeneration in high-risk corneas with ulcers and scarring over the

observation period of an average of 2 years [Islam et al., 2018].

Implant characterization Prior to entry into clinical evaluation, both RHCIII and RHCIII-MPC

were extensively tested in vitro and then in vivo. Table 1 shows the steps taken from the laboratory

to clinical trials. Regulatory details are given below in the Regulatory Considerations section.

Animal model testing must be conducted to establish a degree of safety and efficacy prior to first

in human trials. For example, in McLaughlin et al (2010) [McLaughlin et al., 2010], implants were

tested for their ability to promote regeneration of functional innervation, i.e. regeneration of all the

different sensory nerves supplying the cornea and not just one type. The implants were also tested

in multiple animal species prior to human clinical trials to minimize errors of extrapolation. For

example, type I porcine collagen-MPC (used for research) and RHCIII-MPC was tested in mice [Lee

et al., 2014], rabbits [Liu et al., 2009; Hackett et al., 2011], guinea pigs [McLaughlin et al., 2010]

and two sub-species of mini-pigs (Göttingen and Yucatan) [Liu et al., 2009; Islam et al., 2018] prior

to clinical evaluation.

In situ tissue regeneration in clinical trials

Fig. 3 shows ASOCT and IVCM images of regenerated neo-corneas after implantation of RHCIII

scaffolds into the wound bed after excision of pathologic tissue. The biosynthetic RHCIII implant

was cell-free when implanted, but at 24 months post-operation, shows comparable morphology to

the control, normal human cornea, complete with a regenerated sub- epithelial nerve plexus. The

posterior stroma and endothelium that were unoperated remained unaffected.
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More importantly, there was no recruitment of inflammatory dendritic cells into the implant area,

whereas, even with immunosuppression, donor cornea recipients had dendritic cells present and one

out of nine grafts had a rejection episode. At four years post-operation, the nerves within donor

cornea grafted corneas were abnormally long and tortuous whereas a more normally appearing sub-

basal nerve plexus of parallel nerve fibres was present in the in situ tissue regenerated neo-corneas.

However, it is pertinent to note that in corneas with severe pathologies where the patients’ stem

cells are depleted, in situ tissue regeneration will only partially treat the condition and requires

supplementation with exogenous therapeutic cells [Islam et al., 2018].

Tissue regeneration from in situ gelling formulations

In-situ forming hydrogels in tissue regeneration

Recently, injectable, in-situ forming hydrogels have gained growing interest in the tissue engineer-

ing field as they offer several advantages over the preformed solid scaffold counterparts. Fluidic

precursors can adapt or mold to complex tissue cavities/irregular wounds or shapes in real time

resulting in the better integration. Minimally invasive percutaneous injection via needles or endo-

scopic catheters in lieu of specialized surgical interventions for transplantation, thus reducing the

risk of infection, scar tissue formation and patient discomfort. They can also easily incorporate

therapeutic molecules, exosomes, nanoparticles and growth factors; and are ultimately more cost-

effective. Apart from biocompatibility and non-immunogenicity, an ideal in-situ forming hydrogel

and the crosslinking mechanism should meet additional design specifications: (a) Sol-gel transition

under mild, physiological condition (not requiring toxic reagents, initiators or catalysts and extreme

stimulus such as elevated temperature, pH, and ionic concentrations) with no toxic by-products and

degradation products; (b) Modulated biodegradation profile that accommodate the rapid prolifera-

tion of cells and tissue integration while maintaining necessary mechanical stability; (c) Sufficient

gelation/crosslinking time to avoid the infiltration to the surrounding tissues and adjacent blood

streams or blockage of the needle/catheters due to early polymerization; (d) Suitable rheological

properties of hydrogel precursors to allow flowability through small diameter needle so as not to ex-

ert undue shear forces on encapsulated cells (e.g., using shear-thinning precursors [Samimi Gharaie

et al., 2018].

To achieve these criteria, in situ forming hydrogels have been designed using naturally derived

materials chitosan [Jin et al., 2009], alginate [Bidarra et al., 2014], collagen [Yuan et al., 2016],
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gelatin [Li et al., 2018], hyaluronic acids (HA) [Dorsey et al., 2015], decellularized ECMs), syn-

thetic polymers (polyethylene glycols (PEGs), polyacrylamides [Alexander et al., 2013], polyesters)

and composite/hybrid materials. Naturally derived materials tend to be inherently biocompatible,

biodegradable and biointegrable owing to innate integrin binding motifs, but might suffer from

inter-batch variability, potential antigenicity and low mechanical stability. They may require sig-

nificant chemical modification to enable in-situ crosslinking to increase the stability of hydrogels.

Conversely, synthetic polymers can be precisely tailored to provide required mechanical and chem-

ical properties with sufficient inter-batch consistency and minimal immunogenicity but can lack

bio-functionality to support cell adhesion and cellular coordination. These polymers are crosslinked

locally at the target site in patients using physical (weak secondary bonds) or chemical (covalent

bonds) methods. Different in situ crosslinking mechanisms, their strengths and weakness and some

examples are summarized in Table 2 [Ossipov and Hilborn, 2006; DeForest et al., 2009; Weber et

al., 2009; Jin et al., 2010; Ma et al., 2010; Sá-Lima et al., 2010; Wang et al., 2010; Martínez-Sanz

et al., 2011; Wu et al., 2011; Grover et al., 2012; Cui et al., 2013; Dahlmann et al., 2013; Levit et

al., 2013; Rodell et al., 2013; Hardy et al., 2015; Tseng et al., 2015; Li et al., 2017; Noshadi et al.,

2017; Tseng et al., 2017; Abandansari et al., 2018; Hozumi et al., 2018; Smith et al., 2018; Zhou et

al., 2018; Nam et al., 2019; Saekhor et al., 2019; Liu et al., 2020].

Uses of in situ forming hydrogels for corneal regeneration

In-situ forming hydrogels are suitable for soft tissue (superficial skin wound, corneal defects) regen-

eration as they have similar viscoelastic compositions [Khunmanee et al., 2017]. These hydrogels

have been studied for tissue regeneration in skin defects [Zhu et al., 2017], cardiac tissue defects

[Frey et al., 2014; Peña et al., 2018], nerve defects [Lin and Marra, 2012] and retinal degeneration

[Tang et al., 2019].

In the ophthalmic field, in-situ gelling systems have been investigated for topical administration

to prolong the drug residence time which otherwise is impeded by rapid tear turnover rate, reflex

blinking, penetration barriers and nasolacrimal drainage resulting in the bioavailability of <5% of

the applied dose [Choi and Kim, 2018; Bhattacharjee et al., 2019; Wu et al., 2019]. In-situ form-

ing hydrogels for corneal regeneration must allow for cellular contacts between cells and support

neuronal in-growth. As hydrogels are nano-porous, they can allow diffusion of growth factors and

nutrients. However, they need to degrade at optimally balanced rates to permit gradual replacement

via migration, mitosis and differentiation of micron-sized cells (epithelial cells, stromal fibroblast,

A-xii



limbal stem cells etc.) while maintaining structural stability. They should also provide: (a) suffi-

cient mechanical strength to withstand intraocular pressure (IOP) fluctuations of up to 268 mmHg

(ca. 250 KPa); (b) optical transparency and refractive index comparable to cornea; (c) sufficient

adhesivity to the native tissue [Griffith et al., 2020].

To date, there are no clinically evaluated nor approved in situ gelling formulations that induce

corneal regeneration. There are a few hydrogel-based commercial adhesives or sealants approved

for closure of tissue incisions that have found “off-label” use in the management of corneal wounds.

However, these are mostly used in acute, short-term management of corneal wounds and not designed

to promote regeneration. Below are several examples of systems that are under development to

promote in situ tissue regeneration.

Collagen-based hydrogels

A range of injectable in situ gelling hydrogels that are based on collagen, their derivatives and

analogs have been developed for use in corneal wound repair. Several of these are discussed here.

Lee et al. (2018) modified full-length, type I collagen with azide and dibenzocyclooctyne groups,

co-cultured keratinocytes (on surface) and keratocytes (in bulk) in precursor solution and used

copper free, strain-promoted azide–alkyne cycloaddition (SPAAC) click chemistry for in-situ gelling

in stromal wound of rabbit cornea organ culture model. The hydrogels adhered well to the host

stromal layer and support the growth of stratified epithelium [Lee et al., 2018]. Subsequently the

same group developed a hydrogel comprising two simultaneous interpenetrating networks (IPN) of

crosslinked collagen (via thiol-ene Michael click reaction) for cell adhesion and hyaluronic acid (HA;

via a strain-promoted azide-alkyne cycloaddition reaction). The resulting hydrogel successfully filled

stroma defects created in rabbits corneas, restoring corneal curvature, promoted re-epithelialization

and allowed stromal regeneration with minimal activation of myofibroblastic scar-forming cells [Chen

et al., 2020].

Gelatin is essentially denatured collagen that exists as smaller fragments. Li et al. (2018) used

acrylated and thiolated gelatin as UV photopolymerizable precursor of in-situ forming hydrogels

with tunable mechanical properties for the repair of corneal wounds. Accelerated epithelialization

and reduced scarring were observed after hydrogel application in focal corneal injury rabbit model

[Li et al., 2018]. Another group also used modified gelatin (GelCORE) but used visible light for

in-situ photo-polymerization. Shirzaei Sani et al. (2019) used cell-free gelatin-methacrylate as

precursor, Eosin Y as photoinitiator and N- vinylcaprolactam as co-monomer and photo-crosslinked
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by exposing to visible light (450 to 550 nm) in a rabbit corneal defect model. In vitro cell studies

with corneal fibroblast showed that the hydrogels were cell-friendly while in vivo experiments showed

that hydrogels effectively sealed corneal defects and promoted epithelial and stromal regeneration

[Shirzaei Sani et al., 2019].

