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Designing Scaffolds for Corneal Regeneration

Mark Ahearne,* Julia Ferndndez-Pérez, Sophia Masterton, Peter W. Madden,

and Promita Bhattacharjee

Corneal blindness is one of the most common causes of vision loss world-
wide, affecting millions of people. To treat these patients, researchers have
been examining different approaches to engineer corneal scaffolds suitable
for transplantation. Scaffolds have been developed to replace part or all of the
cornea depending on the patient requirements. Both acellular and cell-seeded
scaffolds have been tested in animal models. Materials that have been under
investigation for manufacturing scaffolds include collagen, silk fibroin, amni-
otic membrane, decellularized cornea, fibrin, chitosan, gelatin, agarose, algi-
nate, and hyaluronic acid in addition to several synthetic polymers. Different
combinations of materials, fiber crosslinking techniques, and incorporation
of bioactive molecules have also been examined. Factors such as the physical
properties, cytocompatibility, degradation behavior, and optical characteristics
have to be considered when selecting a suitable scaffold material. Recent
advancements in materials fabrication techniques such as bioprinting, elec-

type of cells resident (Figure 1). The epi-
thelium is the outer layer of the cornea and
consists of stratified epithelial cells that
are replenished from stem cells located in
limbal crypts along the corneal-conjunctival
boundary.!l These cells form a barrier that
allows the diffusion of oxygen and essential
nutrients from the tear film but prevents
pathogens and debris penetrating into the
eye. The Bowman's layer along with a base-
ment membrane are acellular collagenous
layers that separate the epithelium from
the stroma. The Bowman's layer has a high
stiffness? but poor regenerative proper-
ties after injury. The stroma, which con-
stitutes 90% of the total corneal thickness,
comprises a highly structured orthogonal

trospinning, and different collagen alignment techniques, allow scaffolds to
be generated that more accurately mimic the structure of the corneal stroma.
A number of scaffolds have commenced clinical trials to determine their suit-

ability for corneal regeneration.

1. Introduction

The cornea is a transparent, multilayered component of the
ocular surface whose primary function is to focus light onto the
lens where it is directed toward the retina. Each distinct layer of
the cornea differs in composition, structure, function, and the
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arrangement of small, evenly spaced col-
lagen fibrils, 31-34 nm in diameter!’ and
surrounded by other collagens and pro-
teoglycans. The stroma contains neural
crest derived cells called keratocytes that
maintain the tissue’s homeostasis and can
be activated upon injury. The Descemet’s
membrane connects the endothelium to the posterior side of the
stroma. The inner layer of the cornea is the endothelium and con-
sists of a single layer of endothelial cells whose primary function
is regulating the hydration of the whole cornea. Damage to this
layer results in swelling and impairment of vision. The overall
thickness of the cornea is =0.53 mm at the center, increasing to
0.71 mm closer to the edge.[¥

Damage to the cornea’s cells or extracellular matrix (ECM)
resulting from medical conditions or physical damage can lead
to impaired vision. For many indications, a corneal transplant
is required to preserve or improve the patient’s sight. Corneal
transplants have a high success rate relative to other tissues and
organs partially due to the absence of vascular and lymphatic ves-
sels in the cornea reducing the chances of immune rejection.’!
However, globally there is a shortage of donor corneas suitable
for transplantation for a variety of reasons including lack of
awareness about donations, lack of facilities in some countries
to remove and store corneas and not all corneas being suitable
for donation.l’! For these reasons there has been considerable
interest in the need to develop alternative treatment strategies.

One alternative to transplanting corneas is to use a kerato-
prosthesis. These devices replace the cornea with a transparent
polymer and enable the full or partial restoration of vision. The
most commonly used keratoprosthesis is the Boston keratopros-
thesis, although, despite its success in improving vision for many
patients, several complications are associated with these implants
including an increased risk of glaucoma,’! endophthalmitis,®!
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retroprosthetic membrane formation,” and corneal melt.'% Other
keratoprosthesis include the AlphaCor and the osteo-odonto kera-
toprosthesis, although these too have many limitations. Currently,
keratoprostheses are normally only used in cases where the patient
is unable to sustain a corneal transplant and this is the only option
to regain some vision.

Tissue engineering approaches offer a different solution to
the lack of donor corneas available for transplantation. Most
engineered tissues are fabricated using a top-down approach by
combining cells with a biomaterial-based scaffold to replicate
the real tissue. Unlike keratoprostheses that contain no cells,
in principle, tissue engineered corneas can adapt to biological
and biophysical cues in a similar manner to native corneas.
Tissue engineering is still relatively new, the concept was first
investigated in the early 1990’s,[!!l hence there is considerable
research still continuing into its development and application.
Two key factors in determining the potential of an engineered
tissue to accurately mimic native tissue is the type of material
used to fabricate the scaffold and how the scaffold is manufac-
tured. A number of recent review papers and book chapters
have focused on different types of scaffolds for corneal tissue
engineering including stromal scaffolds,!'? nanomaterial scaf-
folds,[13] decellularized scaffolds,'* and bioprinted scaffolds.!>!
Here, we provide a more comprehensive overview of corneal
scaffolds to repair or replace the different layers of the cornea.
In addition, a systematic process for designing corneal scaf-
folds has been outlined. Several important factors that need
to be considered before designing corneal scaffolds are dis-
cussed, different biomaterials that can be used to generate scaf-
folds suitable for engineering cornea are evaluated and several
advanced fabrication techniques and novel scaffold designs are
considered. Finally, a future perspective is provided discussing
where corneal tissue engineering might be heading.

2. Design Considerations

It is often beneficial to outline a clear design process prior to
the commencement of any design project. An example of how
such a process could be applied to designing corneal scaffolds
is shown in Table 1. First, it is important to ask what is the
problem that we are trying to solve and whether a scaffold is
necessary. For cornea, the problem is a lack of healthy donor
tissue to replace part or all of a damaged or diseased cornea.
While scaffold free approaches to this problem have some
merit, scaffolds provide a useful artificial matrix to allow a
tissue to form. Once the problem is understood, a thorough
review of literature and patents should commence to determine
the progress made in addressing this problem, the limitations
with other approaches and potentially identify new solutions.
Next, the specific user and material requirements of the scaf-
folds need to be defined. Using this information, a prototype
should be designed, fabricated, and assessed physically and bio-
chemically. These steps should be repeated until a scaffold that
fulfills all the user requirements has been developed. Finally, it
is important to consider the regulatory approval process early
in the design process. It may be advantageous to use materials
and fabrication processes that have already undergone approval
for other applications.
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2.1. Surgical Application
One of the first factors to consider when designing a scaffold

for corneal regeneration is how it will be applied. Depending
on the type of injury or medical condition that a patient
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Figure 1. Schematic representations of A) the human eye with the cornea visible on the anterior surface; B) cross-section of part of the cornea showing
the different layers present; C) cross-section of a limbal crypt with the different cell types; D) cross-section of the anterior segments of the eye.

suffered, several different types of surgeries or keratoplas-
ties can be used to restore vision (Table 2). Traditionally, pen-
etrating keratoplasty (PKP) involves the removal of the full
thickness of the central cornea, leaving only a small rim of
tissue near the limbal interface (Figure 2). A donated cornea
is then positioned in the space left by the patient’s cornea and
sutured in place. While PKP is still relatively common, alter-
native procedures that require specific layers of the cornea to
be transplanted such as anterior lamellar keratoplasty (ALK),
deep anterior lamellar keratoplasty (DALK), Descemet’s

Table 1. Design process for developing corneal scaffolds.

Design process Application to cornea

Define problem A lack of corneal tissue suitable for keratoplasties

Research current solutions  Keratoprosthesis, stem cells, tissue engineering, etc.

Define user requirement For patient: to restore and maintain vision without
pain or medical complications
For surgeon: easy to handle and suture

For industry: cost, market size, and scalability

Specify material requirement  Biocompatibility, cell adhesion, regulation of cell
behavior, degradation, mechanical properties,

transparency, etc.

Design prototype Select suitable material, fabrication process,

sterilization technique, etc.

Evaluate design In vitro using appropriate cells in culture, in vivo
using animal model; both physical and biological

properties need to be considered
Optimization Use findings of previous steps to modify and

improve the scaffold design

Seek regulatory approval Interact with regulatory bodies early to discuss
the feasibility of clinical translating design to treat

patients
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membrane endothelial keratoplasty (DMEK), and Descem-
et's stripping endothelial keratoplasty (DSEK) have become
increasingly popular. Between 2005 and 2014, the percentage
of keratoplasties in United States that were PKP fell from
95% to 42%l'% with similar trends found in other countries.'’]
Transplantation of limbal tissue (LT) has also become more
popular in recent years as a method of treating conditions that
result in limbal stem cell deficiencies.

The type of surgery that is required has a significant influ-
ence on the type of scaffold required. For procedures such as
LT or DMEK, a thin, flexible, and permeable film capable of
supporting the cells is ideal. For DMEK, the film would also
need to allow it to be rolled up to enable its insertion under
the cornea and it should degrade without the release of any
cytotoxic or inflammatory constituents. For surgeries involving
replacement of the stroma, a thicker 3D scaffold capable of con-
taining cells would be needed.

