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Abstract

Currently, the treatment of corneal diseases caused by damage to the corneal endothelium
requires a donor cornea. Because of their limited availability (1 donor cornea for 70 patients
in need), researchers are investigating alternative approaches that are independent of donor
tissue. One of them includes the development of a tissue engineered scaffold onto which
corneal endothelial cells are seeded. In order to function as a suitable substrate, some of its
essential properties including thickness, permeability, transparency and mechanical strength
should meet certain demands. Additionally, the membrane should be biocompatible and allow
the formation of a functional endothelium on the surface. Many materials have already been
investigated in this regard including natural, semi-synthetic and synthetic polymers. In the
current review, we present an overview of their characteristics and provide a critical view on
the methods exploited for material characterization. Next, also the suitability of scaffolds to
serve their purpose is discussed along with an overview of natural tissues (e.g. amniotic
membrane and lens capsule) previously investigated for this application. Eventually, we
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propose a consistent approach to be exploited ideally for membrane characterization in future
research. This will allow a scientifically sound comparison of materials and membranes
investigated by different research groups, hence benefitting research towards the creation of
a suitable/optimal tissue engineered endothelial graft.
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1.Introduction

The cornea is the transparent window of the eye lying in front of the iris and pupil and is the
major refractive element of the eye. Trauma or disease can lead to an opaque cornea and
concomitantly, visual impairment and even blindness. Corneal blindness, a collective term
grouping all conditions that result in a dysfunctional cornea, is the 4" leading cause of global
blindness, affecting around 23 million people.’2

Histologically, it is a 500 um thin tissue that harbours three corneal cell layers separated by
two acellular membranes (Figure 1). Between the cornea and the iris, there is a fluid filled
cavity known as the anterior chamber.® The most superficial layer of the cornea is the stratified
squamous corneal epithelium that acts as a barrier to intruders such as microorganisms or
dust particles. The epithelium lies on top of Bowman’s layer, which separates it from the
corneal stroma. The stroma is the thickest corneal layer, forming up to 90% of corneal
thickness, and is composed of very strictly organised collagen lamellae containing dispersed
quiescent keratocytes. Underneath lies the corneal endothelium and its basement membrane,
being the Descemet’'s membrane (DM). The corneal endothelial cells (CEnCs) form a single
layer of hexagonally shaped cells that have the primary function to regulate the corneal
hydration rate, which is directly correlated with corneal transparency. By means of an osmotic
pressure from the stroma to the anterior chamber, the endothelial cells counteract the passive
diffusion of water and nutrients from the anterior chamber towards the corneal stroma. To
maintain this osmotic gradient, the endothelial cells contain Na*/K*-ATPase pumps that pump
Na* and K* ions from stroma towards the anterior chamber. The resulting concentration
difference in ions creates an osmotic gradient which in turn will cause a flow of fluid from the
stroma towards the anterior chamber. This mechanism maintains the relative deturgescence
of the stroma which is important for its transparency.*

Corneal endothelial cells cannot regenerate, which is why the total cell density only declines
throughout life, even in healthy individuals, although without affecting their sight. However,
when the cell density is situated below an approximate threshold of 500 cells/mm?, either due
to corneal disease or trauma, the cells cannot oppose the passive water influx into the cornea
which leads to corneal oedema and subsequent scattering of the incoming light.
Macroscopically, the cornea of such patients looks opaque which results in visual impairment.
Corneal endothelial dysfunction is the most prevalent indication for corneal transplantation,
representing 40% of all keratoplasties.
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Figure 1: (A) a cross-section of an eye with (B) an enlargement of the cornea,
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The only option for these patients is a corneal endothelial transplantation during which the
diseased corneal endothelium is replaced by an endothelial layer derived from a cadaveric
donor cornea. Currently, two prominent techniques are used, namely Descemet’s membrane
endothelial keratoplasty (DMEK) and Descemet stripping automated endothelial keratoplasty
(DSAEK). In the former, the Descemet’s membrane and the endothelial layer are transplanted,
while the latter also contains part of the stroma. While clinical results are very satisfying, a
global donor shortage limits treatment for every patient. Even in countries with a well-
established cornea bank system, the demand is chronically higher than the supply.® For tissue
donation, the majority of donors is excluded because they suffer from systemic or infectious
diseases that may be transmitted to the patient.® That is why researchers are looking for
alternative treatments, such as stimulating the in vivo regeneration (possibly by additional
pharmacological stimulation)?, alternative tissue preparation’, endothelial cell injection® or by
tissue engineering an endothelial graft®-'2. Both cell-based approaches (i.e. the cell injection
and tissue engineered endothelium) are based on the rationale to grow corneal endothelial
cells from one donor in high numbers ex vivo to treat multiple patients with only one donor
cornea, thereby shortening the current waiting lists. The use of allogeneic cells is attainable
since currently corneal transplantation is also performed with allogeneic tissue without any
tissue matching.' In fact, the cornea can be considered as an immune-privileged site, also
known as anterior chamber associated immune deviation, where antigen-specific systemic
tolerance is established upon foreign antigen (e.qg. cells, tissue, biomaterials, etc.) introduction
in the anterior chamber.'

The cell-injection method to recreate the corneal endothelium comprises the injection of
CEnCs in suspension in the anterior chamber of the cornea after which they should attach to
the stroma when placing the patient face down.'2 During the first-in-human clinical study
performed by Kinoshita et al., 11 patients were injected with 1x10° cells and after 24 weeks,
endothelial cell density of the patients ranged from 947 to 2,833 cells/mm?2.2 Although the
authors did not observe any undesired side effects such as elevated intraocular pressure, it is
questioned what happens exactly with the majority of the cells that do not attach. On the other
hand, when cells are cultured on a scaffold, they are grafted directly onto their final destination,
similar to a corneal endothelial transplantation. Moreover, a tissue engineered endothelium
allows for direct control over the final cell density that is transplanted. For instance,
hypercellularized grafts can be fabricated with high endothelial cell densities which can result
in long-term success of the graft. Furthermore, a tissue engineered endothelium is similar to
current endothelial grafts for transplantation and as such, the surgical procedure to implant
the scaffolds would be similar to the currently applied methods. This can facilitate the
implementation of the cell therapy as soon as a suitable scaffold is developed. A scaffold is
considered a structural support for cell attachment and tissue development (if necessary) that
mimics the function of the native extracellular matrix (ECM).'®> There exist several types of
scaffolds but this review mainly focusses on the design of a scaffold to facilitate endothelial
cell transplantation.

Already in 1978, the hypothesis of a tissue engineered graft was coined, but no effective
scaffold has reached the clinic yet.'® Throughout the years, the reports on corneal endothelial
scaffolds range from fully biological scaffolds, to semi-synthetic and synthetic materials. The
underlying reason for the cumbersome clinical translation is twofold: primary corneal
endothelial cells are difficult to grow and the perfect scaffold, or cell carrier, for these cells is
still lacking.'®'” Even though the corneal endothelium is a 2D tissue that is quite simple in its
build-up, a proper scaffold for corneal endothelial tissue engineering must display intricate
properties with regard to both cell compatibility and subsequent surgical transplantation in
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patients. Recently, Jameson et al. have summarized recent developments regarding cell-
based research on endothelial scaffolds through in vitro and in vivo models.®

Although biological membranes have shown promising results, the use of (semi-)synthetic
building blocks to create tissue scaffolds is interesting since this offers complete control over
the manufacturing process while the different properties (Young’s modulus, thickness,
permeability, transparency, topography, biodegradability) can be tuned. Therefore, it is
interesting to scrutinize the published reports on (semi-)synthetic scaffolds and compare them
to the natural corneal endothelial cell scaffold, namely the Descemet’'s membrane. While other
literature reviews in this field focus on a qualitative description of the material classes and their
interaction with endothelial cells, we bring quantitative material characteristics of corneal
endothelial scaffolds to attention from a material scientist’s point of view. In this review, we
elaborate on the essential properties of a corneal endothelial cell scaffold for transplantation
purposes, namely permeability, porosity, thickness, mechanical strength and transparency.

2.Properties of the natural Descemet’s membrane

The Descemet's membrane is an acellular tissue located at the posterior side of the cornea
and secreted by corneal endothelial cells. The major components of the Descemet's
membrane include laminin, fibronectin, collagen type IV & VIII, nidogen and perlecan.'®?' Two
distinct layers can be identified in the Descemet's membrane. The first, anterior layer has a
banded structure and is fully secreted by the time of birth. The second, posterior layer is
deposited by the corneal endothelial cells during life and has a homogeneous, non-banded,
appearance.?? A slight difference in composition between these layers has been identified.
More specifically, the banded layer is mainly comprised of collagen VIII and proteoglycans
while the non-banded layers have a more homogeneously distributed composition as opposed
to the banded pattern.’ A review about the structure of the Descemet's membrane, its
function, development and regeneration was recently published by Oliveira et al.'®

The Descemet's membrane acts as the basement membrane for the corneal endothelial cells
within the human cornea. Therefore, the properties of this membrane can be regarded as a
benchmark for scaffolds which fulfil a similar function after implantation. One can argue that
artificial scaffolds that comply with these characteristics will be the most similar to the natural
Descemet's membrane and will therefore have the best chance of being successful upon
transplantation.