Researchers have also developed fully-defined collagen-like or collagen mimetic peptides as alterna-

tives to both gelatin and collagen for regenerative medicine applications [Strauss and Chmielewski,

2017]. McTiernan et al. (2020) developed the LiQD Cornea, a synthetic injectable hydrogel com-

prising a collagen analog and fibrinogen. The collagen analog comprised a short 36 amino acid

collagen-like peptide [O’Leary et al., 2011] conjugated with an 8 arm PEG maleimide through a

short cysteine-glycine peptide linker [Islam et al., 2016] and mixed with fibrinogen. The hydrogel

showed excellent in vitro cytocompatibility with human corneal epithelial cells. As an alternative

to donor tissue in an anterior lamellar keratoplasty surgery in mini-pig corneas, the LiQD Cornea

gelled in situ and promoted successful corneal epithelium and stroma regeneration and neuronal

restoration over a 12- month follow-up period (Fig. 4) [McTiernan et al., 2020]. This collagen

analog with fibrinogen was also able to seal full-thickness perforations in rabbit corneas (Fig. 4).

A similar “in-situ forming” PEG-collagen hydrogel has been described by Fernandes-Cunha and

co-workers [Fernandes-Cunha et al., 2020].

The idea behind these in situ gelling hydrogels is to potentially eliminate costly operating room costs

needed for grafting of solid implants as the aim was to repair perforations in the ophthalmologist’s

clinic in a similar way to dentists filling cavities. The costs of operating rooms is averaged as US

$37.45 per minute [Childers et al., 2018].

Other in situ gelling hydrogels

Zarembinski et al. (2014) used cytocompatible glutathione disulfide to crosslink thiolated HA

and thiolated gelatin, which gelled in under 5 minutes. This disulfide-linked hydrogel supported

the 3-D culture of adipose-derived stem cells in-vitro and showed biocompatibility in preliminary

intracutaneous and subconjunctival experiments in-vivo in rabbits [Zarembinski et al., 2014].

Other in situ gelling hydrogels have been developed using other biomimetic materials. However,

they have mainly been used in conjunction with stem cell delivery such human adipose derived

stems [Koivusalo et al., 2018] or corneal endothelial [Liang et al., 2011] or stromal [Chien et al.

2012] cells to affect the regeneration.
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Extracellular vesicles, exosomes and in situ tissue regeneration

Extracellular vesicles (EVs) are lipid bilayer-delimited particles released from cells as a form of inter-

cellular communication. Exosomes are an EV subtype ranging in size from 30 - 150 nm [Boriachek et

al., 2018]. EV are derived from plasma membrane invaginations that form the early endosome. The

destiny of the multivesicular bodies is primarily regulated by Rab7, which is associated with both

trafficking to lysozymes for degradation and exosomal release [Song et al., 2016]. Lipid compositions

affects Rab7 targeting, with cholesterol rich exosomes destined for extracellular release [Möbius et

al., 2003; Rocha et al., 2009] Exosomal cargo is loaded using endosomal sorting complex required for

transport (ESCRT) machinery (containing ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III) and

ESCRT-independent machinery (involving lipids, syndecan, and syntenin) [van Niel et al., 2018;

Mathieu et al., 2019]. Exosomes are associated with the transfer of miRNAs between cells, in ad-

dition to the transport of protein cargo [Valadi et al., 2007]. Exosomes are also associated with the

presentation of antigens in inflammatory states [Arima et al., 2019]. In transplantation, exosomes

containing self-antigens have been associated with organ transplant rejection [Sharma et al., 2018a;

Sharma et al., 2018b].

Exosomes in corneal wound healing and regeneration

Mesenchymal stromal cells (MSCs) are pluripotent stromal cells that are associated with im-

munomodulation through the secretion of paracrine factors [Zhao et al., 2010]. They have been

used extensively in ischemic diseases to reduce inflammation and promote healing at the ischemic

site [Akyurekli et al., 2015; Vizoso et al., 2017]. Exosomes were identified as one of the primary

mediators of the paracrine effects of MSCs, allowing for the treatment efficacy of MSCs without the

safety concerns surrounding cell therapies [Maguire, 2013; Yu et al., 2014; Rani et al., 2015].MSC-

derived exosomes have been associated with dermal wound healing and collagen secretion [Zhang et

al., 2015; Hu et al., 2016].

In 2018, Shen et al. published the first paper examining the effects of adipose MSC-derived exosomes

in the cornea [Shen et al., 2018]. Cornea stromal keratocytes treated with AMSC-derived exosomes

showed increased cell proliferation, and collagen and fibronectin expression. These cells also showed

downregulation of matrix metalloproteinases (MMPs) 1, 2, 3 and 9. MMPs are enzymes that degrade

ECM proteins. Building on these findings, Samaeekia et al. isolated corneal MSCs (cMSCs) and

collected exosomes from cMSC conditioned-media [Samaeekia et al., 2018]. In a mouse corneal

epithelium debridement model, cMSC-exosomes application resulted in 77.5 ± 3% corneal wound
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closure due to epithelial re-growth after 72 hours, whereas the untreated control group only showed

41.6 ± 7% wound healing.

The effects of MSC-derived exosomal miRNAs were examined by Shojaati et al. [Shojaati et al.,

2019]. In a mouse corneal wound model, the wound was treated with fibrin glue containing MSCs

from corneal stromal stem cells (CSSC) with and without CSSC-EVs. Both the CSSC and CSSC-

EV groups had full prevention of corneal scarring. When the experiment was repeated with EVs

derived from CSSCs or HEK293T cells, only the CSSC-derived exosomes prevented corneal scar

formation. The CSSC EVs also decreased neutrophil infiltration after wounding, which is consistent

with previous results for treatment with CSSCs. CSSC-derived EVs carrying synthetic ath-miR159a,

a molecular tool used to track exosome fate, fused with human corneal fibroblasts and HCECs,

delivering the cargo miRNA. The packaging of miRNA into CSSC-EVs is dependent on Alix (or

programmed cell death 6-interacting protein), and a knockout of Alix (Alix-KD) resulted in an 85%

decrease in EV cargo miRNA. When corneal wounds were treated with CSSC-EVs or Alix-KD-

CSSC-EVs, the knockout resulted in a decrease in suppression of genes associated with fibrosis.

These studies show that sub-cellular exosomes have the potential promote cell-free in situ tissue

regeneration in the cornea, without the possible adverse immune reactions caused by the introduction

of foreign cells. However, before exosomes can be routinely used in clinical application, their isolation

and processing have to be made more uniform for regulatory approval. At present, they would be

classified as medicinal products, like therapeutic cells, and hence subject to more stringent regulatory

guidelines for cGMP production than cell-free biomaterials.

Regulatory Considerations

In situ tissue regeneration is dependent on the use of bio-responsive materials to reproduce the

conditions in organogenesis for development of various tissue and organs. The regulatory classifi-

cation of implants used to promote in situ tissue regeneration dependent on what components the

constructs or implants contain, and how these act to achieve the desired effect. Essentially, the

implants will be classified as medical devices, medicinal products or combination products. The

regulatory considerations for each of these are discussed below.

Medical Device Regulation

The regulation of medical products, including those used in the field of ophthalmology, reduces risks

to patients through a rigorous process of in vitro and in vivo testing that is used to demonstrate
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safety and efficacy. The pathways for regulatory approval vary by country and by the type of

product whether it is a device, a drug, a biologic, or a combination of any of these three. Building

on the strong foundational support of the Global Harmonization Task Force, the International

Medical Device Regulators Forum was conceived in 2011 to discuss future directions in medical

device regulatory harmonization. International standards such as ISO 13485 [141] for medical devices

provide a basis for countries to adopt entire or partial components of their regulatory system that

have been developed iteratively by an international group of expert stakeholders.

The first stage of medical device approval is classification. Most countries have developed risk-based

classification systems whereby more novel or risky products are subjected to higher levels of rigor

prior to market authorization. The Global Harmonization Task Force (GHTF) classifies medical

devices into the 3 classes. Canada, however, has a Class IV designation for medical devices that are

considered high-risk and requires invasive surgery for implantation. Class I: generally regarded as

low risk; Class IIa&b: generally regarded as medium risk; and Class III: generally regarded as high

risk. These have been adapted in the Medical Devices Directive 93/42/EEC which defines safety

and performance requirements for medical equipment sold in the European Union. Whereas, in the

USA, the FDA specifies three classes of medical devices: Class I (least risk), Class II, and Class

III (greatest risk). The FDA determines the device classification by the device’s intended use and

the risk that it presents to the patient. If proposed medical devices can be compared to legally-

marketed predicate devices with the same intended use, very often the pathway is via Class II with a

510(k) application that may not require extensive clinical demonstration of safety and effectiveness.

Alternatively, for the highest risk devices and for those so novel that there is no predicate, Class

III is often designated requiring the most stringent regulatory controls including a pivotal clinical

study, GMP inspections, pre-market-notification as well as post- market studies. While similar

classes exist between countries, the class can vary by jurisdiction. For example, keratoprostheses

are considered Class II medical devices by the US FDA, but Class III medical devices by Health

Canada.

Requirements for biocompatibility testing medical devices are derived from ISO 10993- 1:2018 Bi-

ological evaluation of medical devices — Part 1: Evaluation and testing within a risk management

process, which outlines the necessary testing based on the type of tissue contact and duration of

contact following Annex A in ISO 10993-1:2018 [142]. In the case of biosynthetic corneas, test-

ing must meet the requirements for permanent implantation with tissue contact. Based on this

categorization, researchers can use Annexe A to determine the biocompatibility testing necessary

for their device. All medical devices require cytotoxicity and sensitization studies. Implantable
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medical devices that remain longer then 24 hours also require irritation or subcutaneous reactivity,

acute systemic toxicity, sub-chronic toxicity, genotoxicity and implantation. Each of these tests

has approved protocols outlined in subsequent parts of ISO 10993. It is critical that these tests be

conducted by an external, GLP certified lab to meet the requirements for submission to regulatory

agencies. These pre-clinical tests form the basis for the application for clinical trials and it is critical

that consult your regulatory agency to identify current best practices such as the correct species

of large and small animal models for these trials. For cornea research, rabbits are often used as

small animal models, while mini-pigs are used as large animal models. The collected results of the

biocompatibility testing form the basis of the application for clinical trials.