2.2. Cells

Once the type of keratoplasty is known, the next decision is to
determine if it is necessary to culture cells in the scaffold prior
to transplantation or to design the scaffold to allow the patient’s
own cells to repopulate it in vivo post-transplantation. In cases
where there is a lack of endothelial cells, it will be necessary to
culture cells on the scaffold prior to transplantation as corneal
endothelial cells have poor proliferative capacity due to being
arrested in the G1 phase of the cell cyclel'® and just implanting
a biomaterial without cells would likely be of little benefit. Sim-
ilarly, for patients with limbal stem cell deficiencies, cells are
required to repopulate the limbal region of the eye. Acellular
biomaterials could be used to deliver specific biomolecules to
accelerate regeneration and repair, with amniotic membranes

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Types of corneal surgery and clinical indications.

www.afm- ]ournal de

Surgery Abbreviation Layers needed Possible indications
Penetrating keratoplasty PKP Full thickness cornea Severe keratoconus with damage to endothelium
Anterior lamellar keratoplasty ALK Epithelium, Bowmans layer, partial stroma Keratoconus, anterior scarring
Deep anterior lamellar keratoplasty DALK Epithelium, Bowmans layer, most of the stroma Keratoconus
Descemets membrane endothelial keratoplasty DMEK Endothelium, Descemets membrane Bullous keratopathy, Fuchs dystrophy
Descemets stripping endothelial keratoplasty DSEK Endothelium, Descemets membrane, partial Bullous keratopathy, Fuchs dystrophy
stroma
Limbal transplant LT Limbus Limbal stem cell deficiency, Stephen-Johnson syndrome,

aniridia

currently used in this way to deliver molecules capable of inhib-
iting inflammation, scarring, and angiogenesis.*"!

Different reports have investigated the use of cell seeded and
acellular scaffolds to replace the stroma, although few studies
have undertaken direct comparisons between the two. To pro-
mote cell infiltration of acellular scaffolds post-transplantation,
the scaffolds need to be sufficiently porous to allow cells to
enterl?” or contain extracellular matrix proteins that the cells
can degrade or remodel.?!! Topographical cues such as aligned
fibers may also be used to guide cells into a scaffold.?? Bio-
chemical cues could also be incorporated into the scaffold to
promote a chemotactic response and increase cell infiltration
and proliferation.?’] However, it should be noted that cells
from rabbit and human corneas behave quite differently to
each other®¥ and the size, thickness, and mechanical behavior
of rabbit corneas also differs to human,?! therefore the rabbit
data may not be directly translatable to humans.

Should it be decided that scaffolds are to be seeded with cells
prior to transplantation, the source and phenotype of the cells
has to be considered. The three main cell types in the cornea
(epithelial, stromal, and endothelial) all have different chal-
lenges associated with their culture and application. Limbal
derived epithelial cells can be contaminated by stromal cells
quite easily and normally require a feeder layer to allow their
expansion in culture. Stromal cells become fibroblastic in the
presence of serum but are slow to proliferate in serum free
conditions. One approach to overcome this limitation is to
expand the cells in serum and then switch to a supplemented
serum free medium that allows the partial restoration of the
cell phenotype.?%l Endothelial cells are particularly difficult to

Cornea

culture particularly as most donors as quite old and their cells
no longer support proliferation.

While autologous cells may reduce the risk of rejection,
these can be difficult to obtain from the patient’s own cornea in
sufficient quantities due to the probable lack of healthy tissue.
Some studies have taken limbal cells from the patient’s healthy
eye, expanded these cells in vitro, and transferred them to the
damaged eye using a scaffold.?”) Cells can also be isolated from
other tissues in the body or other sources and used to popu-
late scaffolds for corneal stromal regeneration. Bone marrow
derived mesenchymal stem cells (BMSCs),? adipose derived
stem cells (ASCs),? and embryonic stem cells (ESCs)B% and
umbilical cord stem cells (USCs)P*! have all been shown to be
capable of differentiating toward a keratocyte lineage when cul-
tured under specific biochemical conditions. However, a recent
study by Dos Santos et al. showed that corneal derived stem
cells were better at developing a keratocyte lineage and were
less inflammatory compared to BMSCs, ASCs, and USCs.B? In
addition, it has recently been suggested that MSCs are not truly
stem cells when in the body but rather they just release mole-
cules to support and regulate the existing cell populations after
implantation.*¥! Induced pluripotent stem cells (iPSCs) have
also been suggested as an alternative source of stem cells and
have been shown to be capable of inducing epithelial, kerato-
cyte, and endothelial phenotypes although challenges such as
genetic variability and unwanted differentiation remain to be
overcome.

An alternative to using a scaffold is to culture cells over a pro-
longed period and allow the cells to generate new tissue using
a “bottom-up approach” rather than a “top-down approach.”

N\ N\ N\

DALK

DMEK/DESK

N\ N\ N\

Figure 2. Schematic representation of the different types of keratoplasty. The blue section represents the original cornea and yellow represents the
transplanted cells or tissue (PKP = penetrating keratoplasty, ALK = anterior lamellar keratoplasty, DALK = deep anterior lamellar keratoplasty, DMEK =
Descemets membrane endothelial keratoplasty; Descemets stripping endothelial keratoplasty, LT = limbal transplant).
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This technique has been shown to be capable of generating
stromal tissue with good transparency and a fibril organi-
zation and matrix composition similar to that found in the
native corneal stoma.l*®! The stroma formed is also capable of
supporting epithelium and endothelium formation. The main
limitations with this approach are the time taken to culture suf-
ficient number of cells and the limited thickness of the stromal
tissue with reports suggesting a culture time of 4-5 weeks to
generate 50 um thick stroma. Research by the Zeugolis lab has
shown that the stromal tissue formation process by cells can be
accelerated using macromolecular crowding, a technique that
reduces the amount of procollagen being washed away in the
cell culture medium.B% A simple method of overcoming the
issues with thickness could potentially be resolved by stacking
multiple stromal sheets,?”] although the success of the implant
would be dependent on how well the layers integrate with each
other. The integration of the layers is particularly important for
PKP and DLKP where multiple layers would be required and
there is a danger of slippage between layers leading to degrada-
tion. The self-assembly of cells has also been used to generate
epithelium on a temperature responsive carrier material that
allows the detachment of the cells from the material without
the need for enzymes.3¥l Since the focus of this paper is on cor-
neal scaffold design, the proceeding sections will concentrate
on scaffold-based solutions rather than the bottom-up approach.

2.3. Scaffold Physical Properties

To determine the suitability of a scaffold for corneal regenera-
tion or replacement, it is important to understand how cells
will interact with the scaffold both in vitro and in vivo. Fac-
tors such as cell adhesion, morphology, migration, prolifera-
tion, and extracellular matrix production are all influenced by
the physical and chemical properties of the scaffold. Several
studies have shown that the stiffness of a material can influ-
ence the phenotype of many different cell types including
corneal epithelial cells,*°l limbal derived stem cells,*? corneal
stromal cells,l and corneal endothelial cells.*?l For stromal
derived cells, culture on a low stiffness appears to reduce trans-
forming growth factor B1 (TGF-B1) induced myofibroblastic
differentiation.[*13:43]

In addition to affecting how cells behave, mechanical proper-
ties of the scaffolds are also important for functional reasons.
The scaffolds must be sufficiently stiff and strong to be able to
withstand suturing without tearing and withstand physiological
forces applied to it postimplantation such as intraocular pres-
sure, eyelid motion, and tear film motion.** If the scaffold is
insufficiently stiff or strong, it could undergo deformation or
failure, respectively. The scaffold stiffness should also not be
too high, as this would reduce its ability to deform in the same
way as the surrounding tissue when under stress and poten-
tially lead to a mismatch in strain. The viscoelastic character-
istics of cornea also have to be considered as these influence
the behavior of the cornea under load.*’! Ideally, the scaffold
mechanical properties should match the native corneas as close
as possible. Young’'s modulus and tensile strength of cornea
varying considerable between publications (modulus =100 kPa
to 57 MPa; strength =3-6 MPa) due to the tissue anisotropy,
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different testing mechanisms and donor variability.*®! Corneal
permeability (=2.2 x 107 m* N s7'#)) is another factor that
is often overlooked when designing scaffolds but is vital for
allowing nutrients and gases into the central cornea.

Another factor that will influence how cells behave is the
structure of the scaffolds. In vivo corneal stromal cells reside
between layers of aligned collagen fibrils. To examine how these
cells response in vitro to such topographical cues, channels with
widths and depths in the micrometer and nanometer ranges
have been used. Aligned substrates were found to increase
corneal stromal cell alignment, direct cell migration and pro-
mote a keratocyte phenotype.*®! Similarly, channels that mimic
the nanostructure of the corneal basement membrane,*! have
been shown to affect corneal epithelial cells elongation, adhe-
sion, proliferation, and gene expression.*3450 Scaffolds have
also been developed to study the effect of topographical cues on
corneal cells in a 3D environment since this is more physiologi-
cally relevant. Wilson et al. showed that incorporating aligned
nanofibers into a hydrogel increased expression of kerato-
cyte specific genes and reduced expression of myofibroblastic
genes.’!l In addition to surface topography, it has recently been
shown that surface curvature can also influence the orientation
and phenotype of corneal stromal and epithelial cells.’?