A first important property includes permeability. Since the cornea is not vascularized, nutrients
and waste products need to be able to diffuse from the anterior chamber through the
Descemet's membrane.'® Unfortunately, there is only little reported about the permeability of
the human Descemet’'s membrane while for rabbits, there are more data available. The
permeability of rabbit endothelium and Descemet's membrane are listed in Table 1. A study
performed by Kim et al. shows an interesting relationship between the molar mass of a
compound and its permeability through the rabbit Descemet's membrane and endothelium.?
The higher molar masses exhibit exponentially less diffusivity compared to low molar masses.
Assuming this trend holds true for human Descemet's membrane indicates that researchers
should primarily focus on the diffusion of lower molar mass compounds. Indeed, glucose, a
low molecular weight molecule, is considered to be the principal compound for energy delivery
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in the cornea.?* However, one has to be careful when comparing the animal Descemet's
membrane with that of humans, since animals are usually significantly younger and the
Descemet's membrane's thickness, and thus resistance to diffusion, increases with age.®
Nonetheless, the permeability of compounds tested both in humans and rabbits appears to be
within the same order of magnitude.?® When considering fluorescein, being a relatively small
molecule (0.3 kDa), the permeability through the human cornea is (3.0-4.0 + 0.5)x10° cm/s
while that for the rabbit is (5.120.8)x10® cm/s.26%” Fluorescein is also one of the only
components which has been tested in human in vivo studies, since this is part of the routine
examination at ophthalmology departments.

However, it can be anticipated that it will not be an issue if a synthetic Descemet’s membrane
would be more permeable than the natural Descemet's membrane, since the cellular
endothelial layer with its cortical belt of tight junctions is considered to be the limiting layer for
diffusion. This is clear from studies on rabbit Descemet’s membrane with and without the
corneal endothelium present using mannitol as a model compound with the former having a
permeability of (7.0£0.5)x106 cm/s and the latter being almost two times more permeable (i.e.
permeability of (1.2+0.1)x10° cm/s).?

Another property of the Descemet's membrane, which might be related to its permeability, is
its porosity. Using scanning electron microscopy (SEM), the human Descemet's membrane
was found to have an average pore size of 38 nm.? However, since SEM is usually performed
under dehydrated conditions, the observed pore size might be over or underestimated due to
dehydration of the Descemet’s membrane during sample preparation.?®

The thickness is also one of the important characteristics and is per definition related to the
permeability. It is a property that is highly dependent on the age of the person and ranges from
2 um to 10 ym.22 Important here is to make the distinction between at birth and is on average
3 um thick, while the latter is deposited during aging and contributes to an average total
thickness of the Descemet’'s membrane of 10 um by the end of a person’s life. 22

The thickness of DSAEK and DMEK transplants are also listed in Table 1. Both are currently
used to treat a diseased corneal endothelium and are therefore a good reference for synthetic
scaffolds. Having implants that are not too thick is important when one wants to limit refractive
effects. Moreover, it was shown that corneal higher-order aberrations after keratoplasty were
significantly less in patients receiving DMEK surgery compared to patients receiving DSAEK
surgery.®® This result might be due to a difference in graft thickness, asymmetrically cut grafts
or decentrally positioned grafts in the case of DSAEK, highlighting the importance of thinner
grafts.®3" However, one of the few relevant objections to DMEK is that the unpredictable
scrolling behaviour of the Descemet’s membrane can make the preparation of the graft and
its unfolding in the anterior chamber complicated leading to an early loss of transplanted cells.
DSAEK in contrast allows for a more standardised surgical course since the supporting stroma
provides a thicker graft that is much more easy to handle; this explains a lower incidence of
peri-operative complications.®? Here, synthetic membranes can be improved over the natural
transplant, since they can be made in a standardised way and issues such as the scrolling
behaviour can be avoided or tuned as desired.

The mechanical properties of the Descemet's membrane can be considered very relevant,
both with regard to cellular response, as described in section 3.5 3.5, as well as for surgical
handling. The latter being a more qualitative estimation but nonetheless important. It should
be noted that the reported values for the mechanical properties of the Descemet’s membrane
differ significantly depending on the study. Typically reported values for the Young’s modulus
range from 0.23 kPa to 2.57 MPa.?5283334 |n Table 1 both the Young’s modulus and the
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stiffness are reported. While they are similar, Young’'s modulus (E [Pa], equation 1) is
expressed as a change in force per area (F/A) divided by the change in strain (i.e. the total
elongation over the original length (dL/Lo) while stiffness (k [N/m], equation 2) is a change in
force divided by elongation. It should be noted that the varying values are a consequence of
the methodology employed when measuring the membranes, since different techniques often
result in different values while hydration of the membranes also plays an important role in the
final result. Moreover, variations can also result from compositional differences as well as age-
dependent differences in thickness.
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Since the transmittance of light through the cornea is essential, the last important
characteristic is transparency. The Descemet's membrane is highly transparent (90%) in the
visual range.® This value is similar to the transparency of the complete cornea in the same
region (= 90%), while the cornea is almost completely opaque under wavelengths of 300 nm.
A comparable measurement for the individual Descemet's membrane could not be found but
it is unlikely that this opacity towards UV-light is significantly influenced by the Descemet’s
membrane, considering the multitude of layers present in the cornea, many of which are
significantly thicker than the Descemet’s membrane.3®

While the properties of the healthy Descemet's membrane can act as a positive control, the
diseased Descemet's membrane might be employed as negative control, mainly indicating
cellular properties that are less desirable. As reference, the Descemet's membrane from
patients with Fuchs’ endothelial corneal dystrophy (FECD) might be the most relevant since it
is responsible for 80% of the required corneal endothelial transplantations and even 40% of
all corneal transplantations.®® It is characterized by the formation of guttae on the Descemet’s
membrane (i.e. malformations that grow between the endothelial cells) and causes
accelerated loss of the corneal endothelial cells. This leads to corneal oedema, which in turn
results in corneal opacification and visual impairment.3”-® Elhalis et al. have discussed this
disease in an excellent review.%’

The molecular composition of the diseased Descemet's membrane is largely comparable to
the healthy Descemet's membrane. However, when considering the thickness, it has been
shown that the former can be up to 37% thicker than its healthy equivalent.®®. Additionally, it
was found that the wide-spaced collagen is softer in diseased Descemet's membrane
compared to in healthy Descemet's membrane (Table 1).4°



Table 1: overview of the properties of the cornea, Descemet’s membrane and corneal endothelium.
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3.Discussion of properties of the tissue engineered
scaffolds and its materials

Despite the high success rate of the DMEK and DSAEK surgery, the shortage of the donor
corneas remains a hurdle. To tackle this issue, researchers have attempted to find more
readily available alternatives for donor corneas. One of the approaches include the
development of a tissue engineered scaffold on which ex vivo expanded corneal endothelial
cells can be seeded to replace the diseased DM and endothelium. As visualised in Figure 2,
two approaches can be distinguished, either using membranes or films which are isolated from
the ECM of natural sources (e.g. lens capsule, fish scales, amniotic membrane) or making a
completely new scaffold constituting polymers. The latter includes natural (e.g. collagen,
gelatin, etc.), semi-synthetic (e.g. blend of chitosan with PEG or PCL, etc.) and synthetic (e.g.
PCL, PMMA, PDLLA, etc.) polymers. In the following section, the methods and results of tissue
engineered scaffolds from polymers as well as some of the natural membranes will be
discussed from a material scientist’'s point of view. The characteristics will be compared to
those of the natural DM.

Tissue engineered scaffold

for CEnC regeneration

Natural tissue Polymers

* Amniotic

membrane
Lens capsule

Natural Semi-synthetic l§ Synthetic

Chitosan + Chitosan/PCL ¢ PCL

Collagen * Chitosan/PEG * PDLLA

Gelatin * Gel-MA(+) * PEG

Silk fibroin * Gel-MA (+ PDLLA) * PEG-PCL
* Gel-MA-AEMA (+ * PLGA

L]

PDLLA) \* PMMA

+ Gel-NB (+ PDLLA)
* HECTS blend
* PCL/collagen

* Poly-g-lysine +
\ ECM /

Figure 2. visual overview of the types of materials investigated as scaffold for corneal endothelial regeneration.