Prior to conducting clinical studies involving a novel medical device, federal approval is often re-

quired, as well as an ethics committee review and clearance. In the United States, that would

require an application for an Investigational Device Exemption (IDE) for permission to conduct

clinical trials. Clinical trials for medical devices are generally divided into pilot safety trials with

limited enrollment and pivotal efficacy studies with wide enrollment. These studies conclude the

scientific evaluation of the medical device the results of which comprise the main section of a dossier

submitted to regulatory agencies.

QMS certification ensures that medical devices are produced so that they conform to the technical

specifications set out by the manager. The regulations for the development and manufacture of

medical devices are based on ISO 13485:2016 Medical devices — Quality management systems —

Requirements for regulatory purposes. Each signatory to the GHS system has a legal framework

based on this standard. Manufacturing for medical devices must be monitored by a notified body

or regulatory agency to ensure compliance to the standards and laws that apply to each medical

device. Records for the history of the both the design and the iterations device, as well as the

current technical specifications need to be maintained in a Design History File (DHF) and supplied

to the regulatory agencies for review. Once the manufacturer has met the conditions to issue a

declaration of conformity for the product, they can pursue a license application for the sale of the

device.

Drug products

Drug products are required to meet the standards and laws regulating cGMP in their jurisdiction.

Unlike medical devices, drugs do not have a central international standard that underpins all leg-

islation. Drugs that have undergone pre-clinical toxicology and multi-species animal studies can
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be submitted for investigational drug exemptions that facilitate human clinical trials. This usually

requires three phases of clinical trials. Phase I trials are safety trials conducted in healthy indi-

viduals. Phase 2 trials are limited enrollment efficacy studies, which are usually examined by the

regulatory agency before proceeding to Phase 3 trials which are large multisite trials designed to

extensively test the efficacy of the drug. Once clinical testing has concluded, the results and the

labelling and manufacture of the drug is reviewed to ensure the safety and efficacy of the product.

Phase 4 post-regulatory approval studies may be conducted to evaluate product efficacy when in

public health use.

Combination Products

Combination products arise when a product qualifies for more than one classification: drug, device,

or biologic for example, an implant designed to deliver drugs or therapeutic cells. They are typ-

ically regulated by the agency that governs the primary mode of action and their manufacturing

requirements are usually based on the more stringent of the two requirements. For, example a

biomaterial implant containing drug-delivery nanoparticles would likely be required to manufacture

to the cGMP standard for pharmaceutical products, and not ISO 13485.

Key Considerations for Researchers

The pathways for regulatory approval have very clear objectives: safety and efficacy. However,

there are aspects of manufacturing and pre-clinical testing that can be hard to visualize clearly for

researchers. Early design choices in the reagents and protocols that are used to manufacture your

future product can have a significant impact on your manufacturing feasibility in the future. There

are aspects of both GLP and GMP practices that should be implemented early on in development to

have adequate documentation later. Table 2 lists some early considerations for QMS development

that can be implemented during development, to facilitate QMS implementation in the future.

Conclusion

We have shown that in situ tissue regeneration has several advantages over ex vivo tissue engineered

products or cell-based therapies. However, in certain conditions such as in hosts with depleted stem

or progenitor cells, the technique is not effective. The use of cell-derived extracellular vesicles

is a potential source of therapeutic agent for promoting in situ tissue regeneration. Finally, the

regulatory pathway is a consideration for design of therapies to promote in situ tissue regeneration

as a new therapeutic modality.
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Figure Legends

Fig. 1. Structure of the human cornea. Reproduced under the terms of the Creative Commons CC

BY license from Springer Nature, from Rowsey and Karamichos, 2017.

Fig. 2. Eye of a 66 year-old with herpes simplex keratitis and dense corneal neovascularization after

Boston KPro implantation. Despite marked improvement in vision initially, visual acuity declined

to 20/400 due to glaucoma.

Fig. 3. Corneal features in a healthy, unoperated subject, compared to those of patients grafted

with a biosynthetic RHCIII implant or a human donor cornea, at 24 months post-operation. (Top

row) ASOCT images where areas of wound-healing activity exhibit high reflectivity (white areas).

(A to O) IVCM images. Intact epithelium of the unoperated cornea (A), regenerated corneal

epithelial cells on the implant surface (B), and regenerated epithelium of the penetrating graft

(C). Regenerated nerves (E) at the sub-basal epithelium in an implanted cornea were parallel and

morphologically similar to the normal cornea (D), whereas regenerated sub-basal nerves were also

observed in a cornea transplanted with human donor tissue (F). Anterior stromal cell (keratocyte)

nuclei (G to I) and posterior keratocytes (J to L) were present, with varying density, in all corneas.

The endothelium (M to O) in all corneas had a characteristic mosaic pattern. Scale bars, 2 mm

(ASOCT), 100 mm (IVCM). Reproduced from Fagerholm et al. 2010, with copyright permission

from AAAS.

Fig. 4. In vitro and in vivo biological evaluation of the LiQD Cornea. (A) Immortalized human

corneal epithelial cells cultured on LiQD Cornea hydrogels and control tissue culture plastic, showing

that the hydrogels support epithelial growth. (B) Expression of T-cell co-stimulatory molecules in

bone marrow-derived dendritic cells (BMDCs). Expression of CD40, CD80, and CD86 was measured

by flow cytometry and data is presented as a ratio of mean fluorescent intensity of the experimental

samples to untreated BMDCs. Lipopolysaccharide (LPS) acted as a positive control for BMDC

activation; * p≤0.05 by Student’s t-test. (C) Expression of pro- inflammatory M1(CD 86) and

anti-inflammatory M2 (CD 206) phenotypic markers at 4 and 7 days after exposure of naïve bone

marrow-derived macrophage precursors to LiQD Cornea hydrogels. (D) Example of a human corneal

perforation. (E) Post-surgical photos of rabbits immediately after injecting LiQD Cornea into a

perforated cornea. The two-stepped surgically- induced perforation can be seen. At Day 2 post

surgery, the air bubble placed under the cornea during surgery is prominent, indicating that the
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perforation was completely sealed. The perforated cornea was completed healed by 28 days post-

operation. (F) Mini-pig corneas where the LiQD Cornea was tested as an alternative to a donor

allograft, showing the gross appearance of the LiQD Cornea, syngeneic graft and an unoperated

eye at 12 months post-surgery. Reproduced from McTiernan et al. 2020, by a Creative Commons

license from AAAS.
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Abstract

Purpose

To determine feasibility of plant-derived recombinant human collagen type I (RHCI) for use in

corneal regenerative implants

Methods

RHCI was crosslinked with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) to form hydrogels. Application of shear force to liquid crystalline RHCI

aligned the collagen fibrils. Both aligned and random hydrogels were evaluated for mechanical and

optical properties, as well as in vitro biocompatibility. Further evaluation was performed in vivo

by subcutaneous implantation in rats and corneal implantation in Göttingen minipigs.

Results

Spontaneous crosslinking of randomly aligned RHCI (rRHCI) formed robust, transparent hydrogels

that were sufficient for implantation. Aligning the RHCI (aRHCI) resulted in thicker collagen fibrils

forming an opaque hydrogel with insufficient transverse mechanical strength for surgical manipula-

tion. rRHCI showed minimal inflammation when implanted subcutaneously in rats. The corneal

implants in minipigs showed that rRHCI hydrogels promoted regeneration of corneal epithelium,

stroma, and nerves; some myofibroblasts were seen in the regenerated neo-corneas.

Conclusion

Plant-derived RHCI was used to fabricate a hydrogel that is transparent, mechanically stable, and

biocompatible when grafted as corneal implants in minipigs. Plant-derived collagen is determined to

be a safe alternative to allografts, animal collagens, or yeast-derived recombinant human collagen for

tissue engineering applications. The main advantage is that unlike donor corneas or yeast-produced

collagen, the RHCI supply is potentially unlimited due to the high yields of this production method.

Lay Summary

A severe shortage of human-donor corneas for transplantation has led scientists to develop synthetic

alternatives. Here, recombinant human collagen type I made of tobacco plants through genetic

engineering was tested for use in making corneal implants. We made strong, transparent hydrogels

that were tested by implanting subcutaneously in rats and in the corneas of minipigs. We showed
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that the plant collagen was biocompatible and was able to stably regenerate the corneas of minipigs

comparable to yeast-produced recombinant collagen that we previously tested in clinical trials. The

advantage of the plant collagen is that the supply is potentially limitless.
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Introduction

The human cornea is the transparent front of the eye that focuses incoming light onto the retina for

vision. Its cellular layers comprise an outermost epithelium, a middle stroma composed of collage-

nous extracellular matrix (ECM) with interconnected keratocytes, and an innermost endothelium.

It is heavily innervated, but avascular. Damage or disease leading to permanent transparency loss

or surface distortion can result in corneal blindness. Historically, the only widely used treatment for

restoring vision is human donor cornea (HDC) transplantation. However, a serious donor shortage

has left an estimated 12.7 million patients worldwide waiting for corneal transplants [1]. Moreover,

the outcome of conventional corneal transplantation is limited by immune rejection, ocular infec-

tion, and premature graft failure. Artificial corneas in the form of prostheses have been introduced

in clinics, most notably the Boston KPro, AlphaCor, and osteo-odonto-keratoprosthesis (OOKP)

[2,3,4]. All three prostheses are associated with potentially serious side effects and are regarded as

a last resort treatment for patients with severe pathology or previous conventional graft failures [5].