In addition to the scaffold affecting how the cells behave,
reciprocally, cells can remodel the scaffold through the appli-
cation of strain and the release of enzymes and extracellular
matrix molecules.>? It is therefore important that the scaffold
supports the cells to remodel it into a tissue that resembles
real cornea. Ideally, as the scaffold degrades ECM molecules
should replace the structure without compromising its integ-
rity or functionality. Generation of aligned collagen fibrils in
the stroma while remodeling is important for corneal trans-
parency and may be assisted by initially aligning the scaffold
in a similar pattern. For example, low concentration collagen
hydrogels seeded with corneal fibroblasts undergo contraction
and form an opaque sphere unless tethered to a support struc-
ture such as a ring.”® Factors such as seeding density, culture
media composition, biomaterial degradation resistance, mate-
rial concentration in hydrogels, porosity, and structure can be
optimized to control the remodeling process. Some scaffolds
may be designed to avoid remodeling and degradation and
instead provide a stable implant that does not change over time.
While this has some advantages, including lower risk of uncon-
trolled degradation and reduced susceptibility to donor/patient
variability over long time periods, these implants would likely
fail due to the lack of regeneration occurring. Hence, scaffolds
that support remodeling and regeneration have more potential
as corneal substitutes.

The phenotype of the cells is another important factor, par-
ticularly for stromal remodeling with quiescent keratocytes
being noncontractile and producing minimal matrix compo-
nents, while myofibroblasts are highly contractile and produce
different proteins and matrix metalloproteinases (MMPs).>

The biocompatibility of the scaffold is important to ensure that
it survives after implantation. The materials used to fabricate the
scaffolds and their degradation products need to be noncytotoxic
and not induce a host immune response. Keratoplasties are often
considered to be immune privileged since there are no blood or
lymphatic vessels in the cornea. However, despite having a lower

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Image showing the transmittance of light through a cornea
across different wavelengths.

immune rejection rate than many other tissues and organs,
the implanted cornea can still illicit an immune response and
undergo rejection. The risk of immune rejection increases with
regrafts due to the initial severing of nerves leading to the loss of
anterior chamber-associated immune deviation.?’!

2.4. Optical Properties

Another factor that needs to be considered when developing scaf-
folds for corneal regeneration is that the scaffolds need to have
similar light transmittance characteristics to the real cornea. The
cornea allows light from the visible light spectrum (wavelength
400-780 nm) to pass through while limiting light in the ultra-
violet (UV) spectrum (less than 400 nm) as shown (Figure 3).
The ability of UV light to pass though the cornea differs between
the central and peripheral regionsP® and UV exposure can result
in damage to the retina.’”! In addition, the cornea needs to be
able to focus light through the lens into the retina. An improper
curvature of the cornea (such as with astigmatism) can result in
light not being focused correctly and lead to reduced vision.

The transparency of the cornea is dependent on its collagen
fibril structure. The corneal stroma consists of small, aligned
collagen fibrils with regular spacing between fibrils.}l This
highly organized arrangement is believed to be vital to allow
light to pass between the fibrils since any disruption of this
organization due to injury or disease results in a reduction
in transparency.”® The cells in the stroma also play a role in
allowing visible light through the cornea. Crystalline proteins
found in the cytoplasm such as ALDH1A1l and ALDH3A1
reduce the ability of keratocytes to scatter light.””) When these
cells are activated, the presence of these proteins is reduced and
the cells disrupt the passage of light.

3. Materials Selection

3.1. Collagen

Collagen type I is the most abundant protein in the cornea with
lesser amounts of other collagens also present.>®° Collagen

Adv. Funct. Mater. 2020, 1908996 1908996 (6 of 24)

Table 3. Summary of collagen-based scaffolds.

Application Scaffold material Tested invivo  Refs.
Epithelial Rat collagen | No [64]
Epithelial Bovine collagen | No [61,65]
Epithelial Bovine collagen | Rabbit [66]
Epithelial Recombinant human collagen |11 No [67]
Epithelial Recombinant human collagen Il Mini-pig and rabbit  [68]
Epithelial Porcine collagen | + GAG No [69]
Epithelial and stroma Porcine collagen | Rabbit [70]
Epithelial and stroma Rat collagen | Rabbit 71
Epithelial and stroma Bovine collagen | Rabbit [72]
Epithelial and stroma Bovine collagen | Dog [73]
Epithelial, stroma, Rat collagen | + GAG No [74]
and endothelium

Epithelial, stroma, Bovine collagen | No [63]
and endothelium

Stroma Rat collagen | No [53,75]
Stroma Rat collagen | Rabbit [76]
Stroma Rat collagen | + PA No [77]
Stroma Bovine collagen | No [47a,78]
Stroma Bovine collagen | Pig [79]
Stroma Porcine collagen | Guinea pig [80]
Stroma Recombinant human collagen | Mini-pig [81]

and Il

Stroma Recombinant human collagen IlI No [82]
Stroma Recombinant human collagen 111 Human [83]
Endothelium Rat collagen | No [84]
Endothelium Bovine collagen | Rabbit [85]
Endothelium Porcine collagen | Rabbit [86]
Endothelium Human collagen | Rabbit [87]

forms a triple helix molecule containing repeating units of the
amino acids glycine, proline, and hydroxyproline. In total, col-
lagen constitutes ~70% of the dry weight of the cornea.l’! For
this reason, collagen has been a popular choice of material to
manufacture scaffolds that mimic the native cornea’s compo-
sition. Some of the earliest attempts at engineering corneal
tissue used collagen scaffolds and hydrogels. For example, Ger-
main et al. used collagen to engineer the anterior segment of
the cornea.%?l Orwin and Hubel described the development of
a collagen sponge that could support the growth of corneal epi-
thelial, stromal, and endothelial cells.[*3] However, despite these
promising early studies, a number of challenges were evident
including poor mechanical properties (Young’s modulus of
collagen sponge =95-370 Pal*’3)) and scaffolds not mimicking
the stroma’s native fibril organization. Numerous studies have
since explored different methods of overcoming these issues
and used collagen as their primary material for fabricating cor-
neal scaffolds (summarized in Table 3).

Many collagen scaffolds have inferior mechanical proper-
ties and degradation resistance when compared to the native
tissue.l®l This is often due to a lower density of collagen being
used to generate a scaffold compared to the collagen density in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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real cornea and a lack of crosslinks between collagen fibers in
the scaffolds. To overcome this problem, different crosslinking
treatments have been explored. Chemical crosslinking by glu-
taraldehyde, 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
hydrochloride (EDC) and multifunctional dendrimers have
been shown to significantly increase the modulus and strength
of collagen-based scaffolds (Young's modulus increased to
1.4 MPa after dendrimer crosslinking).®!l The main limitation
with these treatments is that these chemicals are cytotoxic so
crosslinking can only be done on acellular scaffolds. Genipin
has been suggested as a less cytotoxic alternative to crosslinking
with glutaraldehyde,®® however at the concentrations needed
to significantly increase mechanical properties, it results in
collagen scaffolds turning a dark blue color.®! Crosslinking
collagen with UVA light in the presence of riboflavin has been
shown to increase the modulus of collagen hydrogels seeded
with corneal stromal cells. This approach also led to a reduction
in cell viability, albeit some viable cell remain after the treat-
ment.[* The addition of peptide amphiphiles (PAs) to collagen
has been shown to control contraction to enable a curvature to
be generated.l”’]

Different types of collagen scaffolds have been developed
for corneal tissue engineering including hydrogels, films and
sponges. Collagen hydrogels usually have a very high water
content (up to 99.7% v/v) but unlike many other hydrophilic
hydrogels that are incompressible, the water content of collagen
hydrogels can be reduced under compression, thus allowing
the collagen concentration and hydrogel stiffness to be con-
trolled.®l Collagen films can be used to expand and transplant
epithelial or endothelial cells”?#%’ or can be stacked to form
multiple layers that mimic the stroma.”*® Collagen sponges
tend to have poor transparency compared to films or hydrogels
and are believed to promote a myofibroblastic phenotype in
stromal derived cells./”8]

The source of collagen plays an important role in dictating
the scaffold’s physical and biological properties. Collagen used
for manufacturing corneal scaffolds is usually derived from
animal tissues such as bovine or porcine skin or rat-tail or por-
cine tendon. The species and tissue from which the collagen is
taken can affect the final physical properties of the scaffolds.?
The amino acids in collagen can vary between different species,
which in turn affects the collagens overall characteristics.”*l The
modulus of collagen hydrogel scaffolds has also been shown to
be dependent on the age of the animal from which the collagen
is derived.” Recently alternative sources to animal tissue have
been investigated due to the potential risk of cross species dis-
ease transmission. Human derived collagen from bone chips
has also been used for corneal tissue engineering, although the
supply of such tissue is more limited than using animal derived
collagen.®”] As a potentially safer alternative to animal col-
lagen, recombinant human like collagen can be manufactured
from specific plants, bacteria, and yeast cells.” This approach
reduces the potential of disease transmission and should
improve the consistency of the collagen produced since there
are no donor variations. Transgenic animals may also be modi-
fied to secrete human like collagen in milk or other fluids.’®

In addition to the collagen source, the type of collagen needs
to be considered when producing a corneal scaffold. While the
majority of studies have used type I collagen since this is the
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most widely available and the most abundant collagen in the
stroma, other studies have focused on different types of collagen
to generate scaffolds. For example, recombinant collagen type
III has been shown to be suitable for manufacturing artificial
stroma with similar optical properties and structure to the
native stroma.®2l Merrett et al. and Lagali et al. found that type
I and type III recombinant collagen scaffolds had similar phys-
ical properties to the corneal stroma and produced a similar cell
response when used as a stromal replacement.®!] Clinical data
suggests that recombinant collagen IIT implants remain stable
and transparent for several years without inducing any nega-
tive side effects and could be used to treat patients with severe
corneal damage.[®’]

Collagen scaffolds can be processed in a number of dif-
ferent ways to give very different properties. One type of col-
lagen scaffold that has been under investigation for corneal
tissue engineering is referred to as a vitrigel.’) This is a col-
lagen hydrogel that has been vitrified and then rehydrated.
Vitrification involves the slow dehydration of the hydrogel at
a predetermined temperature to form a rigid glassy material.
The result is a mechanically strong and stable material with
good optical properties. Vitrigels have been used to grow and
transplant corneal epithelium/® and endothelium®¥ in animal
models. More recently, the material has been used to manufac-
ture ocular permeability and irritancy assays to assess the safety
of chemical and pharmaceutical products.® One potential
limitation with this material is that it is unclear how well cor-
neal stromal cells migrate into the vitrigel, which might limit
its applications as a stromal replacement.