Polymers can be divided into three categories based on their origin and composition: natural,
semi-synthetic and synthetic. Natural polymers are materials extracted from natural sources
such as plants, animals and microorganisms.*>#6 Examples of this type are macromolecules
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built up from proteins (e.g. collagen) or polysaccharides (e.g. alginate, starch and chitosan).
This class of polymers is appealing for biomedical applications because they are
biocompatible, biodegradable and have a low or no cytotoxicity.*” Additionally, they frequently
resemble the ECM, which is often desirable in the biomedical field. However, there are some
disadvantages to this material class. Due to natural variability, natural polymers suffer from
batch-to-batch differences meaning that polymers derived from the same source can have
inconsistent properties.®® Additionally, nature-derived materials might be immunogenic or
transfer pathogens. The production of naturally sourced polymers, while often at low cost,
depends on environmental factors which are difficult to control, making this a relatively slow
process.**5° Also, the thermal and mechanical properties of natural polymers are not suitable
to support some biomedical (manufacturing) applications. Collagen type |, which has been
screened for corneal tissue engineering, lacks mechanical strength needed for suturing, for
example.®'

In an attempt to circumvent these issues, synthetic polymers have been investigated as
alternative to serve biomedical applications.>? Polymers are considered synthetic when the
essential building blocks cannot be extracted from natural sources and should be synthetically
created by human intervention. The production of a synthetic polymer is highly reproducible,
eliminating the batch-to-batch variations concomitant with natural polymers and providing
predictable physical and chemical properties. In most cases, larger quantities can be
synthesised compared to natural polymers. Examples include poly(ethylene terephthalate)
(PET), poly(e-caprolactone) (PCL) and poly(methylmethacrylate) (PMMA). The properties of
synthetic polymers can be easily tuned to the desired properties.*® Care must be taken when
applying these materials for biomedical applications, as they are not derived from natural
sources and thus not necessarily biocompatible, some polymers can trigger an immunogenic
response. Although, a wide variety of synthetic polymers have already been successfully
applied in the biomedical field, with or without a cell-interactive coating.>® Additionally, both
degradable and non-degradable synthetic polymers exist, which should be taken into account
when selecting a polymer for a specific biomedical application. A degradable material is
frequently investigated as (part of a) tissue engineered scaffold for corneal endothelial
regeneration because the CEnCs produce their own basement membrane which is anticipated
to replace the degrading scaffold.

To tune the properties of natural polymers towards certain values, they can be combined or
modified with synthetic compounds or polymers. The natural and synthetic components can
be mixed to form a blend or chemically linked with each other to create e.g. a copolymer. In
this case, we refer to the polymer as semi-synthetic rather than natural. To exemplify, collagen
is a natural polymer that can be found in the ECM and which can be extracted from skin,
bones, etc. When mixed with the synthetic PCL, a semi-synthetic PCL/collagen blend is
formed. Semi-synthetic polymers offer the possibility to customize the properties towards the
requirements of a certain application. When a semi-synthetic polymer is combined with a
synthetic polymer, it also belongs to the semi-synthetic class.

To obtain a polymer in a useful shape or structure from its solution or melt, multiple polymer
processing techniques exist. To produce membranes for ocular applications, the four main
techniques that are mentioned in literature are solvent casting, spin coating, electrospinning
and 3D bioprinting (Figure 3). In solvent casting, a polymer solution is introduced into a mould
exhibiting a certain shape after which the solvent is evaporated to create a polymer
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membrane.*? A similar membrane is produced by means of spin coating, in which the polymer
solution is subjected to rapid rotation which allows the solvent to evaporate and the polymer
to spread out.’® Parameters, such as the rotation speed, can be altered to change the
thickness of the scaffold. With electrospinning, a scaffold consisting of micro- and nanoscale
fibres is formed from a polymeric solution.5*% Herein, a syringe pump is loaded with a syringe
containing a polymer solution and connected to a needle with a certain diameter. A feed rate
is established and by switching on the voltage supply, generally ranging from 5 to 20 kV, an
electrical field is established between the needle and the metal collector. This results in an
accumulation of charges on the surface of the polymer droplet at the tip of the needle. When
the electrical field reaches a certain critical value, the repulsive forces overcome the surface
tension and the droplet forms a conically shaped structure known as a Taylor cone. Then, the
polymer solution is further stretched into an electrically charged polymer jet which is drawn
towards the oppositely charged collector while the solvent evaporates. This results in a sheet
of randomly distributed fibres on the collector plate. Electrospinning is a versatile technique in
which a lot of parameters, including the feed rate, needle-to-collector distance, etc. can be
varied to alter the properties of the obtained scaffold. Finally, 3D bioprinting allows for the
production of complex 3D shapes.®® In 3D bioprinting, a biomaterial is mixed with cells and
functional components to form a bioink. This ink can then be used to directly print structures
with encapsulated cells. Murphy and Atala published a review discussing 3D bioprinting as a
tool for regenerative medicine.®® In the context of corneal endothelial tissue engineering, the
use of this technique has only been reported once by Kim et al. where they used a bioink
containing engineered human corneal endothelial cells and a gelatin matrix, while the bioink
was directly printed on decellularized amniotic membrane. Unfortunately, this paper provides
no further information concerning mechanical properties, thickness, transparency nor
permeability and will therefore not be further discussed in this review.®’
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Solvent casting Spin coating Electrospinning 3D printing

Figure 3. The four most abundantly used polymer processing techniques to produce membranes for corneal tissue
engineering; solvent casting, spin coating, electrospinning and 3D printing.

In the following paragraph, properties such as, thickness, permeability, transparency and
mechanical strength, of a wide range of materials (i.e. polymers and natural tissue) is
discussed. Additionally, the topography of existing scaffolds is briefly analysed. If the
specifications of a scaffold are not mentioned, it was not reported in the state-of-the-art. The
most common abbreviations of the discussed materials can be found in Table 2.
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Table 2: abbreviations of the investigated materials and their meaning.

Abbreviation Meaning
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
EDC/NHS hydrochloride/N-hydroxysuccinimide
Commercial mix of bovine fibronectin, collagen type | and
FNC albumin
Gel-MA Gelatin-methacylamide
Gel-MA-AEMA | Gel-methacrylamide-aminoethylmethacrylate
Gel-NB Gelatin-norbornene
HECTS Hydroxyethyl-Chitosan/gelatin/Chondroitin sulfate
PCL Poly(e-caprolactone)
PDLLA Poly(D,L-lactic acid)
PEG Polyethylene glycol
PLGA Poly(lactic-co-glycolic acid)
PMMA Polymethylmethacrylate
3.1.  Importance of the scaffold thickness

The thickness of a scaffold will have an influence on the postoperative visual recovery of a
patient. DSAEK surgeries have been successfully performed with grafts up to 200 um thick,
which can give insight in the maximum thickness allowed for a synthetic graft. However, based
on the analysis and comparison of corneas after DMEK and DSAEK surgery, Rudolph et al.
have hypothesised that a thinner graft results in a superior visual outcome as long as the
implant is robust enough to allow surgical handling.®® Preferentially, the artificial scaffold has
a thickness comparabile to that of the natural DM (3-10 um) so that the removed volume equals
the implanted volume. The majority of the researchers who have reported on a material for
corneal tissue engineering mention the thickness of their potential implant and these data are
visually represented in Figure 4. The scatterplot indicates that consistent reporting about the
methods and measuring conditions is lacking since dimensions of samples in the hydrated
state, dry state or both are discriminated. In some cases, the authors do not clearly indicate
whether or not the substrates are in the dry state. Additionally, multiple methods have been
described to determine the thickness of the scaffold including scanning electron microscopy
(SEM), optical coherence tomography (OCT), interferometry, etc. These techniques require
different sample preparations and measuring environments which renders a pragmatic
comparison impossible.
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Figure 4. overview of the thickness of scaffolds and materials used in corneal endothelial tissue engineering
compared to the thickness of the natural Descemet’s membrane (3-10 um, indicated by the dashed red lines). The
squared symbol indicates the thickness of natural tissue (i.e. hydrated lens capsule)

Table 3: overview of thicknesses of natural tissue and natural, semi-synthetic and synthetic scaffolds exploited
for corneal endothelial tissue engineering.