Given the shortcomings of conventional corneal transplantation and insufficient performance of pros-

theses, various research groups have focused on the development of a range of corneal replacements

[6, 7].

In 2010, Fagerholm et al. published the 2-year results of a clinical trial describing the first-in-human

in situ tissue regeneration of the cornea. Tissue regeneration was achieved by implanting cell-free,

bio-responsive recombinant human collagen type III (RHCIII) hydrogels [8]. RHCIII was selected

as a homogenous, non-xenogeneic protein that minimizes the risk of allergic reactions to animal

source collagens, or zoonotic disease transmission [9]. The results of the RHCIII hydrogels are

promising, but the human cornea is primarily composed of type I collagen. Here, we examine the

biocompatibility and efficacy of recombinant human collagen type I (RHCI) collagen hydrogels as

implants in minipig corneas, compared to syngeneic grafts.

The RHCI implants designed for this study are the first to use plant-derived type I collagen. A

prior comparison of RHCI and RHCIII has been made, but both collagens were produced in Pichia

pastoris. Protein production in yeast is a fermentation-based process that requires the additional

expression of two enzymes: prolyl 4-hydroxylase (P4H) and pepsin. PH4 is the enzyme that catalyzes

the formation of 4-hydroxyproline amino acids from proline [10]. The 4-hydroxyproline amino

acids are needed for stable triple helix formation. The recombinant pepsin is needed to cleave the

telopeptides from the full-length protein before use [9]. This process is inherently limited by the

fermentation batch size.
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Plant-derived RHCI is generated from genetically modified tobacco plants, which allows the pro-

duction of theoretically unlimited quantities of protein and supports agricultural development. The

two genes encoding RHCI were co-expressed in tobacco plants with P4H and lysyl hydroxylase

3 (LH3) enzymes that were responsible for key post-translational modifications of the RHC [11].

Tobacco plants co-expressing all five vacuole-targeted proteins generated intact RHCI pro-collagen

with stable triple helical structures. Tobacco plant–derived RHCI was shown to have equivalent

biofunctionality to human tissue–derived collagen in other applications [11,12,13]. We recently re-

ported that RHCI hydrogels were fully biocompatible with corneal cells and served as excellent

substrates for corneal limbal epithelial stem cells, showing comparable efficacy to human amniotic

membrane, the current gold standard for their culture [14].

Previous studies of collagen implants did not include attempts to align the collagen fibrils, although

there have been numerous reports of attempts to align collagen fibrils for use as corneal implants,

citing the need for transparency and mechanical strength [15, 16]. Here, we examined the properties

of RHCI with aligned and random fibrils in vitro and their biocompatibility in vivo in a rat model.

The RHCI hydrogel showing the most optimal properties for use as corneal implants was tested in

a minipig model, where its efficacy was compared to that of allografting, simulating donor cornea

transplantation.

Materials and Methods

The study followed the tenets of the Declaration of Helsinki and was approved by the Antwerp Uni-

versity Hospital Ethical Committee (EC: 14/30/319) for use of human amniotic membrane. Animal

experiments in rats and Gottingen minipigs were performed in accordance with the Association for

Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision

Research, and the Swedish Animal Welfare Ordinance and the Animal Welfare Act, after ethical

approval was acquired from the local Linkoping ethical committee (Linköpings Djurförsöksetiska

Nämnd).

Materials All inorganic salts, enzymes, basic chemicals, and reagents were purchased from Sigma-

Aldrich (St. Louis, MO, USA), unless stated otherwise. Plant-derived RHCI was provided by

Collplant (Ness Ziona, Israel).

Recombinant Human Collagen Hydrogels

RHCI Hydrogels
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To fabricate RHCI hydrogels with random fibrillogenesis (rRHCI), we use the protocol described

in Haagdorens et al. [14]. Briefly, a 30% v/v solution of tobacco-derived RHCI in 10mM HCl

was prepared by diluting with 100% ethanol. Fibrillogenesis was initiated by addition of 160 mM

sodium phosphate buffer that was adjusted to pH 7.5 with 100 mM NaOH. The buffer was added

at a ratio of 1:10 v/v to the original collagen-HCl volume. The solution was stirred for 2 h at 25◦C;

after which, water-diluted EDC and NHS were added to attain a 50 mM 1-ethyl-3-(3-dimethyl

aminopropyl) carbodiimide (EDC) and 100 mM N-hydroxysuccinimide (NHS) concentration. The

collagen solution was then stirred for 24 h at 4◦C on a magnetic stirrer at 200 rpm. The solution

was then transferred into a 50 mL tube for 6 cycles of washing to remove all excess EDC/NHS.

Each cycle consisted of centrifuging the mixture at full-speed (5000 rpm, 10 min), discarding the

supernatant and resuspending the collagen in 40 mL distilled water (DW). During the final wash

cycle, the RHCI suspension was dispensed into a rectangular Teflon mold (4.5 × 4.5 cm) for in vitro

characterization or into curved corneal-shaped and corneal-sized molds (10 mm diameter, 500-µm

thick) as implants. The collagen was then air-dried under a sterile hood and immersed in 100%

ethanol to promote detachment from the mold. The gels were stored in 100% ethanol until further

use. Gels were rehydrated by five 2-h soaks in phosphate-buffered saline (PBS).

RHCI Hydrogels with Aligned Collagen Fibrils

For production of aligned RHCI membranes (aRHCI), shear force was applied to the collagen so-

lution prior to fibrillogenesis and chemical crosslinking. Shear force was effected using a motorized

automatic film applicator, Elcometer 4340 (Elcometer Ltd, Manchester, UK) and an Elcometer 3570

“Doctor Blade” that served as the orthogonal force. After ethanol dilution, the acidic RHCI was

cast onto a glass plate that was mounted in the Elcometer. The glass plate had previously been

surface-coated with a hydrophobic siloxane solution. After collagen casting, shear force was applied

at a constant speed of 0.02 m/s and a thickness of 50 µm. After the RHCI had spread, the glass

plate was immediately lifted from the Elcometer and immersed in a bath of fibrillogenesis buffer.

This was performed very carefully in order not to disrupt the collagen membrane. Membranes were

then crosslinked for 24 h in fibrillogenesis buffer and 50 mM EDC and 100 mM NHS. Crosslinked

membranes were then rinsed four times in DW and peeled from the glass plate. Hydrogels were

kept in 100% ethanol until further use.

Human Amniotic Membrane
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Human amniotic membrane (HAM), prepared following our previous protocol, was used as a bench-

mark [14]. Written informed consent was collected from the donors, women undergoing scheduled

cesarean section. Briefly, HAM was washed in an antibiotic cocktail and then flattened onto ster-

ilized nitrocellulose filter paper, epithelial side up. The paper-supported HAM was then cut into

5cm × 5cm pieces and cryopreserved at -80◦C in 50% Dulbecco’s Modified Eagle Medium (DMEM),

50% glycerol. The membrane was quarantined for 4 weeks during which time sterility and serology

testing were performed to confirm safety. Prior to use, HAM was thawed, epithelial cells removed,

and the cell-free membrane was washed. For use, HAM is oriented spongy layer up, after which

excessive water is mechanically expelled using cell scrapers. For stabilization, HAM was mounted

“spongy layer” down in a CellCrown or interlockable ring [17].

Physical and Mechanical Characterization

To measure water content, samples were DW equilibrated for 24 h. Water content of samples was

determined by weighing membranes that were blotted dry to remove excess surface liquid to obtain

the wet weight (W0). These samples were then dried in a drying oven (60◦C) for 24 h to obtain

the dry weight (W). Equilibrated water content of hydrogels (Wt%) was obtained according to the

following equation: Wt% = (W0 - W)/W0 × 100%.

The refractive index (RI) of samples was measured of fully hydrated membranes using an Abbe

refractometer (Model C10, VEE GEE Scientific Inc., Kirkland, WA, USA) at 21◦C with DW as the

calibration agent.

To test membrane light transmission, 6-mm acellular discs of the sample were punched out and

placed in a glass bottom 96-well plate. Using the previously published protocol [18], light absorbance

was measured at room temperature for specific wavelengths of the visual spectrum (405, 450, 490,

530, and 630 nm) with the VICTOR3 microplate reader (PerkinElmer). Percentage of light trans-

mittance was calculated with the following equation: transmission (%) = 10(2 - absorbance). Wells

mounted with 100 µL of trypan blue or DW served as negative and positive controls, respectively.

Transmittance values were normalized to demineralized water.

Oscillatory rheology was performed on a Discovery Hybrid Rheometer (DHR2; TA Instruments,

Sollentuna, Sweden) using 8 mm diameter, parallel-plate, stainless steel geometry. Frequency sweeps

were performed at a constant shear strain amplitude of 0.267% at 25◦C.
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Tensile testing of the membrane samples was performed on a vertical stress-strain testing device

(Instron 3345, Canton, MA, USA) fitted with a 100 N load cell. Testing was performed at a 2

mm/min rate. Membrane samples where cut into 4 × 0.5-cm-long strips and fixed at both ends

to a 1-mm-thick polypropylene frame. The ultimate tensile strength (UTS) was calculated based

on the area of the sample (sample thickness measured with optical coherence tomography; RTVue

100–2, Optovue, California, USA).

Hydrogel Stability and Susceptibility to Enzymes and Microbial Attack

The stability of the hydrogels was tested against in vitro degradation by collagenase enzyme [19].

In brief, samples (n = 3) equilibrated in Tris-HCl buffer (0.1 M, pH 7.4) were incubated in 5 mL

5 U/mL type I collagenase dissolved in Tris-HCl at 37◦C. The undigested mass was weighed at

time 0 (W’0) and every 60 min (W’t) until the sample was completely digested. At every interval,

surface water was blotted away, and samples were weighed three times independently using an

ultra-microbalance (SE2, Sartorius, Göttingen, Germany). The percentage of mass remaining after

digestion was calculated according to the following equation: Residual mass (%) = (W’t/W’0) ×

100%. As a control, HAM was incubated in Tris–HCl buffer only and weighed at the same time

points.