One alternative approach to generating collagen scaffolds
with aligned fibers and low immunogenicity is to use fish
scales. Scales from the tilapia have been decellularized and
decalcified to leave an organized, biocompatible collagen type
I matrix.'% These scaffolds have been tested intrastromally in
vivo using rats!'® and rabbits.[1992192] [n these studies, the scaf-
folds were acellular upon implantation so it is not clear if they
can be populated with keratocytes in vitro prior to implanta-
tion. While scales from tilapia have been the most extensively
studied, scales from other species of fish have also been used to
produce collagen scaffolds.['%%] Fish scale derived scaffolds have
also been used for culturing human corneal endothelial cells,
however further modification of structure and surface chem-
istry is required before considering it as a potential cell carrier
for endothelial cells.!%4

3.2. Silk Fibroin

Silk fibroin is a protein that has become a biomaterial of consid-
erable interest for corneal tissue engineering and regeneration
over recent years due to its biocompatibility, biodegradability,
mechanical strength, transparency, and ability to be used in a
wide variety of forms including hydrogels, sheets, fibers, and
sponges as well as forming various nanomaterial structures.[%]
Several silk products have been clinically approved for use in
Europe and North America including silk sutures, silk dress-
ings, and surgical meshes. A summary of studies involving the
application of silk fibroin for corneal regeneration is shown
(Table 4).
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Table 4. Summary of silk fibroin scaffolds.

chitosan?1V] to improve cell attachment
and proliferation. Crosslinking silk fibroin

Application Scaffold material Tested in vivo Refs. films using riboflavin and UVA light has
Epithelial Bombyx mori No [106] been shown improve their adhesion to the
o . ‘ ocular surface.[1l Bioactive molecules, such
Epithelial Bombyx mori or Antheraea pernyi No [107] L R R
o . 4 as retinoic acid, have also been incorporated
Epithelial Bombyx mori and RGD peptides or PDL No [108] into silk fibroin to regulate the phenotype of
Epithelial Bombyx mori and PEG Rabbit [109] corneal stromal cells.119]
Epithelial and stroma Bombyx mori No [110] Silk fibroin provides a useful substrate
Epithelial and stroma Antheraea mylitta Rabbit [ to incorporate topographical cues that can
Epithelial and stroma Bombyx mori and chitosan Rabbit [112] dehb,erately lnﬂuence cell behavior. As stated
previously, microgrooves and nanogrooves
Epithelial and stroma Bombyx mori and collagen Rabbit [113] have been shown to direct cell migration
Stroma Bombyx mori No (174] and affect cell phenotype. These patterns can
Stroma Bombyx mori Rabbit [115] be imprinted onto silk fibroin using lithog-
Stroma Bombyx mori and RGD peptides No [116] raphy or casting teChniques' Patterned silk
Stroma Bombyx mori and chitosan Rabbit 7 fibroin has been Qsed to examine the. lnﬂ,u-
' A A ence of topographical channels on epithelial
Stroma Bombyx mori and RGD peptides Rabbit [118] cell phenotype [50a] epithelia] migration [106e]
Stroma Bombyx mori, retinoic acid, and riboflavin No [119] limbal cell adhesion and cytoskeletal
Endothelium Bombyx mori No [120] organization,[l%d] and limbal cell differen-
Tat 128
Endothelium Bombyx mori Rabbit [21] tiation.'?8] Stromal stem cells and fibro-
Endothelium Bombyx mori and aloe vera Rabbit [122] b.laSts ha.\/e also been cultured on pattern
' ' silk fibroin films and stacked to generate a
Endothelium Bombyx mori and PLLA/PCL No [123] stromal equivalent.[114e]
Endothelium Bombyx mori and collagen No [124] Silk fibroin films have been shown to act
Endothelium Bombyx mori and beta-carotene No [125] as a useful carrier of corneal epithelial and
Endothelium Bombyx mori and glycerol No [126] limbal cells due to their permeabﬂityr trans-

Silk fibroin derived from Bombyx mori cocoons has been the
most extensively evaluated for use in engineering cornea. These
silkworms are commonly used to produce silk for clothes, hence
the cocoons are much cheaper than other sources. Hogerheyde
et al. explored the use of silk fibroin derived from Antheraea
pernyi cocoons for culturing and transplanting corneal epithe-
lial cells but found the material to be less transparent and more
brittle than B. mori fibroin.l'%”] Hazra et al. examined the use of
Antheraea mylitta cocoons to isolate fibroin for corneal regener-
ation.™ This study showed that A. mylitta derived fibroin was
transparent, supported cell growth, and was nonimmunogenic
when implanted into the corneal stroma of rabbits. However,
the study did not compare the fibroin directly to B. mori fibroin
so it is unclear if A. mylitta fibroin has any additional benefits
or limitations. One benefit might be that A. mylitta fibroin is
chemically different from B. mori and contains arginyl-glycyl-
aspartic acid (RGD) peptides that enhance cell adhesion.!'”]
Silk fibroin isolated from other sources such as spider silk has
to date not been examined for corneal tissue engineering or
regeneration.

Several studies have modified B. mori silk fibroin by adding
other molecules to alter its chemical properties and how it
interacts with cells. For example, several studies have added
RGD peptides to improve cell adhesion and spreading on
fibroin. However, Jia et al. found that the addition of RGD to
fibroin led to an increase in hydrophobicity and therefore sug-
gested the addition of poly-p-lysine (PDL) to fibroin as an alter-
native approach to improve cell adhesion.l'%®! Silk fibroin has
also been blended with other biomaterials such as collagen or
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parency, strength, and thickness. In several
studies, silk fibroin has been combined with
other materials (such as polyethylene glycol (PEG) or RGD pep-
tides) to enhance cell adhesion. Changes to the surface topog-
raphy have also been shown to enhance the adhesion of limbal
cells,'%d promote migration in a specific direction,['% and
regulate the cell's phenotype.[%!

The high Young’s modulus (6-8 GPal'?%), flexibility, and
ability to form thin films make silk fibroin a particularly
attractive material for engineering corneal endothelial grafts.
Madden et al. were one of the first groups to demonstrate that
corneal endothelial cells could be cultured on silk fibroin films
and maintain their cellular morphology.'?% Similar silk fibroin
films seeded with rabbit endothelial cells have been success-
fully transplanted in vivo using rabbits.?!] No inflammation or
immune rejection was detected and the grafts completely inte-
grated with surrounding corneal tissue 6 weeks after implan-
tation. Other studies have combined silk fibroin with other
materials or chemicals such as lysophosphatidic acid,3% aloe
vera,'?2l glycerol,l'¢l B-carotene,l'?’! poly-e-caprolactone (PCL)
or poly-i-lactic acid (PLLA),'2¥l and collagen!*?*] to manufacture
films suitable for generating an endothelial graft. The most
common reasons for combining silk with other materials was
to improve cell adhesion, cell proliferation, and Na*/K* aden-
osine triphosphatase (ATPase) pump function. For example,
4 weeks after implantation into rabbits, silk fibroin films com-
bined with aloe vera appeared to have superior cell retention
and more tight junctions between cells compared to films
without aloe vera.[122]

A number of studies have used silk fibroin to generate in
vitro models of the cornea to study cell behavior, assess ocular
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toxicity or model disease. Wang et al. developed a model to
study nerve regeneration into a cornea.''®! Several layers of
silk fibroin were seeded with corneal stromal cells and com-
bined using a collagen hydrogel. This portion of the construct
was then covered with epithelial cells. Dorsal root ganglion neu-
rons were then encapsulated in a silk sponge along the outer
rim of the construct and the nerve growth into the central con-
struct was monitored via immunofluorescent staining. Using
a similar model, Deardorff et al. developed a diabetic corneal
neuropathy model to study the effect of increases in glucose on
corneal nerves.['31]

In addition to fibroin, silk also contains a protein called
sericin that is usually discarded as a waste product during the
fibroin extraction process. During the degumming process of
silk cocoons, small peptides of sericin can be obtained. The
fraction of sericin extracted differs depending on the extraction
method used.'*” Urea extraction resulted in water-soluble frac-
tions while fractions obtained using other extraction methods
tended to form hydrocolloids.'33] However, to prevent degrada-
tion of the protein, Chirila et al. have suggested a slow, mild
extraction process.'3l Purified sericin has been used to increase
the corneal wound healing rate in rats.3%] The rate of wound
healing was restricted by addition of an ERK inhibitor, implying
that sericin is responsible for phosphorylation of ERK1/2. In
a separate study, when compared to silk fibroin, sericin and
sericin-fibroin composites had inferior mechanical strength
and stiffness but enhanced adhesion of corneal limbal cells.['36]
One limitation with using sericin is its cytotoxicity, although
this appears to be dependent on the extraction process. For
example, the cytotoxicity of sericin extracted using urea was
found to be significantly higher compared
to other extraction methods.’33] In con-
trast, other studies have found that sericin

variability, uncontrolled degradation and issues associated
with the improper storage and processing of membranes has
led to an increased demand for alternative biomaterials to treat
defects of the corneal epithelium.*l The mechanical strength
of the membranes can be improved by the incorporation of a
nanofiber mesh as a support scaffold.1*?l To overcome storage
limitations, the membranes can be freeze-dried and then rehy-
drated by a surgeon just before surgery.!*’]

3.4. Natural Biopolymers

In addition to silk fibroin, collagen, and amniotic membrane,
several other natural biopolymers have been explored for use
in corneal regeneration. Many of these natural biopolymers
have attractive properties including good biocompatibility, low
immunogenicity, noncytotoxic degradation products, easily
modified degradation rate in a biological system, and overall
availability of materials.'*¥ A table summarizing the different
natural biopolymers that have been used for fabricating corneal
scaffolds is shown below (Table 5).