Natural Tissue

Material Thickness (um) Hydrated? Technique Reference
Human decellularized | 25.93 +0.26 Yes ocT o
crystalline lens
capsules

Natural polymers
Material Thickness (um) Hydrated? Technique Reference
Collagen vitrigel 21.2+0.9 Yes Optical microscope | 2
Plastic compressed | 74.1+2.04 Unknown oCcT 59
collagen
Dehydrothermally 20 Yes Microscope 60
crosslinked gelatin
Silk fibroin 10.39 £ 0.65 No FE-SEM 61
Silk  fibroin/glycerol | 6.373 +0.86 No
(1%)
Silk  fibroin/glycerol | 7.25 +0.68 No
(3%)
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Silk fibroin + FNC 50+1.2 ‘ Yes Micrometer 62
Semi-synthetic polymers
Material Thickness (um) Hydrated? Technique Reference
Chitosan/PCL blend 90-120 Yes Microscope 63x
50-60 No
Chitosan/PEG blend 26 No E-SEM 4
25 No Spectral reflectance
46 Yes
Gel-MA(+) 140 Yes oCT 64y
Gel-MA + PDLLA | 0.858 +0.262 No Interferometry 10
double layered
membrane
Gel-MA-AEMA + | 0.760+£0.319 No
PDLLA double layered
membrane
Gel-NB  +  PDLLA | 0.569 +0.299 No
double layered
membrane
Poly-e-lysine + ECM | 118 +16 Yes Micrometer 65
proteins
Synthetic polymers
Material Thickness (Lm) Hydrated? Technique Reference
PMMA 150 + 12 Unknown Dial Gauge 66
PCL 114 £ 16 Unknown
PLGA 109 £ 17 Unknown
PEG 31 No E-SEM 42
PEG-PCL (5%) 253+45 No Spectral reflectance
PEG-PCL (5%) 472+15 Yes Spectral reflectance

Figure 4 provides an overview of the thickness of a broad range of samples previously
reported in the state-of-the-art. It appears that here natural polymers and semi-synthetic
polymers are the best performers, with the first class having four materials that fall in the
required thickness range, while the latter has three materials that result in even thinner
membranes than the Descemet’s membrane. Additionally, comparing the results in this figure
and having the final application in mind, the question rises why the thickness in the dry state
is reported if the material will be hydrated when applied as a corneal implant. For this reason,
the relevance of the reported dimensions solely in the dehydrated state can be questioned.
Because the thickness of silk fibroin combined with glycerol in the dehydrated state is similar
to that of the DM membrane, the authors conclude that it will be a suitable substrate for corneal
endothelial cell regeneration.®” However, since it has been shown that the swelling ratio of silk
in aqueous environments can exceed 1000 %, the thickness will increase during cell seeding
and implantation.®”-%% Also Van Hoorick et al make this conclusion for their dehydrated
scaffolds. However, since the developed membranes have a thickness below 1 um and
include crosslinked gelatin and hydrophobic PDLLA, it is unlikely that the scaffolds will swell
up to > 10 um. For the synthetic polymers PMMA, PCL and PLGA,®-% it is unclear if they
were measured in the hydrated state but because of their hydrophobic nature, they will only
absorb a limited amount of water.
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When the thickness in both states is mentioned, the comparison of those values gives an
indication of the swelling capacity of the scaffold. From the results of the Chitosan/PCL,
Chitosan/PEG and PEG/PCL blend samples, it can be noticed that the fluid uptake of the
tissue engineered scaffolds can have a large impact as the thickness is almost doubled from
the dry to the hydrated state.*'“23 The swelling capacity (S [%]) (equation 3) of hydrogels can
also be evaluated based on the degree of swelling, which is calculated by the difference in
mass of the hydrogels in the dry (Wq) and in the swollen state (Wh) over the weight in the dry
state. The influence of the amount of crosslinking on the degree of swelling of various Gel-MA
samples has been investigated by Rizwan et al.%* The results show that the swelling capacity
can be drastically reduced upon increasing the amount of crosslinkers.®* A third method that
indicates the water absorption of polymers is the equilibrium water content (Weq) [%] (equation
4). This value is defined as the ratio of the weight difference of samples in the swollen and dry
state over the weight in the swollen state.
(W, —Wy)

S=—"—"22%100 (3

Wy — Wy)
Liang et al. did not mention the thickness of their Chitosan-Hydroxyethyl scaffold but only
reported the equilibrium water content (i.e. 81.32%).”° However, determining solely the
swelling capacity or equilibrium water content is not enough to evaluate whether membranes
will be suitable as DM mimic. The absolute thickness, preferably in the hydrated state, should
also be reported. The authors of this review recommend to determine the thickness of the
implant in the hydrated state, since the values in the dehydrated state are not representative
for the eventual application.

It should be kept in mind that the measuring technique will also have a great influence on the
state (dry or hydrated) of the scaffold and the obtained dimensions. Samples for analysis with
SEM or field emission SEM (FE-SEM) are required to be dehydrated since a vacuum is applied
during the measurement. Therefore, these techniques do not allow the determination of the
sample thickness in the hydrated state. With environmental SEM (E-SEM), a specimen can
be measured without the need for dehydration, which makes it the SEM technique of choice
for the determination of the thickness of DM mimics as discussed in the current review.”!
Optical coherence tomography is a medical imaging technique that is used to obtain a live
image of the cross-section of biological tissue in their natural environment, frequently used in
ophthalmology to measure retinal or corneal thickness non-invasively. During a DMEK or
DSAEK surgery, OCT is for example used to ensure the position of the donor graft in the
cornea. However, the determination of the thickness is less precise compared to SEM.® To
visualise samples with white light interferometry, it is combined with an optical microscope. A
disadvantage of this technique is that the light source generates heat, causing water in thin
samples such as those made by Van Hoorick et al. to evaporate.'® Therefore, the hydrated
thickness is difficult to measure with this device. The dial gauge and micrometer are similar
methods which allow to measure sample thickness down to 1 um accurately. The sample
dimensions are determined by placing the object on a stationary anvil after which the spindle
is moved until the sample is clamped between the anvil and the spindle. Because of this
modus operandi, the dial gauge and micrometer are less suitable to determine dimensions of
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soft and compressible samples such as scaffolds for corneal endothelial regeneration (i.e.
hydrogels).

The overview in Table 3/Figure 4 shows that the thickness of the natural, semi-synthetic and
synthetic polymers varies from 5 to 74 um, 0.6 to 120 um and 31 to 150 um respectively. This
indicates that it is not straightforward to obtain dimensions comparable to those of the natural
DM since only silk fibroin remains within the range of 3-10 um. Additionally, the results show
that especially synthetic materials are difficult to process into very thin membranes as 25.3
um is the lowest thickness value reported to date (PEG-PCL (5%) in the dehydrated state).
The thinnest substrates are the double layered membranes consisting of a PDLLA and a
modified gelatin layer produced via spincoating. The synthetic PMMA results in the thickest
membrane of about 150 um. It is not specifically indicated in which state this is measured (dry
or hydrated) but since the swelling of PMMA in aqueous solvents is only minor, the thickness
will still be within the range of a DSAEK graft (100-200 um).”2 It should be noted that PMMA
as such will not be suitable as it showed only low CENnC interactivity.

Overall, the thickness of most scaffolds remains within the range of the DMEK and DSAEK
grafts (20-200 um).

3.2.  Ensuring sufficient nutrient permeability

A flow of water and nutrients through the Descemet’'s membrane is essential to serve the
function of the corneal endothelium. Therefore, the permeability of the Descemet’s membrane
mimics needs to be evaluated to assess the suitability of a scaffold. The substrate has to reach
a minimum permeability for a certain nutrient in order to be applicable as scaffold for
endothelial regeneration. As mentioned earlier, studies on the permeability through a human
Descemet’s membrane are scarce and a threshold permeability for this tissue has not been
reported to date. However, data regarding the permeability of an animal cornea are considered
a suitable estimation. Hence, the diffusion of a certain nutrient through the tissue engineered
scaffold will be adequate if its diffusion or permeability coefficient exceeds that of the animal
DM and endothelium. In Table 4, the nutrient or water permeability of multiple scaffolds is
provided. The permeability coefficient (P [cm/s]) is calculated using the following equation (5)
with dQ/dt representing the change of the amount of nutrients over time [g/s], A being the
surface area of the membrane [cm?] and C, representing the initial nutrient concentration [g/1].
[
P= AeC, (5)

The diffusion coefficient (D [cm?/s]) is defined as the permeability coefficient multiplied by the
thickness of the scaffold (T [cm]) (equation 6).
D=Px* T (6)

Mostly one or both parameters are used to give an indication of the scaffold permeability. In
our conducted literature study, only Kimoto et al. reported the permeability of water and bovine
serum albumin (BSA) through dehydrothermally crosslinked gelatin after 1 hour as a percental
value of 28% and 2% respectively.
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Table 4: overview of the permeability of natural tissue and natural, semi-synthetic and synthetic scaffolds for
corneal tissue engineering.