For determination of attack by common bacteria causing blindness, such as Gram-negative Pseu-

domonas aeruginosa, fully hydrated samples equilibrated in PBS were cut into 1 cm2 pieces. Hy-

drogels were mounted in a 24 well-plate and fixed using a CellCrown. As previously described by

Dravida et al. [20], a dilution of 10-1 of two P. aeruginosa strains (ATCC 15442 and ATCC 9027)

was made in Tryptic Soy Broth (TSB). Using a 22 gauge needle, 100 µL solution was injected into

the scaffold (n = 3 for each ATCC strain). The inoculated scaffolds were incubated in an oven

(37◦C) for 24 h. The samples were homogenized in PBS using a tissue grinder. The homogenized

extracts were diluted in the range of 10-10-8 and plated on agar (TSA). The number of colony-

forming units (CFU)/mL was determined 24 h later. To have sufficiently thick amnion to inject the

solution, mechanical scraping of the spongy layer was not performed for this experiment. Injection

of 100 µL bacterial solution in 10 mL TSB and 10 mL PBS served as negative and positive controls

respectively.

Ultrastructural Characterization

Atomic Force Microscopy
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Membrane samples of 10 × 10 mm2 were cut out and placed onto a rigid support carrier. The

carrier, a glass slide that had functional aldehyde surface groups (developed in-house), was then

immersed in PBS to allow full rehydration of the sample prior to atomic force microscopy (AFM)

imaging. HAM samples received additional gentle mechanical scraping with cell scrapers to remove

excess spongy layer, thus exposing the underlying membrane and reducing height variation. While

imaging, samples were kept hydrated. AFM imaging was carried out in PBS by a NanoWizard 3

(JPK Instruments, Germany) system using NSC35 probes (MicroMasch, Germany) and the force

curve acquisition-based Quantitative Imaging™ (QI) mode. Topography images were generated

with the setpoint height channel in the QI-mode, setpoint force 5–10 of nN. Fibril diameters were

estimated from height cross-sections extracted from the AFM images. Full-width at half-maximum

was measured where the image resolution was sufficient. In other cases (e.g., rRHCI characterized

by very fine fibrils), a trained operator’s estimates were used.

Electron Microscopy

Samples of biomaterials were fixed and prepared for scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) as we previously described in Haagdorens et al. [14]. Gold

sputter-coated samples were imaged on a SEM 515 Microscope (Philips, Eindhoven, The Nether-

lands) for surface features [14]. Ultra-thin sections were cut from osmicated samples embedded

in EMbed 812 (Electron Microscopy Sciences, Hatfield, PA). Ultrathin sections were stained with

lead citrate and examined using a Tecnai G2 Spirit Bio Twin Microscope (FEI, Eindhoven, The

Netherlands) at 120 kV.

In vivo Biocompatibility Testing in Rats

Random RHCI hydrogels, 11 mm in diameter and 1-mm thick, were implanted subcutaneously in

rats (following ISO standard 10993-6:2007). Denuded HAM was also implanted as a comparison for

RHCI. To achieve samples of sufficient thickness, 7 layers of HAM were stacked upon each other and

sealed with fibrin glue (Tisseel, Baxter, Deerfield, IL, USA). Clotted fibrin sealant molded into 1-

cm3 blocks were implanted as a control. In total, 5 collagen hydrogels, 4 HAM samples, and 3 fibrin

clots were implanted subcutaneously. Two sham surgeries were performed to ensure that the skin

healing process does not affect the outcome of biocompatibility testing. Postoperatively, extended

assessment of health conditions of animals was performed based on an observational grading scheme

(not shown).
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At 3 months post-implantation, the animals were euthanized, and the implants and surrounding

tissues were collected. Each rRHCI samples was subdivided into quarters for analysis. Quarters one

and two were fixed in formalin, then embedded in paraffin or O.C.T. compound, respectively for

histology and immunohistochemistry. One quarter was fixed in glutaraldehyde for EM. The final

quarter was not analyzed. Recovered HAM, fibrin, and sham samples were similarly processed for

histology and immunohistochemistry.

Non-consecutive paraffin sections, cut at 7-µm thick, were stained with hematoxylin and eosin

(H&E) for histological evaluation. Based on H&E staining, two slides, each containing three tissue

sections of the same sample, were used to assess biocompatibility as per Table S1 (adapted from

ISO10993-6:2007 Table E3). According to this grading table, the test sample was considered a

non-irritant (0 up to 2.9), slight irritant (3.0 up to 8.9), moderate irritant (9.0 up to 15.0), or

severe irritant (> 15). Grading was performed double-blinded. In brief, each H&E section was

graded at five different sites, two at each respective end, and one in the middle of the sample. If

remnants of the implant could be identified, the area of grading was at the junction of the sample

and surrounding tissue.

Cryosections, 7-µm thick, were stained with antibodies to identify plasma cells (anti-syndecan-1),

granulocytes (anti-myeloperoxidase), macrophages (anti-CD68), T-lymphocytes (anti-CD3), blood

vessels (anti-vWF), and activated myofibroblasts (anti-αSMA) as previously described (Table S2)

[38]. Immunofluorescent (IF) images were recorded using an inverted LSM-800 Zeiss confocal mi-

croscope (LSM800, Carl Zeiss Microscopy, Germany), and the percentage of positive staining area

per view was calculated for each sample using the ImageJ software (National Institutes of Health,

Bethesda, MD, USA). In each stained sample, the analysis was performed for three IF images at

standard locations (left end, middle, and right end of the sample). A Kruskal-Wallis nonparametric

test was used with a Dunn’s multiple comparisons post hoc test. Statistical analysis was performed

in GraphPad Prism 8.4.3. P ≤0.05 was considered significant.

In vivo Efficacy Testing as Corneal Implants in Minipigs

To test in vivo safety and efficacy of corneal regeneration, the implants were evaluated in Göttingen

minipigs, which are genetically uniform. Four animals were used in each treatment group. The left

eyes of the pigs underwent surgical treatment, while the right eyes served as unoperated controls.

All animals were subjected to anterior keratoplasty. The central section of corneal epithelium and

stroma was removed to a depth of 500µm using a 6.5-mm surgical trephine and a scalpel. Solid
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rRHCI gels were grafted into the wound bed, covered with HAM, and secured in place using inter-

rupted sutures. In the control group, cornea excised from the other pigs in this study was used as

implants, being secured with interrupted sutures. These were syngeneic grafts rather than conven-

tional allografts, as they are from genetically identical donors and recipients. The syngeneic grafts

were secured using interrupted sutures. All operated eyes received corticosteroids and antibiotics

in the form of topical dexamethasone/tobramycin eye drops (Tobrasone, Alcon, Sweden). The dex-

amethasone/tobramycin was applied 3 times daily for the first 5 postoperative days. The pigs were

monitored daily for any eye-related complications for the entire study duration. Clinical exams were

performed pre-operation, and then at 6 weeks, and 3, 6, 9, and 12 months post-operation according

to protocols as we described in McTiernan et al. [21]. Briefly, all operated and control corneas

were examined by slit lamp biomicroscopy (for haze, redness), anterior segment optical coherence

tomography (for corneal changes including thickness), Schirmer’s tear test (for tear production), and

aesthesiometry (for touch sensitivity). At the endpoint of 12 months post-operation, all animals

were euthanized according to animal facility guidelines, and tissue samples of both operated and

contralateral eyes were collected.

Samples from implanted and control corneas were processed for TEM as described in McTiernan

et al. [14, 21, 22]. In brief, samples were prepared for TEM by fixing a quarter of each cornea in

2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer (pH 7.4). After fixing, the quarters

were cut into 1-mm wide strips. The strips were postfixed in 1% OsO4 solution for 2 h, dehydrated

through an ethanol series and embedded in EMbed 812 (Electron Microscopy Sciences, Hatfield,

Pennsylvania). Ultrathin sections stained with lead citrate were imaged on a Tecnai G2 Spirit Bio

Twin Microscope (FEI, Eindhoven, The Netherlands) at 120 kV.

In vivo confocal microscopy examinations were performed before surgery and at 3, 6, 9, and 12

months post-surgery. Images taken were used for nerve counts as described in McTiernan et al.

[21]. When nerves where observed, they were defined as bright, slender, straight, or branched

structures and were sufficiently different from the background intensity level. NeuronJ, a nerve

tracing and analysis software, and FIJI were used together for measuring the total length of the

observed nerves [23]. Corneal nerve densities were based on averaging the highest nerve density for

each treatment group and time point from individual images.

Statistics

For all tests of hydrogels, a minimum of three samples was used in evaluations. For the in vivo
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subcutaneous studies, 5 RHCI hydrogels, 4 HAM samples, and 3 fibrin clots were implanted. The

additional RHCI and HAM samples were implanted just in case animals died from unrelated causes,

as these samples were more difficult to obtain. As all animals remained healthy and survived, so,

all samples were analyzed for potential adverse immune cell infiltration or activation by differential

cell counts followed by a Kruskal-Wallis nonparametric test as described above.

The unit of analysis for the in vivo study in minipigs was the eye (RHCI n=4, syngeneic graft

n=4, unoperated n=8). Clinical variables over time (Fig. 3a–f) were analyzed with a mixed effects

model with matched stacking, no assumption of sphericity, and α = 0.05 using a post hoc Tukey’s

multiple comparison test. Statistical analysis and graphing were performed using GraphPad Prism

v8.4.3 (GraphPad Software LLC, San Diego, CA, USA).