3.4.1. Gelatin

Gelatin is a natural protein derived from the hydrolysis of col-
lagen and has been used in many tissue engineering applica-
tions including the corneal'® Among the properties that
make gelatin an attractive material include its biocompatibility,
low cost, and low immunogenicity.'®! However, gelatin lacks

Table 5. Summary of natural biopolymer scaffolds.

is immunologically inert!’®”] and potentially

.. . . . . Application Scaffold material Tested in vivo Refs.
anti-inflammatory due to its antiproliferative
effects.[138] Epithelial Gelatin + collagen | + hyaluronic acid No [145]
Epithelial Gelatin + chitosan No [146]
Epithelial Gelatin + chitosan + hyaluronic acid Rabbit [147]
3.3. Amniotic Membrane Epithelial Alginate No [148]
Epithelial Hyal ic acid N 149
One of the most commonly used natural " yaluronic act ° [149]
biopolymers for corneal regeneration is Epithelial and stroma GelMA Rabbit [150]
the amniotic membrane isolated from pla-  Epithelial and stroma Hyaluronic acid No [51]
centas following caesarean section. It has pithelial and stroma Fibrin + agarose Human [152]
l.Jeen usgd f:OI a Yarlety. of OphthalmOIOg- Epithelial, stroma, and endothelium Fibrin + agarose Rabbit [153]
ical applications including the treatment
. . . Stroma Gelatin Rabbit [154]
of corneal burns and persistent epithelial
defects.*] The tissue has also been used Stroma Gelatin + GAG Rabbit [155]
as a carrier for ex vivo expansion of limbal  Stroma Gelatin + collagen | No [156]
epithelial cells or grafted directly onto the g oma GelMA No [157)
rnea where it can integrate with the host
C.O 68140 ere c . cgrate X € R O.S Stroma Fibrin + fibronectin No [158]
tissue.l'*l The feasibility of using amniotic '
membranes for transplantation of endothe- ™3 Alginate No (159]
lial cells has also been explored.!*!l The  Endothelium Gelatin No [160]
anti-inflammatory properties as well as high  Endothelium Gelatin Rabbit [161]
biocompatibility malki amrlliotic r?embrane Endothelium GelMA Rabbit [162]
an attractive natural biopolymer for regen-
. poly .g, Endothelium Hyaluronic acid No [163]
erating the corneal surface. However, limita-
Endothelium Hyaluronic acid Rabbit [164]

tions including availability of tissue, donor

Adv. Funct. Mater. 2020, 1908996 1908996 (9 of 24)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

thermal stability"®”] and undergoes degradation quickly unless
chemically crosslinked or combined with another material. The
most common methods of crosslinking gelatin involve using car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS)!451550:156]
or glutaraldehyde, although other methods have also been
examined.1%0 Alternatively, gelatin can be chemically modified
using methacrylic anhydride to form GelMA, a material that
can undergo crosslinking via exposure to UVA light.}% Unlike
most chemical crosslinking processes that are cytotoxic, the
main advantage of using GelMA is that the cells can be mixed
into the material prior to crosslinking. GelMA has been used
to engineer stromal scaffolds,™®”) endothelial sheets,['®? and
as a corneal bioadhesive.'®)] Gelatin has also been combined
with other materials to improve its mechanical properties, cell
response and degradation rate including collagen, chitosan,
chondroitin sulfate, and hyaluronic acid.[45-147:155b,15¢]

Due to its isoelectric point allowing a polyion complex to be
formed, gelatin has been used as delivery vehicle for growth
factors or other biomolecules.’% Isoelectric point and pH
can vary depending on the source of gelatin and how it is pro-
cessed so it is important to select a suitable type of gelatin for
a particular application.'®™ In one study, ascorbic acid was
incorporated into gelatin in the form of a cryogel for corneal
stroma engineering.'>*®! Ascorbic acid is known to increase
cell proliferation, enhance collagen deposition, and regulate the
phenotype of keratocytes.?**171] An alkali burn animal model
was used to demonstrate that intrastromal implantation of the
constructs improved matrix regeneration, transparency, and
decreased corneal damage.

Gelatin has been used to fabricate sheets for culturing and
transplanting endothelial cells.1%*161 When compared to
atelocollagen sheets, gelatin displayed greater transparency,
mechanical properties, and permeability for endothelial cell
transplantation.'®” Normal expression of functional endothe-
lial phenotypic markers was observed on gelatin hydrogels.
This study suggested that gelatin hydrogel sheets could be
used for the transportation of corneal endothelial cells during
transplantation.

In addition to using gelatin as a scaffold for engineering
cornea or a sheet for transplanting cells, it can be used to
manufacture bioadhesive hydrogels to be used for sealing
and repairing cornea following injury without the need for
sutures.l'172l A chemically modified, UV crosslinkable gel-
atin based material called GelCORE has been developed that
mimics native corneal stiffness, is highly adhesive, cytocompat-
ible, and biodegradable. In vivo data showed that this hydrogel
was able to seal corneal defects without the need for sutures
and promoted re-epithelialization of the corneal surface.[*®"]

3.4.2. Fibrin

Fibrin is produced by combining fibrinogen and thrombin and
has been used as an alternative to suturing for keratoplasties.
Fibrin has also been used to transplant limbal tissue with the
aim of decreasing operative time, improving patient comfort,
and increasing the ease of technique for surgeons.'’?l How-
ever, an in vitro study showed that the use of fibrin on explants
significantly delayed corneal epithelial migration by acting as
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a physical barrier and should therefore be used with care to
ensure the glue does not wrap around the explant.l'’l Recently,
fibrin has been used in the form of a glue for sealing corneal
wounds and leaks that have persisted after surgery as well as
damage caused by trauma.['”>! The fibrin glue could be injected
into the anterior chamber to seal any leaks postoperatively.
However, the small number of cases used in this study as well
as alternative interventions that are simpler and just as effec-
tive limits its use in this manner. A similar study used fibrin
tissue glue to treat complex epithelial ingrowth after LASIK
surgery.l'7% After removal of epithelial ingrowth with adjunctive
fibrin glue, the recurrence of ingrowth was absent in 91.7% of
eyes and visual acuity improved.

Fibrin combined with agarose has been used to engineer
cornea.l'>?2153177] The presence of agarose mechanically stabi-
lized the hydrogel, improved transparency, and slowed degra-
dation. The hydrogel is able to support the growth of corneal
epithelial, stromal, and endothelial cells.'>3 Clinical trials are
ongoing to examine the safety and feasibility of using this
material for anterior lamellar keratoplasty.'>?

Fibrin combined with fibronectin has been used to form an
interconnected network similar to those seen during in vivo
wound healing."® In a collagen matrix, corneal fibroblasts
move independently whereas the fibrin matrix induces an inter-
connected, collective mode of cell spreading that was aided by
fibronectin patterning.

3.4.3. Chitosan

Chitosan is a polysaccharide derived from chitin obtained from
crustaceans. This material has been used to generate scaffolds
for a variety of tissues due to its biocompatibility, antimicro-
bial and anti-inflammatory properties, and nontoxic biodegra-
dability.1'”8l However, chitosan scaffolds have poor mechanical
properties and they can degrade quickly, although the degra-
dation rate can be modified.'””) Chitosan is more commonly
used in combination with other materials when being used to
develop scaffolds for engineering cornea. For example, chitosan
has been combined with gelatin alone or gelatin and hyaluronic
acid to generate sheets for culturing and transplanting limbal
and epithelial cells.'*6147] Chitosan has also been combined
with silk fibroin to generate a corneal stromal substitute.[''>117]

3.4.4. Alginate

Alginate is a natural biopolymer derived from seaweed that
has been used for several medical and biological applications
including tissue engineering, drug delivery, and cell encapsu-
lation.'8% Tt consists of b-p-mannuronic and a-1-guluronic acid
chains, the ratio of which influences the material's physical
properties.'8 A hydrogel can be formed by dissolving sodium
alginate powder and exposing it to a source of calcium (e.g., cal-
cium chloride) that allows the sodium ions to be replaced by
calcium ions. Since alginate lacks cell adhesion sites, the mate-
rial needs to be modified or combined with other materials for
corneal applications. For example, alginate has been used with
gelatin nanofibers to generate a corneal stromal scaffold.l'>”!
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The addition of nanofibers to the alginate hydrogel enhanced
its mechanical properties and resulted in a Young’'s modulus
similar to native cornea. Oxidized alginate has also been used
to support the culture corneal epithelial cells.'*! The stability
and lack of binding sites in alginate have limited the number
of studies that have used this material for engineering cornea.