Natural tissue

Material Chemical P (cm/s) D (cm?/s) Reference
Amniotic membrane Glucose 4x10° 4.5x107 73
Amniotic membrane Glucose 3x10°

+endothelium
Lens capsule Dextran 3 kDa 9x10° 1.26 x 10 7hx
Dextran 10 kDa 3x10° 7.7 x10°
Dextran 40 kDa 1x10° 5.1x10°
Dextran 150 kDa 1x10°% 45x10°
Natural polymers
Material Chemical P (cm/s) D (cm?/s) Reference
3% dendrimer Glucose 0.8-1.1x 10 7
crosslinked collagen
2% dendrimer Glucose 2.2x10°
crosslinked collagen
Semi-synthetic polymers
Material Chemical P (cm/s) D (cm?%/s) Reference
Chitosan/PEG blend Glucose 1.0x 10°® 41
Bovine Serum 1.0x 108
Albumin (BSA)
Heparin-modified FITC-Dextran 4 (2.36 £5)x 10°® (7.78 +1.6)x 108 76
gelatin crosslinked kDa
with EDC/NHS FITC-Dextran 70 (11.3+1.1)x10?% (3.7+0.4)x 10°
(EDC/amine =5) kDa
Gel-MA(+) BSA 2.2x107 64
Glucose 2.7x10°
Gel-MA(+) + Glucose 3.4-4.23x10°%
endothelium
Gel-MA (DS 95) + Glucose (2.36 £1.9) x 102 (2.03+1.75)x 10°® 10
PDLLA double layered
membrane
Gel-MA (DS 63) + Glucose (3.06 £1.51)x 102 (1.91+1.12)x 10°®
PDLLA double layered
membrane
Gel-MA-AEMA + Glucose (9.35+0.885) x 1073 (710 £6.72) x 10°®
PDLLA double layered
membrane
Gel-NB + PDLLA Glucose (2.55+2.47)x 1072 (2.99+2.18) x 10°®
double layered
membrane
HECTS blend Glucose 1.93x 10° 70
Synthetic polymers
Material Chemical P (cm/s) D (cm?%/s) Reference
PEG-PCL Glucose (2.3+0.3)x10°® 42
BSA (1.040.2) x 10”7
PDLLA Glucose (1.52£0.619) x 10 (8.87 +3.62)x 107 10
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*. Data from paper not related to corneal endothelial tissue engineering

Table 4 indicates that mainly the diffusion of glucose and albumin are reported. Nutrients with
lower molar masses are mostly not investigated. Indeed, if the permeability of a large molecule
reaches a threshold value, it is anticipated that the diffusion of a smaller component will also
be sufficient. This is validated by the diffusion coefficient of glucose which is always higher
than that of albumin through the same material. Also the permeability of dextran through the
lens capsule decreases with increasing molecular weight.

Glucose, which is the main nutrient for corneal cells, diffuses from the anterior chamber
towards the stroma, where it undergoes anaerobic metabolization to lactic acid, which diffuses
back to the aqueous humour.”” Therefore, it is valuable to determine the glucose permeability
or diffusion coefficient and compare it to values found in literature to assess whether the
scaffold is suitable. However, albumin (66.5 kDa) is also present in the stroma and in CEnCs
but not in the Descemet’s membrane. 87 It has already been reported that aloumin enters
the cornea via the limbal blood vessels instead of through the Descemet’s membrane.”88%-82
This makes glucose, with its molar mass of 0.18 kDa, one of the largest molecules that should
migrate through the Descemet’s membrane, which might make BSA not representative for
permeability assays.”®#-82 Scientists most likely anticipated that, since the molecular weight
of albumin is 370 times larger compared to that of glucose, the permeability of the latter will
be acceptable if the former reaches a minimum permeability coefficient. However, a scaffold
might be rejected as corneal endothelial implant based on insufficient permeability of albumin
while that of glucose is adequate, but not evaluated. Niu et al. investigated the permeability of
fluorescently labelled dextran (FITC-dextran) with a molecular weight of 4 versus 70 kDa.”®
Considering the molecular weight of glucose, the permeability of the 4 kDa dextran is sufficient
to check the suitability of the scaffold.

Frequently, the permeability of the membrane as such is determined. However, it should be
noted that there will be a monolayer of corneal endothelial cells present on the eventual
implant. One should clearly discriminate the glucose transport over the endothelial layer and
the Descemet’'s membrane, which can be considered active transcellular transport and
passive diffusion respectively. Glucose transporters have been found on both the apical and
basolateral side of the corneal endothelial cells, indicating a transcellular glucose flux.8 The
nutrient flow might thus also be influenced by the barrier function of the endothelium. To
exemplify, the permeability coefficient of Gel-MA(+), a material where Gel-MA is allowed to
form a gel prior to crosslinking, is 6 to 8 times smaller when an endothelium is formed on the
surface (Table 4).%* For heparin-modified gelatin crosslinked with EDC/NHS on the other hand,
the P and D values were not significantly changed by seeding CEnCs on top, indicating that
the membrane is the limiting factor for the permeability.”®

The synthetic mimic of the Descemet’'s membrane should be equally or more permeable
towards certain nutrients compared to the natural membrane. Since there exist only limited
data on the permeability through the Descemet’s membrane in literature, the diffusion
coefficient of the total cornea for glucose and albumin (Dcomea (glucose) = 3.0 £0.2 x 10 cm?/s
and Dcomea (albumin) = 1 x 107 cm?/s) are used as reference values. However, since the
thickness of the DM mimic will greatly influence the diffusion capacity, it is recommended to
consider the permeability coefficient, which takes the dimensions of the membrane into
account, to investigate the suitability of the scaffold. With the average thickness of the cornea
(550 um), the permeability coefficients can be calculated via equation 4 and are found to be
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Pcornea (glucose) = 6 x 10 cm/s and Pcomea (albumin) = 1 x 107 cm/s. The amniotic membrane
has a P(glucose) which is lower compared to the cornea which indicates that the glucose
permeability is insufficient to be a suitable substitute. However, P could be increased by using
a thinner membrane. For the Chitosan/PEG blend, the diffusion of BSA also appears to be too
low but since the diffusion of glucose is as required, the material can still be an adequate
implant. The permeability of (semi-)synthetic membranes can be increased by inducing
porosity during the production with e.g. porogens or a laser. Because of its hydrophobicity,
PDLLA has a lower permeability for glucose compared to the reference value but combined
with gelatin (as is foreseen in the eventual application), the permeability is sufficient. The
permeability of dextran through the corneal endothelium should be at least 8.1 + 1.4 x 108
cm/s, which is the case for every membrane in Table 4 for which dextran has been screened.
It can be concluded that the majority of the scaffolds investigated until now fulfill the
requirements regarding the permeability, indicating that this will not be the most challenging
demand to reach.

The authors of this review propose to measure the permeability coefficient of glucose through
the membrane and compare these to values found in literature, if reported. This is sufficient
to investigate if the DM mimic will limit the transport of the nutrients.

3.3.  Techniques and materials to ensure a sufficiently
transparent scaffold

While transparency of the substrate is by no means essential for correct cellular growth or for
the functioning of the tissue carrier, it is, however, essential when considering the final
outcome of the transplantation. Especially for non-degradable scaffolds, maximal
transparency is a must when the goal is to eventually restore the vision of the patient to pre-
disease levels. When looking at the existing scaffolds (Table 5), it is noticeable that most of
them are sufficiently transparent and reach or exceed the transparency of the natural
Descemet’'s membrane (>90%). The only exceptions are membranes prepared through
electrospinning. These membranes are noticeably opague compared to scaffolds produced
by other processing techniques. While the relevant papers do not report whether
transparencies were measured using hydrated or dry membranes, the hydrophobic nature of
the considered polymers makes it unlikely that measuring in hydrated or dry state makes much
difference. Indeed, upon hydrating electrospun PCL membranes, transparency does not
improve. This opaqueness is probably caused by scattering due to the presence of a multitude
of randomly oriented polymer fibres in the scaffolds.

On the other hand, hydrogels processed using electrospinning and measured in the hydrated
state are expected to be much more transparent than their hydrophobic counterparts, due to
the transparent nature of the materials themselves, as well as due to similar diffractive indices
between the hydrated polymer and water. A point of critique to be given to the qualitative
determinations of transparency, where the membrane or film is placed on a paper with printed
letters is that this gives an overestimation of the quality of the image and thus the transparency
of the membrane. When positioning films or membranes further from the paper, the letters
become increasingly difficult or even impossible to read. This is again most noticeable for
electrospun membranes while more homogenous membranes are much less or not limited by
this at all. Therefore, qualitative investigation of transparency should also be performed at a
fixed distance from the subject, similar to the real situation. In addition, this will give a better
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indication of what the quantitative measurement means, since scattered light can for example
still be detected by a UV-VIS detector but does not necessarily give a clear image.

When considering techniques used to determine the transparency of the membranes, it
becomes clear that UV-VIS photospectroscopy is the preferred method, ideally measuring a
continuous spectrum of the visual region (380-750nm).”® One group also used a lux meter to
determine the transparency. This method, however, does not provide information about
specific wavelengths and is therefore discouraged.®* In addition, the authors recommend
avoiding electrospinning as a processing technique for this purpose, given its inferior
transparencies, especially when employing more hydrophobic polymers. Instead, techniques
that produce a more homogeneous membrane, such as spincoating or solvent casting, should
be employed. Moreover, amniotic membrane and silk fibroin also perform suboptimal
compared to other materials. While degradation of these membranes might over time allow
complete transparency as the membranes disappear, the ideal membrane should perform well
on both short and long term.

Table 5: overview of the transparencies of natural tissue and natural, semi-synthetic and synthetic scaffolds used
in corneal endothelial tissue engineering.