Results

Physical and Mechanical Properties of RHCI Hydrogels

The properties of the aligned and random RHCI hydrogels, compared to HAM, are summarized in

Fig. 1. Both types of collagen hydrogel and control HAM displayed a RI that approximates that

of the human cornea (1.37–1.38). The rRHCI hydrogels allowed for light transmittance within the

visual spectrum of over 91% (Fig. S1) while aRHCI hydrogels showed only 37% light transmission,

appearing opaque (Fig. S1, 1a). Figure 1a also shows that the aRHCI hydrogels were prone to

splitting along the direction of the collagen fibrils. HAM, which served as a control, showed light

transmission of 66%. The opacity of the aRHCI hydrogels precluded its use for corneal implants,

while it was tested for toxicity and biocompatibility as subcutaneous implants in rats, it was not

tested as corneal implants in vivo. The rRHCI hydrogels used for corneal implantation, however,

was robust, pliable, and easy to manipulate when molded into corneal-shaped and corneal-sized im

Both aligned and random hydrogels, as well as HAM, showed a predominantly elastic, rather than

viscous behavior with storage moduli much higher than loss moduli. However, due to the very low

thickness of HAM, reliable data from oscillatory rheology was not possible to obtain and therefore,

eliminated from further comparisons. The G’ of rRHCI gels was found to be 2.9 ± 0.03 kPa, whereas

that of aRHCI hydrogels was found to be 0.383 ± 0.03 kPa indicating a 10-fold higher stiffness for

the rRHCI (Fig. S3). The aRHCI hydrogels have slightly higher water content compared to their

random counterparts. Moreover, the G” of the rRHCI hydrogels was found to be 0.158 ± 0.036

kPa resulting in a tanδ of 0.05± 0.01. Stress strain analysis shows that both RHCI hydrogels
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display stress and strain values that are inferior to that of HAM membrane. These results reveal

that HAM displayed roughly three times greater energy absorption compared to random RHCI

hydrogels. Young’s modulus indicates that the latter are much stiffer than the HAM. The aRHCI

hydrogels were inherently too weak to allow stress-strain analysis

Collagenase degradation assays showed that aligned and random RHCI hydrogel degradation was

complete by 8 h and 16 h respectively (Fig. S4). The degradation of HAM was slower, with

complete degradation occurring after 24 h. Inoculation with P. aeruginosa showed that RHCI

hydrogels, irrespective of fibril alignment or not, were 50- to 100-fold more resistant to microbial

contamination for both strains of Pseudomonas (Table S3) compared to HAM. We recently showed

in Haagdorens et al. that RHCI hydrogels were biocompatible with human corneal epithelial cells

and supported their growth [14].

Ultrastructure

Surface scanning by AFM (Fig. 1d–f) confirmed the random arrangement of fibrils in rRHCI

hydrogels, and the unidirectional alignment of the RHCI fibrils in the shear-mediated preparation

of aRHCI. It was noted that the collagen fibrils in the aRHCI hydrogels are thicker (93.8 ± 30.6 nm

in diameter) than the fibrils in the rRHCI hydrogels (23.6 ± 10.4 nm in diameter). This showed

that the fibrils had assembled into distinct thicker bundles of fibrils or collagen fibers. Fibrils in the

random hydrogel were very fine, but also matted in areas. HAM fibrils were more similar to aRHCI

in thickness (112.6 ± 61.7 nm in diameter).

SEM (Fig. 1g–i) confirmed the unidirectional collagen orientation in the surface of aHCI hydrogels.

The rRHCI hydrogels showed a smooth surface. SEM imaging of HAM revealed complete removal of

amniotic epithelium and exposure of the underlying basement membrane. At the amniotic basement

membrane, remaining cellular debris and extracellular matrix (ECM) could be seen between collagen

fibers.

TEM of rRHCI hydrogels confirmed the presence of fine collagen fibrils distributed randomly

throughout the sample (Fig. 1k) as revealed by AFM. In the aRHCI, the fibrils formed thick

collagen bundles (Fig 1j) as seen in the cross-sectional views. They showed unidirectional alignment

in contrast to the interpenetrating thin collagen fibrils.

In vivo Biocompatibility in Rats
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After subcutaneous implantation of the rRHCI hydrogels in rats, the animals did not exhibit any

general or implantation-site adverse symptoms. Upon recovery of the implants, there were no clear

macroscopic signs of implant degeneration, and the RHCI hydrogels could easily be distinguished

from the surrounding tissues. Based on grading of the H&E-stained samples (Fig. 5a–f), RHCI hy-

drogels were ruled as being slightly irritant, with an average grading score of 7.33, well comparable

to controls with scores of 7.63 for fibrin, 9.75 for HAM and 7.93 for sham (Table S4). Transmission

electron microscopy images of implanted hydrogels showed isotropic collagen fibers interspersed with

capillaries and small blood vessels, along with fibroblasts (Fig. 2b–e). Microscopically, some de-

gree of disintegration was evident, and the RHCI hydrogels were mainly infiltrated by lymphocytes,

fibroblasts, and macrophages with some ingrowth of capillary vessels (Fig. 2f). Even though granu-

locytes were not identified in the H&E sections, some cells stained positive for anti-myeloperoxidase,

a granulocyte marker, in the IF pictures (Fig. 2f). Statistical analysis of the prevalence of infiltrat-

ing cells showed statistically significant (P≤ 0.05) elevated levels of T-lymphocytes, von Willebrand

factor (vWf) positive cells, macrophages, and granulocytes compared to HAM, but no significant

difference compared to other groups (Fig. 2g). The plasma cell staining was higher in the RHCI

group compared to both HAM and fibrin glue. No significant differences among groups were found

in the myofibroblast counts.

In vivo Performance in Minipigs

Results for the clinical observations of syngeneic grafts and their unoperated contralateral untreated

corneas were previously reported in McTiernan et al. as the same four animals served as controls for

the two different studies [21]. Clinical results are summarized in Fig. 3. At 6 weeks post-operation,

the RHCI implants were completely covered with regenerated epithelium, as noted from clinical

observation and slit lamp. The corneal thickness in the RHCI group was close to unoperated ranges

at 3 months, and indistinguishable from unoperated by 6 months onwards (Fig. 3a). Even though

there looks to be a trend towards a thicker cornea in the RHCI group compared to the syngeneic

graft, this difference was statistically non-significant.

There is a statistically significant amount of haze in the RHCI group (Fig. 3c) that decreased with

time and was scored at zero in two out of the four animals at the 12-month point. At the 12-month

point, the difference between groups is not statistically significant (Tukey’s multiple comparisons

α=0.05).
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The subepithelial nerve plexus recovered fast, and at 12 months, nerve plexus morphology in the

RHCI group resembled that of unoperated animals as seen in IVCM in Fig. 4. Nerve density of the

corneal stroma, as noted based on IVCM, was close to normal ranges in both groups at 3 months

onwards (Fig. 3e). One animal in the RHCI group had haze in the regenerated cornea that did

not allow for imaging to obtain nerve counts. The missing datapoints were taken into account by

using a mixed model rather than ANOVA for this comparison. All the pigs regained touch response

in the operated eye prior to 12 months. Statistical analysis could not be performed due to uneven

state of sedation of the animals during measurement.

Intraocular pressure was indistinguishable from unoperated eyes at all timepoints in both the RHCI

group and the syngeneic grafts (Fig. 3b). The normal intraocular pressure (IOP) shows that there is

no weakening of the cornea capable of causing long-term distortions or leakage, nor was the implant

too rigid to cause increased pressure.

H&E sections showed that the stratified corneal epithelium and stroma have regenerated in the neo-

corneas of all four pigs, to resemble those in the syngeneic grafts and untreated, healthy controls

(Fig. 5g–l). Immunohistochemical staining showed full regeneration of a mucin-positive tear film

and fully differentiated epithelial cells (Fig. 5). Antibodies against smooth muscle actin (α-SMA)

showed the presence of positive cells in RHCI, most likely myofibroblasts, but not the syngeneic or

control untreated corneas (Fig. 5y–ad).

Discussion

Plant-derived RHCI was successfully fabricated into aligned and random hydrogels. The RHCI was

aligned to mimic the highly aligned, lamellar structure of collagen in the cornea. Unfortunately,

the aRHCI hydrogels were opaque. Despite the same net weight of RHCI in the random and

aligned gels, the aRHCI gels were thicker as the collagen assembled into thicker fibrils with variable

spacing in between fibers. They also demonstrated extreme transverse mechanical weakness. The

optical and mechanical deficits of the hydrogels in comparison to cornea is most likely due to the

structural deficits of RHCI-only fibrils and a lack of perpendicular structural elements (for review,

see Espana et al.) [24]. In the cornea, collagen protofibril formation is regulated through the

incorporation of collagen V to create uniform protofibrils for subsequent fibrillar assembly [24].

In the absence of collagen V, collagen I produces thicker, branching, heterogeneous fibers like the

ones observed by AFM and TEM in this study. These fibers are known to be incompatible with

corneal transparency. Collagen fiber spacing also contributes to the aRHCI structural deficits.
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The spacing of corneal collagen fibrils is regulated by small leucine-rich proteoglycans, preventing

the compaction of the collagen fibrils seen in the aRHCI [24]. The high aRHCI fibril density also

contributes to the limitations in light transmission through the hydrogels. Finally, the collagen fibrils

in each lamellar layer of the cornea are aligned in different directions, providing uniform mechanical

strength throughout the entire cornea [24]. The single layer, shear force alignment method used

here was insufficient to produce the structural complexity required to fully mimic the human cornea

and will undergo future modifications, in order to improve the transparency of the material.

By contrast, the rRHCI hydrogels were transparent and mechanically stronger in all directions.