3.4.5. Hyaluronic Acid

Hyaluronic acid or hyaluronan is a nonsulfated glycosamino-
glycan (GAG) found in several tissues and has previously been
used for cartilage repairs and skin regeneration!'®? but has also
been used as a scaffold for engineering cornea. Koivusalo et al.
demonstrated using a porcine organ culture model that modi-
fied hyaluronic acid based hydrogels seeded with adipose derived
stem cells could be used to repair damaged cornea without the
need for sutures.>! Hyaluronic acid has also been suggested
as a suitable xeno-free substrate for culturing corneal epithelial
cells™ and as a potential carrier for endothelial cells.[163164]
Despite some promising results, one potential limiting factor
with using hyaluronic acid for corneal tissue regeneration is that
the material has been associated with lymphangiogenesis in the
limbus, although this requires further study.!'®3!

3.5. Decellularized Cornea

Organ decellularization consists of removing cells and their
debris to obtain an acellular scaffold composed of just the

Table 6. Summary of decellularized cornea studies.

organ’s ECM. By removing the cells, major histocompatibility
complexes are depleted thus reducing the risk of graft rejection.
The main advantage of using decellularized corneas is that the
obtained scaffold should be biochemically identical to original
tissue. Furthermore, the exquisite collagen arrangement in the
corneal stroma can be maintained, which is difficult to replicate
using other biomaterials. The scaffolds should remain sterile
throughout the decellularization process although terminal
sterilization via gamma irradiation is often used to ensure ste-
rility.'® In a recent study, researchers have demonstrated that
gamma irradiation does not significantly disturb the architec-
ture of the ECM.['®] As with many materials, batch-to-batch
variability can be expected due to donor variability. It is also
important to ensure the corneas have been sufficiently decel-
lularized. Macrophage polarization toward an M1-phenotype
has been observed in vitro and in vivo when decellularization is
incomplete.['8% B lymphocyte activation may also occur, as well
as binding of immunoglobulins and complement proteins to
residual cell components.['®”]

A wide range of methods have been described to decellu-
larize organs. In general, these methods can be divided into
physical, chemical, and biological methods (Table 6). Most
decellularization methods are based on a combination of dif-
ferent methods. Physical methods include agitation, freeze-
thawing, '8 high hydrostatic pressure,'®) or supercritical
CO0,.1%1 Chemical agents include detergents, such as sodium
dodecyl sulphate (SDS),1°! sodium deoxycholate (SDC),[184:188b]
Triton X-100,'2) or lauroyl glutamate;!'>l organic acids, such as
peracetic acid!'¥ or formic acid;'*! bases, such as ammonium

Application Scaffold species Primary decellularization technique Tested in vivo Refs.
Epithelium Human Biological Rabbit [212]
Epithelium Porcine Biological Rabbit [230]
Epithelium Human Chemical Rat [231]
Stroma Porcine Biological Rabbit [184b]
Stroma Porcine Chemical Dog [184f]
Stroma Human Biological Rabbit [198b]
Stroma Porcine Physical No [225b]
Stroma Bovine Chemical No [232]
Stroma Bovine Physical No [190b]
Stroma Human Chemical Human [210]
Stroma Human Chemical Rabbit [201a]
Stroma Porcine Biological Rabbit [184e,199]
Stroma Porcine Chemical Human [184¢,213]
Stroma Porcine Chemical Nonhuman primate [233]
Stroma Porcine Physical Rabbit [234]
Stroma Human Chemical Rabbit [205a]
Stroma Porcine Chemical Rabbit [228]
Stroma Porcine Chemical No [229]
Endothelium Human Chemical No [192a]
Endothelium Human Chemical No [208]
Endothelium Human Physical Cat [188¢]
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hydroxide;19241%] and hypertonic solutions, mainly 1.5-2 m
sodium chloride.[8821920.197] Biological methods used include
commonly used cell dissociating agents, such as trypsin and
dispase I1;1182198] other catalytic enzymes, such as phospho-
lipase A2;134¢191 human serum;?%! and nucleases, such as
DNAses and RNAses.[1846188.2011 Each of these methods pre-
sents strengths and limitations, which have been highlighted
previously.?92l The main limitations with specific decellulari-
zation techniques may include insufficient removal of cells
and DNA, loss of ECM components, disruption of the stromal
matrix organization, and residual chemical agents remaining in
the scaffold and affecting its biocompatibility. For this reason,
optimization of the process is required.

Another factor that needs to be considered is the species
from which the corneas are obtained. The ideal tissue source
for corneal decellularization is human. While healthy corneas
are usually transplanted to patients in need, some corneas are
deemed unsuitable for transplantation due to low endothelial
cell count or being positive for some viruses. In the case of low
endothelial numbers, these corneas could potentially be repur-
posed for decellularization.?%%] In the case of infections, gamma
irradiation could be used to eliminate the risk of bacterial, viral
or fungal disease transmission.?*! In addition, some studies
have focused on the use of discarded tissue after small incision
lenticule extraction (SMILE), a refractive technique for myopic
treatment.2%l While the use of human corneas is certainly one
option, donor shortages remain an issue, thus alternative spe-
cies have been explored.

Due to their anatomical similarities to human cornea and
their availability, porcine corneas have been the most exten-
sively studied for decellularization. Pig corneas are slightly
thicker than human but have similar mechanical characteris-
tics.?%! In a recent study, it was found that the porcine cornea
had the highest similarity score to the human, compared to 13
other animals that could be used for decellularization, among
them were dog, cat, sheep, goat, cow, horse, and rabbit.?"” This
score was calculated from amino acid sequence, isoelectric
point, and hydropathicity of the main ECM components found
in the stroma. It is important to note that some immunogenic
epitopes to humans are present in the porcine cornea, such
as N-glycolylneuraminic acid (Neu5Gc) and galactose-alpha-
1,3-galactose (o~Gal). This highlights the importance of
applying a thorough decellularization process in order to avoid
graft rejection.

Corneas can be decellularized as a whole or can be cut to
a certain thickness by manual dissection or using a femto-
second laser-assisted cutting machine prior to decellularizatio
n.[198b208] [y some cases, researchers have opted to recellularize
the scaffolds prior to implantation. For the recellularization of
the stroma, the thickest layer of the cornea, the most common
strategies have been injection!8461880,1912.20) o1 simple seeding
on the surface.?12197.210] Injection can introduce cells into
deeper areas of the tissue but can also result in fibril disrup-
tion. Seeding cells on the surface requires the cells to migrate
into the densely packed collagen stroma. Seeding is more
commonly used for the recellularization of the epithelium or
endothelium since these cells are not required to migrate into
the tissue, only to form a layer on the corneas anterior and pos-
terior surfaces, respectively.
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To evaluate decellularized corneal scaffolds, many studies
have implanted them intrastromally by creating an intrastromal
pocket and filling it with the scaffold. This approach provides
some insight in the ability of the scaffold to integrate and elicit
or inhibit strong immune responses. Recovery of transparency
can also be assessed with this approach. Anterior lamellar kera-
toplasty is a more clinically useful model and provides infor-
mation on the ability of the epithelium to regenerate on the
surface of the scaffold. In a study by Xu et al., in vitro recel-
lularized scaffolds with epithelial and stromal cells were shown
to be beneficial in an ALK model in dogs.'®] Other studies
have shown that scaffolds without an epithelium still pro-
vided a good substrate for endogenous cells to repopulate the
surface [184be.211]

There have been a few novel approaches to generating cor-
neal scaffolds that combine decellularization with other mate-
rial fabrication techniques. For example, one approach has been
to embed a decellularized lenticule in a compressed collagen I
hydrogel to improve the hydrogel's mechanical properties, sus-
ceptibility to degradation and suturability, while maintaining
its excellent cytocompatibility in an limbal epithelial stem cells
deficiency model in rabbits.?'?l Decellularized corneas have also
been studied as carriers for the transplantation of endothelial
cells.[192228] He et al. decellularized cornea lamellae obtained by
femtosecond laser using different methods and found 1% SDS
with DNAse to be optimal.2%] The lamellae were then recellu-
larized with an endothelial cell line that adhered and formed
a tight endothelium expressing Na*/K* ATPase and tight junc-
tions. While the reports are promising, the Descemet’s mem-
brane was not present. The hypothesis is however, that the
implanted cells will lay down their own Descemet’'s membrane
over time.