Natural tissue

Material Transparency (%) Wavelengths (hm) | Notes Ref

Amniotic membrane 60-85 400-700 85

Lens capsule 90 405, 450, 490, 530, °
630

Natural polymers

Material Transparency (%) Wavelengths (hm) | Notes Ref
Dendrimer crosslinked collagen | >80%-95 390-780 7
Collagen vitrigel >85 380-700 86
Silk Fibroin 84" 380-780 61
Silk Fibroin/glycerol (1%) 82 380-780
Silk Fibroin/glycerol (3%) 69 380-780
Silk Fibroin + FNC 98+1.4 500 62
Semi-synthetic polymers

Material Transparency (%) Wavelengths (nm) Ref
Heparin-modified gelatin | >95 400-750 76
crosslinked with EDC/NHS
HECTS blend >90 400-800 70
Gel-MA(+) 90-92 VIS 64
Gel-MA + PDLLA double layered | >97 380-780 Hydrated 10
membrane >90 380-780 Dehydrated
Gel-MA-AEMA + PDLLA double | >97 380-780 Hydrated
layered membrane >90 380-780 Dehydrated
Gel-NB + PDLLA double layered | >97 380-780 Hydrated
membrane >90 380-780 Dehydrated
Chitosan/PCL blend >97 White light 25% PCL, | &

decreases

with
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increasing

PCL content
Chitosan/PEG blend >95 VIS 4
PCL/Collagen blend 79" 400-800 Electrospun, | &

radial fibres
Poly-&-lysine 99.08 460-600 &

Synthetic polymers

Material Transparency (%) Wavelengths (nm) Ref
PCL 14.7+1.9 380-780 Electrospun 66
PLGA 55+1.3 380-780 Electrospun
PMMA 28+4.1 380-780 Electrospun
PDLLA >94 380-780 10
PEG-PCL >98 400-700 Independent | #

of PCL

content

*Found in paper not specifically related to corneal endothelial tissue engineering
TCalculated from optical intensity using: T=100*10*with T being transmission (%) and
A being the optical intensity or absorbance.

3.4.  Necessity of biodegradability

When a material can be disintegrated in a natural environment by the micro-organisms or
enzymes present there without the production of toxic degradation products, it is considered
biodegradable.® Ideally, the degradation products are excreted from the body via natural
pathways. In general, tissue-engineering aims to repair, replace or regenerate tissue or organs
by combining a biocompatible scaffold with suitable cells for the application.®® In this way, a
bioartificial tissue is created. When the goal is to permanently replace tissue or organs, the
scaffold should not be biodegradable in the implanted environment since it should remain
intact for the lifetime of the patient. However, if regeneration or repair of the target is required,
it could be desired that the implant degrades over time while being replaced with native
tissue.?® In this case, the degradation time of the implant should match the regeneration or
repair time of the natural tissue which should be taken into account during the production of
the scaffold. To assess whether or not the materials used for the Descemet’s membrane mimic
should be degradable, two factors should be considered; degradation rate of the cell support
in the anterior chamber and the rate of regeneration of the natural Descemet’s membrane.

The Descemet’'s membrane is a basement membrane consisting of extracellular matrix
proteins produced by CEnCs.®! After implantation in the patients cornea, it is anticipated that
the natural Descemet’'s membrane can be regenerated by the CEnCs that are part of the
implant and therefore, the main focus of corneal endothelial tissue engineering has been on
the production of biodegradable scaffolds.!’® Currently, human trials with these types of
implants have not been performed yet so this assumption has not been verified and the exact
regeneration rate of the human DM remains undetermined. It is known that the DM has a
thickness of 3 um at birth and increases to around 10 um over lifetime which indicates a rather
slow growth. Scientists who are trying to develop a suitable degradable scaffold can only
estimate the regeneration rate based on animal studies. Medeiros and Sampaio et al. removed
a disk of corneal endothelial cells from rabbit corneas and compared the healing process with
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that of corneas of which a disc of both the corneal endothelium and Descemet’s membrane
were cut out.92% After one month, the corneal oedema that developed in the first group was
already resolved while it took 6 months to restore the injury in the endothelium-DM complex
of the second group. This shows that the DM as such exhibits a poor potential to regenerate
but that CEnCs on an intact DM can be restored relatively fast.'® However, this animal model
is not fully representing the mechanisms in the human body since, unlike the human CEnCs,
rabbit corneal endothelial cells have the capacity to regenerate. Furthermore, the results of
the study might be different if the removed endothelium and DM were replaced with a cell-
containing scaffold. This renders the estimation of the regeneration rate of the DM and thus
the degradation rate of the scaffold difficult.* Additionally, it is not certain that a tissue-
engineered scaffold that is considered biodegradable, will effectively degrade over time. The
eye is an immune privileged organ in which an inflammatory response is rarely triggered.®*
Biodegradability is therefore not an essential requirement for a suitable implant. If the tissue
engineered membrane fulfils all requirements and is biostable, a hon-biodegradable material
will also be applicable. The development of the biomatrix will be easier since the degradation
does not have to be considered. The only non-biodegradable polymer that was evaluated in
this review is PMMA .54

Only the minority of the studies addressed in the current review investigated the degradability
of the materials they used (Table 6). Based on the environment in which the degradation was
assessed, three different types of degradation studies can be distinguished: hydrolytic
degradation in HCI, in vitro degradation in the presence of enzymes, aqueous humour or in
PBS solution and in vivo degradation. The accelerated hydrolytic degradation in acidic
environment is performed to generate the degradation products of the material and assess
their toxicity. It should be kept in mind that the degradation products obtained with HCI will
probably not be the same as those generated in vivo but they will be similar. Fibroblasts
incubated in the presence of the degradation products of chitosan/PEG blends and PEG-PCL
proliferated in the same way as the control, indicating that the products were not toxic.

Two studies investigated material degradation in a collagenase solution. However, this is not
representative for the in vivo situation since the enzyme is not present in the aqueous humour.
This is illustrated by Gel-MA(+) which degraded much faster in a high concentration
collagenase solution than in the aqueous humour of a rabbit. Indeed, the aqueous humour
and PBS solution mimic the natural environment of the DM to a superior extent. The in vitro
degradation of PEG-PCL (in PBS solution at 35°C for 8 weeks) showed that the degradation
slowed down with increasing PCL content. This can be attributed to the hydrophobic nature of
PCL and allows the tunability of the degradation rate which is desirable for tissue engineering.
A chitosan/PEG sample was incubated in an L-cysteine and lysozyme mixture at
concentrations that exceeded those of the human aqueous humour 100 times. During
crosslinking of the blend with cystamine, disulphide bridges are incorporated that can act as
additional degradation points for the two enzymes in the environment. This indicates that also
the degradation time of chitosan/PEG can be controlled by altering the PEG content.

The deterioration of both hydroxyethyl chitosan and Gel-MA(+) have been observed after
implantation in the anterior chamber of rabbits. For the latter, the only indication of degradation
after 4 months was the slight increase in pore size, showing that the degradation goes much
slower in vivo than in the in vitro test with aqueous humour.
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Table 6. Overview of the degradation properties of natural, semi-synthetic and synthetic scaffolds used for
corneal endothelial tissue engineering.

Natural tissue

Material Complete degradation* | Environment Remarks Reference
Human decellularized | 13 hours Collagenase o
crystalline lens (5 U/ml)
capsules
Amniotic membrane 13 hours
Semi-synthetic polymers
Material Complete degradation* | Environment Remarks Reference
Chitosan/PEG blend 50% degradation in 55 | L-cysteine and | Cystamine as | 4
days lysozyme crosslinker introduces
(1.1 and 6.4 | disulphide bridges
mg/ml which act as additional
respectively) degradation points
HCI (370 mg/ml) Accelerated
degradation to assess
the toxicity of
degradation products.
Hydroxyethyl 60 days Implanted in %
Chitosan skeletal muscles
of rats
>3 weeks Implanted in | Almost complete
anterior chamber | degradation of the
of rabbits membrane
Gel-MA 20 hours Collagenase 64
Gel-MA(+) 48 hours (20 U/ml)
Gel-MA(+) 22% degradation in 7 | Aqueous humour
days from rabbits
Gel-MA(+) Implanted in | Increased pore size
anterior chamber | after 4 months as sign
of rabbits of degradation
Synthetic polymers
Material Complete degradation®* | Environment Remarks Reference

PEG-PCL (0%)

24% in 8 weeks

PBS solution at

PEG-PCL (5%)

15% in 8 weeks

35°C

PEG-PCL (10%)

10% in 8 weeks

PEG-PCL

HCl (36.5 mg/ml)

Accelerated

degradation to assess
the
degradation products.

toxicity of

42

*indicates the time necessary for complete degradation in the given environment unless

mentioned otherwise.
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3.5.  Optimizing the cellular response and handleability by
tuning the mechanical properties

------- Range of the natural Descemet’'s membrane
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Figure 5. overview of the Young’s moduli of scaffolds and materials used in corneal endothelial tissue engineering
compared to the Young’s modulus of the hydrated natural Descemet’s membrane.