When compared to previously tested collagen hydrogels, the transparency of random RHCI hydro-

gels was equivalent to that of porcine collagen type I, yeast-sourced RHCI, RHCIII, and collagen-

mimicking hydrogels [25,26,27,28,29]. Moreover, rRHCI hydrogels outperformed HAM and rat tail

collagen type I gels in terms of light transmission and refractive index [30]. In this study, RHCI

hydrogels degraded faster in collagenase than HAM. The data on HAM degradation times should

however be interpreted carefully; in this study, HAM degraded much slower than earlier reported

degradation times of 6–13 h [18, 20]. The variability in degradation speeds of HAM underscores the

inconsistent state of donated HAM and the need for well-standardized carrier materials in ocular

tissue engineering. Aligned RHCI degraded too quickly for future clinical purposes without further

modifications to its chemical formulation [31]. The difference in degradation time between both

types of RHCI hydrogel may be attributed to the difference in collagen fibril density. One would

assume, it would take longer to degrade the densely packed fibers in the aRHCI; however, without

the interpenetrating fibrils holding the aligned fibers together, the hydrogel disintegrates into iso-

lated fibers. Given the dense fibrillar network in the rRHCI hydrogels, these hydrogels degraded

slower than aRHCI. Collagenase resistance of rRHCI was comparable to reported resistance of pure

RHCIII, porcine collagen type I, and rat tail collagen type I hydrogels, with 8 h, 12–20 h, and 8 h

degradation time respectively [19, 20, 25, 32].

As demonstrated by Griffith et al., collagen hydrogels have a tendency of being more resistant to

microbial contamination when compared to HAM or the human cornea [20, 33]. As we inoculated

membranes with P. aeruginosa, a bacterium responsible for causing severe corneal ulcers, results

confirmed the relative microbial resistance of RHCI compared to amniotic membrane. Microbial

contamination of grafts is a serious and widespread problem in ocular surgery because it often

causes devastating infections and loss of implanted material [20]. With a 100-fold resistance to

microbial infection, RHCI has a clear advantage over HAM in a clinical setting, where substrates

are manipulated repeatedly in clean rooms prior to transport to the operating theater.
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By implanting RHCI hydrogels subcutaneously in rats, we demonstrated that they were biocompat-

ible in mammals and elicit minimal inflammation. Furthermore, the recovered hydrogel implants

had initiated partial degradation. As we and other groups previously reported intact hydrogel

retrieval after 90 days of implantation, this might indicate that additional crosslinking or incorpo-

ration of interpenetrating phospholipids to RHCI might improve the stability of the implant [19,

25, 27, 28, 34]. There was formation of new collagen fibers within the implants. This suggests

that infiltrating fibroblasts had begun to remodel the implant. Similar observations have been

made in corneal implants that were implanted in pigs, where host keratocytes remodeled the im-

plants’ fibrillar structure [19, 35]. By computer analysis of immunofluorescent images, we were able

to quantify leukocytosis and neovascularization of retrieved implants and compare results to the

isoproterenol-based H&E grading system. Interestingly, no granulocytes could be identified in H&E

sections, whereas anti-myeloperoxidase, a marker for granulocytes, showed to be focally positive by

immunohistochemistry, showing that H&E histopathological examination should be supplemented

by immunohistochemistry using known markers for target cells. In 2016, Van Essen et al. published

their results on automated analysis of IF area staining for fish scale-derived collagen matrices that

were implanted subcutaneously in rats for 11 weeks [36]. With reported area of stain of <1% for

macrophages and T-lymphocytes, results are very similar to the values we found. Moreover, area

of stain for granulocytes appears to be lower for RHCI hydrogels compared to reported values for

fish scale matrices. The presence of α-SMA positive cells that are myofibroblast-like in the RHCI

corneas are in keeping with the haze that was noted. They also correspond to the results from the

subcutaneous study showing that RHCI was a mild irritant. It is possible that there may be traces

of plant material that contributed to the irritation and activation of stromal cells.

Although there are collagens that are derived from bovine and porcine skin which are widely avail-

able and offer a potentially unlimited supply source, an important consideration for the use of

xeno-derived collagen is the potential risk for allergic reactions to xenogeneic biomaterials [37]

and zoonotic pathogen transmission [38] if tight processing controls are not adhered to. Overall,

plant-derived RHCI was largely biocompatible and immune compatible. RHCI hydrogels promoted

regeneration of corneal tissue and nerves when grafted into the corneas of minipigs. Finally, applica-

tion of RHCI should not solely be restricted to ocular regeneration, as collagen type I is abundantly

present throughout the body. Aligned RHCI, with its unique collagen alignment, might find its way

in musculoskeletal tissue engineering, whereas random hydrogels might be explored in cutaneous or

cardiac regeneration [39,40,41].

Conclusions
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RHCI hydrogels made from random collagen fibrils were biocompatible and promoted corneal regen-

eration in minipigs. This shows that the plant-derived collagen serves as a viable source of collagen

for tissue engineering and regenerative medicine applications, such as for promoting in situ tissue

regeneration of the cornea after further optimization and testing.

Data Availability

Data collected and analyzed for this study are provided in the Electronic Supplemental Material.

Other data generated during the current study are available from the corresponding authors on

reasonable request. RHCI available from CollPlant Ltd.
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Figure Legends

Figure 1. Structural properties of RHCI hydrogels compared to human amniotic membrane (HAM).

a Aligned hydrogels are semi-translucent and have the tendency of splitting unidirectionally. b

Random collagen hydrogels are optically transparent. c Control HAM serves as reference. AFM

(d–f) and SEM (g–i) of hydrogels, showing that in random hydrogels, very fine collagen fibrils were

present, resulting in a smooth surface as revealed by SEM. Cross-sectional TEM of the hydrogels

with aligned fibers (j) showed thick RHCI fibers (arrow) interspersed with thin collagen fibrils

(arrowhead). The collagen fibers show unidirectional alignment, whereas the interpenetrating fibrils

are randomly dispersed (k). Fibers were of varying thickness, 75–200-nm diameter. In random

hydrogels, only fine collagen fibrils are seen, although some clumping was seen in the AFM and

TEM images. l Collagen fibers were randomly oriented in HAM, with fibers showing distinct collagen

banding (inset). The inset table shows the optical and mechanical characteristics of RHCI hydrogels

and human amniotic membrane (HAM). *The stress test was not performed on the aligned RHCI

hydrogels. **not performed

Figure 2. Subcutaneous RHCI hydrogel implantation in rats for 3 months. a H&E staining showing

a delaminating RHCI implant (i) with infiltration of blood vessels, leukocytosis, and fibrosis. b Low

magnification TEM image of recovered implants shows the implanted hydrogel in close approxima-

tion to the subcutaneous muscle (M). c Detailed TEM imaging shows clear fibroblast infiltration

(*) and deposition of collagen fibers in bundles. d Typical collagen periodic D-banding is present

in collagen fibers. e Region of implant degradation characterized by loosely packed collagen fibers,

interspersed with capillaries (arrow), leucocytes, and fibroblasts (*). f Representative images of

immunostained samples for macrophages, T-cells, granulocytes, plasma cells, myofibroblasts, and

blood vessels in implants. g Graphs showing the percentage of immune-positive staining areas for

each marker, a red * indicates a significant difference from the RHCI group (p<0.05)

Figure 3. Clinical results comparing RHCI grafted corneas with syngeneic grafts and untreated

controls. Please note that the plots for the syngeneic grafts and unoperated controls were previously

reported in McTiernan et al., as the same animals served as benchmarks for both studies. A

Pachymetry results indicating corneal thickness was comparable to unoperated controls. B Central

corneal haze was reported according to a modified variant of McDonald-Shadduck scale of 0–4

(from least to most haze). Haze peaked between 6 weeks and 3 months and then decreases. By 12

months, the difference among groups have decreased to a nonsignificant level (by Tukey’s multiple

comparisons). C The excised corneal nerves in the RHCI group showed penetrance into the graft
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area after six months of tissue regeneration. Overall, the regenerated nerve density for RHCI and

syngeneic grafts was equivalent to the unoperated eye at 12 months. D There was increased corneal

neovascularization observed. This is also shown by an ANOVA, but the post hoc test could however

not identify any particular time-point where there was a difference between the RHCI group and

the groups (B) Intraocular pressure was similar in all animals, with an increase over time as the

animals matured. C, F The Schirmer tear tests showed no marked changes in tear production in

any group

Figure 4. In vivo confocal microscope images of RHCI and syngeneic grafted corneas, compared

to unoperated healthy corneas. Scale bars, 100 µm. Insets, 100 × 100 µm. The insets show

epithelial cell morphology in detail. Sub-epithelial nerves (arrows) in regenerated RHCI implanted

corneas form parallel bundles like those of unoperated corneas, while those of syngeneic grafts

were disorganized. Stromal keratocytes were present in all three groups. The endothelial layers of

operated corneas retained a healthy morphology

Figure 5. Columns 1–4 shows each of the individual animals in the RHCI group. Column 5 shows

representative images from the syngeneic graft. Column 6 shows representative images from un-

operated controls. a–f Eyes of all RHCI grafted pigs and controls, showing haze in a and b. g–l

Hematoxylin and eosin stained sections show morphologies of regenerated neo-corneas are compara-

ble to those of the controls. Mucin staining (m–r) shows that the animals in the RHCI group have

intact tear films. Cytokeratin 12(Ck12) staining (s-x) shows differentiated corneal epithelial cells in

all samples. y–ad α-Smooth muscle actin (α-SMA), a myofibroblast marker shows the presence of

activated fibroblasts in RHCI corneas, particularly in the ones with haze
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Supplementary Figures

Supplementary Figure 1.
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Supplementary Tables

Table S1. Method of in vivo biocompatibility grading of H&E slides from rat sub-

cutaneous implantation at three months post-operation.