Despite being a relatively young field, findings from in
vitro and animal experiments have been translated to the
clinic. There has been one study in human where thin sec-
tions of human corneas were decellularized and implanted
into patients with keratoconus to increase their stromal thick-
ness and delay the need for transplantation.?!% Some patients
received sections recellularized with ASCs but there was no
significant benefit when compared to cell-free sections. Fur-
thermore, Chinese company AiNear Corneal Engineering Co.,
Ltd. has a product based on dehydrated decellularized porcine
corneas. It has been used to treat patients with fungal keratitis
and herpes simplex keratitis, conditions that have a high risk
of graft rejection. Overall, reports of the use of this product
have been positive.l'84213] These scaffolds have recently been
improved by controlling ionic and colloid osmotic pressure,
thus reducing swelling and loss of transparency. This led to ear-
lier improved visual acuity in patients with corneal ulcers, from
bacterial, fungal or unknown origin.1%¢ Other researchers
have bypassed the decrease in transparency during decellulari-
zation by immersing the scaffolds in glycerol to further lyophi-
lize them for storage.?'4l

Hydrogels have been obtained from the solubilization of
ECM by decellularizing tissues or organs, lyophilizing the
remaining ECM, grinding this into a powder, and digesting in
a suitable solution such as acidic pepsin or acetic acid. By neu-
tralizing the pH of the solution and raising the temperature to
37 °C, fibrillation is induced. Hydrogels following this method
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have been obtained from many organs including urinary
bladder matrix,?">] dermis, ' pancreas,?'”] myocardium,?!®!
skeletal muscle,?'®"] demineralized bone*'”! small intes-
tinal submucosa,??% liver,??!] cartilage,???l tendon,??! adipose
tissue,??2 and kidney.??Yl This approach allows for the injec-
tion of these hydrogels into the diseased site due to their shear
thinning properties and opens the door for their use in 3D bio-
printing. Hydrogels obtained from decellularized corneas have
been reported in the literature?>! and were first described by
our group.??>’! Since these hydrogels are mechanically weak,
postgelation crosslinking can be used to improve stiffness and
strength. For example, using a UVA-riboflavin crosslinking
technique, similar to the technique used clinically on patients
suffering from keratoconus, has been shown to significant
increase the modulus of corneal ECM hydrogels.??> The decel-
lularization technique used also needs to be considered as this
can have a significant effect on the hydrogel’s final physical and
biological characteristics.?2%l Kim et al. recently reported using
decellularized cornea ECM for 3D bioprinting which resulted
in a more transparent construct compared to using type I
collagen.l223

ECM particles have been incorporated into different bioma-
terials to generate scaffolds for several different types of tissue.
The ECM is used to provide biochemical cues and support bio-
logical functions rather than construct a 3D environment.??’]
Recently tissue-derived microparticles from the lymph nodes,
cartilage, and cornea were compared for their potential to
improve corneal wound healing.??!! In vitro these particles
decreased TNFor and MMP9 expression by keratocytes induced
by exogenous IL-1f. In vivo experiments were performed using
the lymph node particles as they showed better effects on epi-
thelial and conjunctival cells. The particles were applied on an
anterior lamellar keratoplasty model in a rabbit using fibrin
glue as a carrier. In a subsequent study, the particles were
applied to an ex vivo model of keratoconus, obtained by weak-
ening the stroma with Chondroitinase ABC.??°l The treatment
improved mechanical properties, increased collagen fibril den-
sity, and promoted the expression of several keratocyte markers.

3.6. Synthetic Polymers

All the previously described polymers are derived from natural
sources. Synthetically produced polymers have also been used
for designing corneal scaffolds. Many polymers such as PCL
and PLLA that have been used as scaffolds to engineer other tis-
sues are normally considered unsuitable for cornea due to the
lack of transparency, although they could be used to mechani-
cally support other polymers. Polyvinyl-alcohol (PVA) is one
transparent synthetic polymer that also has been shown to have
good biocompatibility and good mechanical strength.?*! To
enhance cell adhesion and the bioactivity of the material, PVA
has been combined with natural materials like cellulose, amni-
otic membrane, and collagen to generate scaffolds for corneal
tissue engineering.?*®! PEG is another synthetic polymer that
has been used in corneal scaffolds. PEG hydrogels have good
biocompatibility, permeability, and transparency making them
a potentially suitable material to replace cornea. More com-
monly, PEG is combined with another material to generate a
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corneal scaffold. Islam et al. reported conjugating a collagen-
like peptide to PEG to generate a transparent hydrogel capable
of promoting cell infiltration and nerve growth in vivo in a
stromal mini-pig model.l?”!

4, Fabrication Processes

4.1. Bioprinting

Bioprinting is an additive manufacturing technique that
involves printing both cells and materials with the aim of gen-
erating viable, 3D tissues and organs.?3¥ By printing layer upon
layer of material, complex geometries to deal with patient spe-
cific problems can be achieved. There are a number of different
techniques that can be used to bioprint tissues including extru-
sion, inkjet printing, laser assisted printing, and stereolithog-
raphy (Figure 4), the advantages and limitations associated with
each of these have been highlighted previously.?**!

There have been several different approaches to bioprint
cornea and corneal components. One of the first reported
uses of corneal derived cells in a bioprinted construct involved
human corneal epithelial cells bioprinted inside alginate-
gelatin-collagen based bioink.?*l Despite the high cell via-
bility and the cells positive staining for the epithelial marker
cytokeratin 3, the transparency of the final construct was poor.
Corneal stromal constructs containing keratocytes have been
bioprinted using various bioinks including alginate with meth-
acrylated collagen,?*!l agarose blended with collagen,’?*? and
corneal extracellular matrix.[?2°*243 Rather than using the con-
ventional extrusion based bioprinting technique, Sorkio et al.
used laser induced forward transfer to bioprint the anterior
segment of the cornea. They used ESCs and laminin to fab-
ricate the epithelium and ASCs and collagen to fabricate the
stroma. 244

While bioprinting has many advantages over other construct
manufacturing techniques such as automation, reproducibility,
and ability to print specific shapes, there are a number of limi-
tations when the technique is applied to fabricating cornea. The
main limitation associated with many of the bioprinted corneal
constructs is their poor optical properties compared to real cor-
neal tissue. While the bioink material being printed is usually
transparent, the surface of the final printed construct is often
rough resulting in an uneven refraction of light as it passes
though the construct. This is a limitation of the printing pro-
cess itself since to generate a curvature by printing flat layers,
each printed layer needs to be slightly offset from the previous
layer. The problem can be partially overcome by printing cylin-
drical rather than hemispherical corneal constructs although
this introduces a new problem since the construct will prob-
ably differ in shape to the tissue it is replacing.?*! Another
potential limitation with bioprinting is the difficulty to replicate
the collagen fibril organization found in the stroma. To over-
come this problem, Kim et al. utilized the shear flow proper-
ties of the bioink during printing to direct fibrils in the desired
orientations.?*] The collagen fibrils in the bioink aligned
in the direction that the needle was moving. Cells in these
aligned constructs presented increased expression of keratocyte
markers keratocan and ALDH.
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Figure 4. Schematic representation of different bioprinting techniques including extrusion-based bioprinting, inkjet bioprinting, laser-based bio-

printing, and stereolithographic bioprinting.

4.2. Electrospinning

Electrospinning is another materials fabrication technique that
can be used to generate scaffolds.?*"l In most cases, the scaf-
fold material is dissolved in a solvent and extruded through a
needle under a high electrostatic charge. This charge affects the
surface tension of the solution leading to a thin jet being pulled
toward a grounded or negatively charged collector. The solvent
evaporates as the jet is moving toward the collector, resulting in
the formation of micro- or nanofibers. This process is particu-
larly attractive for generating corneal scaffolds since the fibers
generated can theoretically mimic the collagen fibrils present in
the stroma.

The type of collector used is vital to controlling the orien-
tation of fibers produced during electrospinning. Examples
of different types of collectors are shown (Figure 5). To rep-
licate the corneal stroma, aligned sheets of fibers need to be
produced and these sheets arrange in orthogonally orientated
layers. Flat plate collectors are the most commonly used collec-
tors for electrospinning but these result in fibers arranged in a
random configuration. Rotating mandrels can be used to obtain
more aligned fibers. As the mandrel rotates, the fibers are
pulled around it resulting in a layer of fibers orientated around
the cylinder. These can be detached and used to manufacture
scaffolds. An alternative technique to produce aligned fibers
is to use two parallel plates with sharp metallic edges. As the
fibers are produced, they move between the two edges leading
to the formation of aligned fibers. The fibers can be removed
from the collector using cellulose frames that adhere to be
fibers, allowing their orientation to remain fixed.??>>!] Radially
aligned fibers can be produced using a cup and pin collector
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where the fibers align between the pin and outer circular ring
(or cup).”*] To obtain orthogonally orientated fibers a nega-
tively charged collector connected to four separate posts can be
used.?*’] The negative charge switches between the two hori-
zontal posts and the two vertical posts at a specified rate. When
the horizontal posts are charged the fibers are attached toward
these and aligned horizontally between them. When the charge
is switched to the vertical posts, fibers align vertically. This
approach allows multiple layers of fibers to be formed with dif-
ferent orientations.

Several different materials have been used to generate elec-
trospun scaffolds for corneal tissue engineering. Synthetic poly-
mers such as PCL, PLLA, polymethyl methacrylate (PMMA),
poly-L-p-lactic acid (PLDLA), polylactic-co-glycolic acid (PLGA),
polyglycerol sebacate (PGS), and polyethyleneglycol diacrylate
(PEGDA) have been investigated to determine their suitability
for fabricating electrospun corneal scaffolds.P1232248 These
materials have better strength and degradation resistance than
many natural polymers, however in most cases the materials
lack transparency; therefore, sufficient spacing is required
between fibers to allow light to pass through. Rather than gen-
erating full thickness corneal scaffolds, synthetic polymers
are more suitable for generating thin electrospun sheets for
epithelial®*$®d or endothelial>*%! transplantation, as an alterna-
tive to amniotic membranes?*! or as mechanical support for a
stromal hydrogel material.’!] Natural polymers including gel-
atin and collagen have been investigated for use in generating
scaffolds for corneal regeneration.>" In the case of collagen,
care needs to be taken in selecting a suitable solvent since
many solvents result in denaturation of the collagen's triple
helix molecule, resulting in the formation of gelatin.[1%>21]
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Figure 5. Schematic representation of the electrospinning process, examples of different types of collector, and the orientation of fibers produced

using those collectors.