An overview of the mechanical properties of the different scaffolds is given in Table 7, while a
more concise comparison of the Young’s moduli is provided in Figure 5.

The mechanical properties of the Descemet’'s membrane mimics are both crucial for the
surgical handling and with regard to the cellular response. For the former, membranes need
to be strong enough to withstand the stresses imposed on the materials during transplantation,
here, it was already mentioned in section 2 that the thicker DSAEK membranes provide an
improved handleability during the surgical procedure even though it provides a less good
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outcome than the thinner DMEK membrane. However, artificial Descemet’s membrane can
still maintain a good handleability with thinner by selecting more robust materials.

As mentioned earlier, the mechanical properties of the artificial Descemet’s membrane will
also play a role in the cellular response. Palchesko et al. tested materials with various Young'’s
moduli and with various coatings.® In their findings, they conclude that a material with a
Young’s modulus of 50 kPa provoked the best response from the corneal endothelial cells.
Stiffer materials (=830 kPa) showed minimal expression of ZO-1, one of the hallmark proteins
for a functioning corneal endothelium. Similar results were found for substrates that were too
soft (5 kPa).% In hindsight, these results might not be surprising considering a Young’s
modulus of more or less 50 kPa is very similar to the Young’s modulus of the natural
Descemet’s membrane. This also supports the hypothesis that mimicking the Descemet’s
membrane to the greatest extent possible will eventually result in a scaffold with the best
possible outcome.

When determining the mechanical properties of a material or a scaffold, it is important to take
note whether the sample is measured in the dry or hydrated state. While this distinction might
be less relevant for hydrophobic polymers, it is increasingly important with increasing
hydrophilicity of the scaffold since water will greatly influence the mechanical properties of the
material. Typically, hydrogels will exhibit a lower Young’s modulus when hydrated and will
show a larger peak strain at a lower peak stress compared to their dry state. *° Additionally,
measurements in the hydrated state will be more relevant since they reflect the conditions in
place during cell expansion and in the eye.

Finally, also the processing method might have an influence on the mechanical properties of
the material. This is for example the case for electrospun membranes characterized by aligned
fibres. In general, these membranes will be stronger when stretched in the direction of the
fibres, with a higher Young’s modulus and a higher ultimate strength.®’

Unfortunately, comparing mechanical properties between different papers and materials
proves to be troublesome. Often different properties of a material are tested and when similar
characteristics are evaluated, the methodology differs significantly, making comparisons
dubious at best. Therefore, the authors suggest using a tensile testing apparatus on
membranes in the hydrated state. At the very least, the Young’s modulus should be
determined and preferably also the stress and strain at break should be reported since they
more accurately represent the stresses that a membrane will be able to endure and its
likeliness to tear.

Table 7: overview of the mechanical properties of natural, semi-synthetic and synthetic scaffolds used for corneal
endothelial tissue engineering.

Natural tissue

Material Young’s Strain at | Stress Method Notes Reference
modulus break at break
(MPa) (%) (MPa)
Amniotic 1.79-19.08 | - - Tensile Hydrated & | %8*
membrane partially dried
Lens capsule 0.028-8 50+18 | 2.3+0.7 | Various - 99%
Natural polymers
Material Young’s Strain at | Stress method Notes ref
modulus break at break
(MPa) (%) (MPa)

28



Dendrimer 1.4+0.1 - - Tensile, 50% | - 7
crosslinked collagen humidity
Collagen vitrigel 2.41+0.14 | 10-30 0.67- Tensile - 100,101
135
Plastic compressed | 0.4+0.22 | - - Tensile - 102
collagen
Chitosan 2500-3500 | 4-6 60-85 Tensile Dehydrated 63
2-15.5 37-67 1-9.9 Tensile Hydrated 41,63
Silk fibroin 10-17 4-26 300-740 | - - 103,104
Semi-synthetic polymers
Material Young'’s Strain at | Stress Method Notes Reference
modulus break at break
(MPa) (%) (MPa)
Heparin-modified 0.8-5.8 127.0- 0.7-1.7 Tensile EDC/amine 76
gelatin crosslinked 42.3 ratio 2.5-10.0
with EDC/NHS
Gel-MA 5.8-56.7 X | - - Compression | 10-30wt/V% 64
103 gelatin
Gel-MA(+) 28.8-233.3 | - - Compression | 10-30 wt/V%
x 1073 gelatin
Gel-MA DS97 18x 103 | - - Rheology 10
Gel-MA-AEMA 45x 10° |- - Rheology
Gel-NB 13.5x 103 | - - Rheology
Chitosan/PCL blend | 1.5-5 20-80 0.5-2.2 Tensile 25-75% PCL 63
Chitosan/PEG blend | 17.7 £ 6.6 101 28.2 Tensile Hydrated, 4
properties at
break
correlated
with PEG
content
Hydroxyethyl - 18-23 33-41 Tensile - 95%
Chitosan
PCL/Collagen blend | 11-12+1 - - Tensile - 87
Poly-g-lysine 0.11+0.01 | - 0.04 + | Tensile - 65
0.004
Synthetic polymers
Material Young’s Strain at | Stress Method Notes Reference
modulus break at break
(MPa) (%) (MPa)
PMMA 129+0.6 | 40 - Tensile Electrospun 105%
PLGA 52+8.5 73 2.1  * | Tensile Electrospun 106
0.32
PCL 2.9-440 170- 10 Tensile - 63,107,108
1000
23-28 - 3.5 Tensile Electrospun, | %7*

parallel to
fibres
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10.4 - 1.5 Tensile Electrospun, | %7*
perpendicular
to fibres

PDLLA 495+0.81 | - - Tensile - 10

PEG-PCL 3.3-6.3 33-71 1.5-5.2 | Tensile Hydrated 42

*Found in paper not specifically related to corneal endothelial tissue engineering

When looking at the Young’'s modulus of the different materials, it is clear that none of the
synthetic materials fall into the range of the hydrated Descemet’s membrane (Figure 5), with
values that are at least an order of magnitude higher. For the natural materials on the other
hand, only the lens capsule seems to overlap with the Young’s modulus of the Descemet’s
membrane. However, the most valuable polymer class for this seems to be semi-synthetic
materials, especially gelatin-based. Gel-MA, Gel-MA-AEMA and Gel-NB all fall within the
range of Young’'s moduli of the Descemet’'s membrane and poly-¢-lysine is just outside the
target range. However, one must keep in mind that more materials might have a Young’s
modulus into the required range when they are hydrated.

When taking a look at blended materials, it seems that their Young’s modulus depends on the
formulation of the blend. Targeting a certain Young’s modulus should thus be possible by
selecting an appropriate blend composition. Another method to obtain a scaffold that is both
sufficiently strong for handling and is at the same time optimal for cellular growth might be
multilayered membranes. Here, a softer hydrogel material might be used as a cell-interactive
layer while a stronger material can be used as a supporting layer to provide the necessary
strength. This method might be especially relevant for thinner membranes, where soft,
hydrogel materials might not provide the needed strength. A similar approach was reported
by Van Hoorick et al.®

3.6. Influence of the scaffold topography on the cellular
response

While it was previously discussed that the natural Descemet’s membrane appears to be
porous, it seems that the topography of artificial membranes also has an influence on the
cellular response. While most membranes produced are flat without any distinguishable
surface patterns or features, some researchers modified their membranes with certain
topographies. Additionally, even though they are suboptimal when considering transparency,
certain techniques such as electrospinning allow the production of a defined structure with
aligned fibres, which also seems to have an influence on the cellular response. For example,
when electrospun fibres are radially aligned, superior proliferation of corneal endothelial cells
was observed compared to randomly aligned fibres.®” This influence might be related to the
presence of aligned collagen fibres in the infant Descemet’s membrane and might be the
preferred environment for cellular expansion. Similarly, Salehi et al. observed cell alignment
when using aligned, electrospun poly(glycerol sebacate)/PCL blends.'® The influence of the
membrane topography on the cells is also evident from a paper by Rizwan et al. Here, the
authors produced patterned Gel-MA films and concluded that the topography of the films has
an influence on the expression of both ZO-1 and Na*/K*-ATPase, with patterned films showing
higher expressions of both, compared to unpatterned membranes.® This research indicates
that while homogeneous, flat membranes seem to support cells sufficiently, it might also be
interesting to look into producing patterns in or on the surface of the membranes to improve
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the cellular response. While textures do indeed increase the cellular response in vitro, it still
remains to be seen if this also results in an actual advantage over non-textured membranes
in in vivo situations. On the other hand, it has been shown that very pronounced surface
irregularities on fish scale derived scaffolds impeded the growth of corneal endothelial cells.
Besides having membranes with texture or aligned fibres, several authors have made use of
hemispherical or curved membranes.%®606287 While this is not strictly necessary to have a
functioning implant, the hemispherical shape might have a better fit to the posterior side of the
cornea.