Cell Type/ Score

Response

0 1 2 3 4

Polymorphonuclear

cells

0 Rare,

1-5/phf

6-20/phf >21/phf packed

lymphocytes 0 Rare,

1-5/phf

6-20/phf >21/phf packed

Plasma Cells 0 Rare,

1-5/phf

6-20/phf >21/phf packed

Macrophages 0 Rare,

1-5/phf

6-20/phf >21/phf packed

Giant Cells 0 Rare,

1-5/phf

6-20/phf >21/phf packed

Necrosis 0 Minimal Mild Moderate Severe

Neovascularisation 0 1-3 focal

capillaries

4-10

capillaries

with

supporting

fibroblastic

structure

>10, or broad

band of cap-

illaries with

supporting

structure

Numerous

capillaries

with

supporting

fibroblastic

structure

Band of Fibrosis 0 Narrow Moderate Thick Extensive

Fatty Infiltrate 0 Minimal fat

associated

with fibrosis

Layering of

fat and

fibrosis

Elongated

and broad

accumulation

of fat cells at

implant site

Extensive fat

surrounding

the whole

implant

PHF: Per high power field (400x)
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Under the conditions of this study, the test sample was considered as a non-irritant (0,0 up to 2,9)

slight irritant (3,0 up to 8,9) moderate irritant (9,0 up to 15,0) severe irritant (> 15)

B-xxxv



Table S2. Antibodies used for immunohistochemistry

Antibody Dilution Specificity Reference

Anti-∆Np63 1:100 Delta Negative p63 iso-

type

NBP2-29467, Novus

Bio, Littleton, Col-

orado

Anti-Coll-IV 1:100 Collagen type IV Ab6586, Cambridge,

UK Abcam,

Anti-KRT14 1:100 Cytokeratin 14 Ab9220, Abcam

Anti-Laminin 1:25 Laminin Ab11575, Abcam

Anti-KRT3 1:100 Cytokeratin 3 Ab68260, Abcam

Anti-E-cad 1:100 E-cadherin Ab1416, Abcam

Anti-INTB4 1:50 Integrin-β4 Ab110167, Abcam

Anti-Syndecan-1 1:100 Plasma Cells Ab34164, Abcam

Anti-CD68 1:200 Macrophages Ab955, Abcam

Anti-CD3 1:100 Lymphocytes Ab16669, Abcam

Anti-Myeloperoxidase 1:100 Granulocytes Ab9535, Abcam

Anti-vWF 1:500 von Willebrand Factor Ab6994, Abcam

Anti-αSMA 1:50 Smooth muscle cells Ab7817, Abcam

Donkey anti-Rabbit IgG

(H+L), Cy3 conjugate

1:1000 Secondary antibody 711-165-152, Im-

munoResearch Suffolk,

UK Jackson (JI),

Donkey anti-Mouse IgG

(H+L), Biotin conjugate

1:100 Secondary antibody 715-065-151, JI

FITC Streptavidin conju-

gated

1:100 Tertiary antibody 016-010-084, JI

Goat anti-rabbit IgG (H+L),

Alexa Fluor 488 conjugate

1:1000 Secondary antibody A-11008, Thermo

Fisher Scientific

Goat anti-rabbit IgG (H+L),

Alexa Fluor 594 conjugate

1:1000 Secondary antibody A-11012, Thermo

Fisher Scientific

Goat anti-Mouse IgG (H+L),

Alexa Fluor 488 conjugate

1:1000 Secondary antibody A-11029, Thermo

Fisher Scientific
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Antibody Dilution Specificity Reference

Goat anti-Mouse IgG (H+L),

Alexa Fluor 594 conjugate

1:1000 Secondary antibody A-11005, Thermo

Fisher Scientific
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Table S3. Microbial susceptibility of HAM versus aligned and random RHCI hydrogels

Pseudomonas

aeruginosa

strain

Material CFU Average number of

CFU/mL ± SEM

ATCC 15442

(1,9 x 108

CFU/mL)

HAM 5,4 x 107 9,0 x 107 1,0 x 107 5,1 ± 2,3 x 107

RHCI random 2,2 x 105 2,0 x 105 0,9 x 105 1,7 ± 0,4 x 105

RHCI aligned 4,1 x 105 3,4 x 105 3,0 x 105 3,5 ± 0,3 x 105

TSB 3,4 x 1010 3,5 x 1010 3,7 x 1010 3,5 ± 0,1 x 1010

PBS 8,3 x 107 5,3 x 107 8,1 x 107 7,2 ± 1,0 x 107

ATCC 9027

(8,9 x 108

CFU/mL)

HAM 9,0 x 107 2,1 x 108 3,1 x 108 2,0 ± 0,6 x 108

RHCI random 0,2 x 106 1,6 x 106 2,9 x 106 1,5 ± 0,8 x 106

RHCI aligned 7,0 x 106 5,9 x 106 5,1 x 106 6,0 ± 0,6 x 106

TSB 2,3 x 1010 4,5 x 1010 3,6 x 1010 3,4 ± 0,6 x 1010

PBS 4,0 x 107 3,7 x 107 1,7 x 107 3,1 ± 0,7 x 107

CFU: Colony Forming Unit; HAM: Human Amniotic Membrane; TBS: Tryptic Soy Broth; PBS:

Phosphate Buffered Saline
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Table S4. Results of in vivo biocompatibility grading of HE slides

Parameter RHCI HAM Fibrin Sham

Implant

present (P)

or absorbed

(A)

P P P P P A A A A A A A A A

PMN cells 0,13 0,1 0 0,1 0 / 1,27 0,73 1,07 0,46 0,4 0,47 0,1 0,47

Lymphocytes 2,73 2,33 3,13 1,87 2,07 / 1,6 1,47 1,33 0,4 0,87 1,4 0,85 0,8

Plasma Cells 0,2 0,1 0 0,13 0 / 0,1 0,1 0,1 0 0,1 0,13 0 0

Macrophages 1,87 2,13 2 1,33 1,87 / 1,4 7 0,87 1,93 0,86 0,6 1,2 1,85 1,4

Giant Cells 0 0 0 0 0 / 0 0 0 0 0 0 0 0

Necrosis 0 0 0 0 0 / 0 0 0 0 0 0 0 0

Neovascular-

isation

1,73 1,27 1,33 1,27 1 / 1,6 1,6 1,8 0,93 0,87 1,2 0,85 1,53

Fibrosis 1,53 1,87 1,87 1,33 1,27 / 4 4 4 4 4 4 4 4

Fatty Infiltrate 0 0,1 0 0 0 / 0,1 0,1 0 0,4 0,47 0,13 0 0

No. sites /slide

examined

3 3 3 3 3 3 3 3 3 3 3 3 3 3

PMN: polymorphonuclear; /: quality of sample insufficient for grading

B-xxxix






	Sommaire
	Summary
	Contents
	List of tables
	List of figures
	Abbreviations and Acronyms
	Acknowledgements
	Chapter 1. Introduction
	1.1. The Cornea
	1.1.1. Corneal Anatomy

	1.2. Corneal Damage and Blindness and Currently Available Treatments
	1.2.1. Causes of Corneal Blindness
	1.2.1.1. Corneal Transplantation and its Challenges

	1.2.2. Alternatives to Donor Transplantation in Clinical Use
	1.2.2.1. Keratoprostheses

	1.2.3.  Therapeutic Cell Grafting and Role of Biomaterials
	1.2.3.1. Autologous Cell Therapies for Epithelium 
	1.2.3.2. Autologus Cell Therapies for Stroma
	1.2.3.3. Autologous Cell Therapies for Endothelium


	1.3. Biomaterials in Regenerative Medicine for the Cornea
	1.3.1. Naturally Derived Biomaterials
	1.3.1.1. Decellularized corneas
	1.3.1.2. Culture-derived ECM matrices


	1.4. Keratoprostheses with Regenerative Properties
	1.5. Biosynthetic-Based Implants
	1.5.1. Collagen-Based Biomaterials
	1.5.2. Collagen Mimetic Peptide-Based Biomaterials
	1.5.3. Peptide Ampiphile-Based Biomaterials

	1.6. Fabricating Biomaterials for Delivery
	1.6.1. Molding
	1.6.2. 3D Printing
	1.6.3. Injectable Hydrogels

	1.7. Anti-infective Additives for Corneal Implants

	Chapter 2. Thesis Research Summary
	2.1. Rationale
	2.2. Objectives and Hypotheses
	2.3. Summary of Research Papers and Contributions

	Chapter 3. Collagen analogs with phosphorylcholine as inflammation-suppressing scaffolds for corneal regeneration in high-risk alkali burns
	Chapter 4. Nanoengineering the surface of corneal implants: Towards functional anti-microbial and biofilm materials
	Chapter 5. Electron-Beam Irradiated Recombinant Human Collagen-Phosphorylcholine Corneal Implants Retain Pro-Regeneration Capacity
	Chapter 6. LiQD Cornea: Pro-Regeneration Collagen Mimetics as Patches and Alternatives to Corneal Transplantation
	Chapter 7. Synthesis and application of collagens for assembling a corneal implant
	Chapter 8. Discussion
	8.1. Solid Corneal Implants
	8.1.1. Impact of phosphorylcholine on cornea regeneration
	8.1.2. Suitability of collagen-based constructs for anti-bacterial additives
	8.1.3. Effect of e-beam on collagen-derived biomaterials

	8.2. Liquid Corneal Fillers
	8.2.1. Adhesive Properties
	8.2.2. Tissue Regeneration by CLP-PEG-fibrinogen

	8.3. Design of Collagen Mimetics
	8.4. Perspectives
	8.4.1. Collagen vs. Peptide Implants
	8.4.2. Primary Matrix Design of Liquid-to-Solid Hydrogel Formulations
	8.4.3. General Design for in situ tissue regeneration
	8.4.4. Should sterilization technique be integral to biomaterials design?
	8.4.5. Recommendation of sterilization methods for future efforts

	8.5. Future Work
	8.5.1. Primary Hydrogel Components
	8.5.2. Anti-Inflammatory Properties
	8.5.3. Adhesives
	8.5.4. Anti-microbial Properties


	Chapter 9. References
	Appendix A. In situ Tissue Regeneration in the Cornea from Bench-to-Bedside.
	Appendix B. Plant Recombinant Human Collagen Type I Hydrogels for Corneal Regeneration