The main limitation with using electrospun natural polymers
are their poor mechanical properties that make them more
likely to be damaged during transplantation and difficult to
handle. Several studies have combined natural and synthetic
polymers to find an optimal combination of transparency, bio-
compatibility, and strength. Examples include combining PVA
with collagen,?>>3 PCL with collagen,?>?l PLLA with gelatin,>*!
and PLLA and PCL with silk fibroin.['?3]

One issue with producing scaffolds using electrospinning is
how to keep the fibers together. The individual fibers produced
during electrospinning are not crosslinked to each other so
often an alternative method is needed to form a stable scaffold.
One simple method is to encapsulate the fibers in a hydrogel.
Wilson et al. demonstrated that aligned PLDLA fibers seeded
with corneal fibroblasts could be encapsulated using a collagen
hydrogel.P! Similarly, Tonsomboon and Oyen encapsulated gel-
atin fibers in an alginate hydrogel.l'>’]

Recently, there has been increasing interest in melt elec-
trospinning.”* Rather than using solvents to dissolve the
polymer, in melt electrospinning the polymer is heated into its
viscous phase to allow it to be extruded through the needle. This
process allows better control of the fiber architecture compared
to solvent-based electrospinning, however the fibers formed are
generally larger in diameter and the range of materials that can
be used is more limited. Despite the potential of the technique
to engineer various tissues and organs!?®* and generate scaf-
folds that modulate cell behavior,?>%l there have been no reports
on its use for corneal applications.

There are a number of limitations associated with using
electrospinning to generate corneal scaffolds. One of the main
difficulties is trying to spin fibers that are similar in size to the
collagen fibrils found in the stroma, =36 nm in diameter.2>7]
The spacing between fibers is also difficult to control and
is vital for maintaining corneal transparency. The pore size
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between fibers also needs to be considered, as this would need
to be sufficiently large to allow cells to penetrate into the scaf-
fold. Since most solvents used for electrospinning are cytotoxic,
it is necessary to prove that no residual solvent remains before
the scaffolds could be with patients. Electrospun scaffolds can
also be fragile and difficult to handle which is a challenge if the
scaffold needs to be implanted and sutured.

4.3. Mechanical Manipulation

One of the main limitations associated with many of the col-
lagen and ECM-based hydrogels used for corneal regeneration
is that they lack the collagen density and organization needed
to mimic the cornea ECM physical properties in vivo. Collagen
hydrogels have been shown to be easily remodeled by corneal
stromal cells resulting in their contraction.”® In addition, the
low collagen density lead to inferior mechanical properties com-
pared to native corneal tissue.”>* To overcome the limitations,
a number of processing techniques have been developed that
involve the application of either compressive or tensile forces.
Plastic compression is a simple technique that can be used
to increase the density of collagen hydrogels.”'*%°%! Tt involves
placing the hydrogel under an applied load that results in water
being absorbed from the hydrogel, thus leading to a 100-200-
fold increase in collagen density!'" (Figure 6A). A more recent
variation of the technique involves using an absorber to remove
water without a load needing to be applied?>” (Figure 6B). Cells
encapsulated within the hydrogels remain viable despite the
force applied to their surrounding matrix. The result is a thin
collagen structure that appears similar to many soft tissues.
This technique has been used to generate corneal epithelial, 2]
stromal, and endothelial?®® constructs. These scaffolds dis-
played good biocompatibility when inserted into a rabbit
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Figure 6. Schematic representation showing plastic compression of a collagen hydrogel A) by the application of a load and B) by the application of

an absorber.

stromal pocket.”®l To improve transparency and reduce fibril
diameter, Hong et al. used different mixtures of type I collagen
and decellularized cornea ECM.2!1 To improve the integration
of the scaffolds into the stroma, Rafat et al. combined plasti-
cally compressed collagen with a porous outer collagen skirt
to generate an artificial stromal implant whose inner core was
transparent and whose outer skirt could be used to transport
cells or drugs.”%l Kong et al. obtained a similar result by plasti-
cally compressing collagen onto electrospun PLGA to generate
a physical support around the edge of the construct.?° Plastic
compression has also been applied to generate biomimetic
niches for limbal derived stem cells by preparing the collagen
on a micropatterned surface.l2%%!

Plastic compression allows for collagen to be aligned in
one plane only. Several methods have been investigated to
induce the alignment of collagen in scaffolds and hydrogels
(Figure 7). Static tensile strain or stretch of collagen hydro-
gels has been shown to result in collagen fibers orientating in
parallel to the strain direction.?Yl The application of cyclical
strain may also be used to align collagen perpendicular to the
strain direction,?! although this would also lead to mecha-
notransduction and alter the phenotype of any cells pre-
sent.l?%l It has previously been shown that corneal stromal
cells respond to localized strains by altering focal adhesion
to minimize strain effect on the cells.*""! For cell-seeded
collagen hydrogels, tethering the hydrogel at opposite ends
would result in contraction and alignment of the hydrogel, %]
however, generating a sheet of material using this technique
is challenging. Alternatively, the direction of flow can be
manipulated to result in collagen alignment prior to gela-
tion of these hydrogels.l?%8] Finally, the negative diamagnetic
anisotropy of collagen allows it to be aligned when subjected
to a high magnetic field."?%] While these techniques allow
for alignment of collagen in one direction, multiple layers of
aligned collagen sheets would need to be stacked to mimic the
stromal fibril architecture.
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Another approach to both compacting and aligning collagen
to increase its density is by applying an electrochemical fabrica-
tion method.”®"l Based on the principles of isoelectric focusing,
this approach works by placing a collagen solution in an elec-
tric field where a pH gradient in the collagen causes positively
charged collagen molecules to align at the positive end of the
field and negatively charged molecules at the negative end.
The electric charge repels the collagen molecules thus leading
to compaction of the hydrogel. The result was a stable, trans-
parent hydrogel that supports the culture of keratocytes.

5. Future Trends and Considerations

A comprehensive overview of the different design consid-
erations, materials, and processing techniques used for engi-
neering corneal scaffolds has been provided. While each
scaffold material has specific advantages and limitations, col-
lagen-based scaffolds and decellularized ECM appear to show
the most promise since they more accurately mimic the corneal
stroma’s native composition. While amniotic membranes are
still the gold standard for epithelial regeneration, collagen films
loaded with specific biochemical reagents could be manufac-
tured to mimic the amniotic membranes without the drawback
of donor variability or limited supply. For the endothelium, silk
fibroin appears to have the most potential due to its ability to
form thin, strong films that support endothelial growth. Fab-
rication processes such as electrospinning and bioprinting
will need to undergo significant improvements before they
are capable of manufacturing corneal scaffolds suitable for
kertoplasty. Several corneal scaffolds are currently undergoing
clinical trials so the next few years could see these therapies
becoming more readily available to patients suffering corneal
blindness.

There are many tissue engineering and regenerative strat-
egies under investigation for other tissues and organs that
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Figure 7. Schematic representation showing different methods of inducing collagen alignment: A) static tensile stretch; B) cyclic tensile stretch;
C) tethering at opposite ends to allow contraction by cells; D) shear-induced alignment via flow; E) magnetic field alignment. Arrows represent direction

of strain/flow/flux; red lines represent collagen orientation.

could potentially be applied to generate “smart” corneal scaf-
folds. One of the more promising are gene-activate scaffolds
that can transfect cells using viral vectors or nanoparticles.l?’"!
Extensive research has been conducted to use this approach
to fabricate scaffold to enhance bone repair,?’! in addition to
regenerating other tissues such as cartilage?’?l and skin.?”3l
While the use of gene therapies to treat damaged or diseased
corneas has been examined,’?’# the use of scaffolds to delivery
genes to the cornea remains unexplored. Scaffold designed
to inhibit inflammation or infection are also been explored
for other tissues.”””! Despite the corneas immune prevalent
status, many cornea transplants eventually undergo rejection
due to inflammation or neovascularization,?’ therefore there
is potential for anti-inflammatory corneal scaffolds to be devel-
oped for high-risk patients.

One of the biggest challenges facing researchers is trans-
lating their research from the lab to the clinic. In most devel-
oped countries, scaffolds need to undergo extensive testing and
adhere to rigorous regulatory guidelines prior to use in clinical
trials. This is particularly the case for cell-seeded scaffolds. This
has led to a recent trend by some researchers to trial their ther-
apies in developing countries where regulations are less strict.
While this may speed up the development of new therapies,
it does raise ethical concerns. If a therapy is not deemed safe
enough to be tested in richer countries, why is it safe to use in
poorer countries?

In addition to the clinical translation of corneal scaffolds,
their commercial value has to be considered. Due to the high
costs associated with developing and manufacturing cell-based
therapies, cell free scaffolds for replacing the stroma will appear
to be more attractive to produce for companies than cell-seeded
scaffolds. Cell free scaffolds also have a longer shelf life and
do not require storage under cell culture conditions. For epithe-
lial damage or limbal stem cell deficiencies, cells are required
for repair and regeneration. While it is more challenging to get
this to market, one example of a cell-based therapy that has suc-
cessfully undergone regulatory approval and commercialization
is Holoclar, a cell-based treatment involving the expansion of
limbal derived stem cells in vitro and recently received approval
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from the European Medicines Agency, to treat limbal deficiency
due to burns.?”’]

In summary, while great progress has been made in devel-
oping scaffold for corneal tissue engineering and regeneration,
a number of challenges remain in translating current research
to the clinic. The success or failure of on-going clinical trials
will have a significant impact on the ability of future therapies
to treat patients.
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