While the number of papers reporting on textured scaffolds for transplantation purposes is
limited to date, an increasing amount of research has been devoted to the application of
textured substrates to guide cell growth without the intention to transplant the substrate. An
example of this has been reported by Gutermuth et al. They exploited two-photon
polymerisation to produce polydimethylsiloxane substrates that mimic the texture of the
natural Descemet’'s membrane. Therefore, decellularized Descemet’'s membrane was
scanned to obtain the necessary topological data. Their substrate was able to induce the
differentiation of human mesenchymal stromal cells to endothelial-like cells.'™® A recent review
by Formisano et al. also provides a more in depth discussion about the influence of
nanotextured scaffolds on the cultivation of corneal endothelial cells for endothelial
regeneration.'"

3.7. Markers for cellular characterization

Herein, we have reviewed a set of physical and biochemical properties of corneal endothelial
cell scaffolds that are being developed for corneal endothelial tissue engineering. However, it
has been known that for instance material structure and mechanical properties can influence
the cell geno- and phenotype.''2 Therefore, looking at cellular response reflects the propensity
of the material to act as a decent endothelial cell scaffold. However, to date there is still no
consensus on a unique set of markers that indicate properly grown corneal endothelial cells. 2
Since the pump-and-leak mechanism is attributed to the corneal endothelium as its primary
function, markers related to this function are used for characterization. Na*/K*-ATPase and
Z0-1, responsible for their pump and leak function respectively, are the most cited markers
for human corneal endothelial cells. However, they are far from unique. Additionally, the
hexagonal cell morphology and size are frequently used properties that are taken into account
when tissue engineering a corneal endothelium, either qualitatively or quantitatively.

However, to fully qualify certain material properties of scaffolds, one must evaluate the whole
as a tissue rather than the cellular response to the material characteristics.!"® Assays that
functionally evaluate the cell-scaffold complex as a tissue are limited and not so frequently
implemented. By measuring the transendothelial electrical resistance, the electrical potential
over the endothelium is determined.”” This value reflects the ionic permeability of the
endothelium which is crucial to establish the ionic gradient in vivo to avoid corneal oedema.
In addition, permeability to nutrients and waste products should be evaluated on this tissue
level, since the endothelial cells, with the tightness of the zonula occludens, are the regulating
factor in the process.%2®
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4.Conclusions and future perspectives

The data in this review indicate that there is no consistent method to evaluate the properties
of tissue engineered scaffolds for corneal endothelial regeneration. The different measuring
techniques and conditions give results that are unsuitable for comparison and can lead to
unjustified conclusions regarding the suitability of the implant. The authors of this review
propose the following measuring conditions. The thickness should be measured in the
hydrated state, preferably with OCT, E-SEM or spectral reflectance. For the permeability, the
permeability coefficient of glucose should be evaluated. To assess this property, there is a
need for permeability studies of glucose through a natural DM with and without corneal
endothelial cells to generate consistent benchmark values and to quantitatively determine the
contribution of the DM to glucose permeability. The material should also be hydrated when
determining the mechanical properties, including the stress and strain at break and the
Young’s modulus, with a tensile tester. To evaluate these characteristics, pre-set values for
the natural DM should be made available since the current ranges are too broad to draw any
conclusions. Additionally, transparencies should be determined using photospectroscopy in
the visual range (380 - 780 nm). This preferably also in the hydrated state, albeit not strictly
necessary for techniques that produce a homogeneous film (e.g. film casting instead of
electrospinning).

The overview provided herein also shows that a broad range of materials have already been
reported as potential substrate for corneal endothelial regeneration. When natural tissue is
investigated for this application, the properties of the materials as such are rarely assessed.
Only for the lens capsule, all characteristics criticized in this review were reported. Frequently,
a biological evaluation is immediately performed on these materials. It would be beneficial if
also of the natural tissues, the thickness, permeability, transparency and mechanical
properties would be determined, since these will also be crucial for the success of the graft.
The use of natural tissue as substrate also has some disadvantages over polymers. It should
be considered that membranes such as the lens capsule are not unlimitedly available.
Additionally, because of their origin, the properties of these scaffolds can be variable which
makes that the scaffolds will not behave in a predictable way and result in a more complicated
surgical procedure with less successful outcomes. An example of this can be found in an
article by Hopkinson et al. They investigated the inter- and intramembrane variability of
transforming growth factor — beta (TGF-B1) in the amniotic membrane. Their results make it
clear that natural membranes are highly variable, even when looking at different sections of a
single membrane.'"* Additionally, the risk of disease transfer remains. These hurdles are also
troubling the current treatment methods involving donor corneas (DMEK and DSAEK). From
this point of view, the synthetic DM mimics are appealing since they eliminate all these
limitations.

Considering the properties discussed above, it can be concluded that producing a substrate
with a thickness comparable to or lower than that of the DM (3-10 um) shows to be difficult
but dimensions in the range of DMEK and DSEAK grafts are manageable and can be obtained
using commonly available processing techniques such as spin coating, electrospinning and
solvent casting. The minimal permeability was reached for almost every scaffold and can be
altered for the (semi-)synthetic substrates by changing the porosity, which indicates that it will
not be challenging to fulfil this requirement. For the semi-synthetic and synthetic scaffolds,
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only the transparencies of those produced via electrospinning were insufficient, showing that
most of these materials are suitable as corneal implant in this regard. The transparency of the
natural membranes and most of the scaffolds made from natural polymers on the other hand
is < 90%, which is lower compared to the threshold value. In case of the natural polymers, the
processing method to obtain the membranes can be changed in an attempt to increase the
transparency but for natural tissue, little can be done to increase transparency. Based on this
characteristic, the lens capsule and the amniotic membrane cannot be considered suitable
scaffold materials. The main hurdle for most substrates remains the mechanical properties.
Here a balance needs to be found to obtain a material that is easily handleable while still
maintaining good mechanical properties for the cells - two demands that require opposite
characteristics of a material - especially when the thickness requirements are taken into
account. One way to tackle this problem is through the use of multi-layered membranes where
two separate materials can be used to fulfil each of the requirements, resulting in a construct
that is optimized for cellular proliferation, thin and handleable. We anticipate that a lot of
improvements will still need to be made in this field.

These results are promising but, ideally, all requirements should be fulfilled which is still
challenging. Additionally, it should be kept in mind that the important properties are
interdependent. Altering the thickness for example will influence the permeability and the
mechanical characteristics of a scaffold. However, additional processing steps or more
complex scaffold designs show great promise to allow for all requirements to be met.

It could be concluded that membranes constructed from multiple layers show the most
promise to fulfill all requirements. More specifically, they allow the combination of properties
which are not possible to achieve when using a single material. Strong materials, such as
PDLLA or chitosan could be used as a structural layer to obtain a strong membrane while
maintaining thicknesses comparable to that of the natural Descemet's membrane. A soft
hydrogel on the other hand could be used as an additional layer serving as an extracellular
matrix mimic. Especially gelatin-based materials seem to be of interest since their Young'’s
modulus is closest to that of the natural DM and will allow for optimal cell proliferation.
Additionally, a combination of different techniques might prove to be beneficial. Spin coating
could for example be exploited for the structural layer since it enables the production of the
thinnest membranes while solvent casting could be used to create the cell-interactive layer
and a textured mold could provide topographical cues to the cells. This combination of
techniques would ensure a thin, transparent, strong and permeable membrane that allows for
optimal cell response. Therefore, we propose that future research focusses on combining
multiple materials to obtain a scaffold that fulfills all requirements. Additionally, more research
is needed with regard to the influence of the surface topography on the cells, employing more
advanced techniques such as two- photon polymerization or nano-thermoforming which might
be beneficial for the production of scaffolds with complex topographies. Furthermore, the
degradation behavior and time of the substrate should be considered in the evaluation
process. The biodegradation of the materials should be assessed in vitro in an environment
that is representative for the implantation site (e.g. aqueous humour, PBS solution,...) instead
of in the presence of collagenase. A degradable implant should be characterized by a
degradation time that meets the regeneration time of the natural DM. However, reports on the
in vivo regeneration of human DM is scarce which makes it difficult to extract a reference value
from literature. Once human trials for corneal tissue engineering commence, valuable data on
the regeneration of the natural DM will be gathered and the research will gain momentum.
Currently, the main focus was on designing a biodegradable membrane yet also biostable
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materials could serve as suitable DM mimics. It is anticipated that this polymer type will find
its entry in the field in the future. In practice, the alternative cell therapy treatment with corneal
endothelial cell injection is already in a more advanced stage but this method is associated
with some limitations. The guttae on the DM, which impede CEnCs growth, are for example
not 100% removed which would be the case with the tissue engineered implant discussed
herein. Furthermore, using an ex vivo grown endothelium, we can control the endothelial cell
density, which is not manageable with a cell injection, that relies on cell sedimentation.
Therefore, it is still valuable to explore this method further. We hope to see future research
explore past the in vitro phase with animal trials and maybe even preliminary human trials.
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