Molecular Biology Reports (2024) 51:391
https://doi.org/10.1007/5s11033-024-09321-y

ORIGINAL ARTICLE ——

®

Check for
updates

Use of discarded corneo-scleral rims to create cornea-like tissue

Maryada Sharma'”’ - Subhpreet Kaur' - Nimisha A. Mavlankar? - Alokananda Chanda® - Parul Chawla Gupta® -
Uma Nahar Saikia’ - Jagat Ram* - Asish Pal? - Sanjay Mandal® - Purnananda Guptasarma® -
Manni Luthra-Guptasarma’

Received: 27 September 2023 / Accepted: 6 February 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract

Background Corneal disease is a major cause of blindness. Transplantation of cadaver-derived corneas (keratoplasty) is still
the current therapy of choice; however, the global shortage of donor corneas continues to drive a search for alternatives. To
this end, biosynthetic corneal substitutes have recently begun to gain importance. Here, we present a novel method for the
generation of a cornea-like tissue (CLT), using corneo-scleral rims discarded after keratoplasty.

Methods and results Type I collagen was polymerized within the corneo-scleral rim, which functioned as a ‘host’ mould,
directing the ‘guest’ collagen to polymerize into disc-shaped cornea-like material (CLM), displaying the shape, curvature,
thickness, and transparency of normal cornea. This polymerization of collagen appears to derive from some morphogenetic
influence exerted by the corneo-scleral rim. Once the CLM had formed naturally, we used collagen crosslinking to fortify it,
and then introduced cells to generate a stratified epithelial layer to create cornea-like tissue (CLT) displaying characteristics
of native cornea. Through the excision and reuse of rims, each rim turned out to be useful for the generation of multiple
cornea-shaped CLTs.

Conclusions The approach effectively helps to shorten the gap between demand and supply of CLMs/CLTs for transplanta-
tion. We are exploring the surgical transplantation of this CLT into animal eyes, as keratoprostheses, as a precursor to future
applications involving human eyes. It is possible to use either the CLM or CLT, for patients with varying corneal blinding
diseases.

Keywords Cornea-like material (CLM) - Cornea-like tissue (CLT) - Corneo-scleral rim - Collagen polymerization -
Tissue engineering
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Introduction

The cornea comprises the outermost layer of any vertebrate
eye. It is made up of transparent and multilayered avascu-
lar tissue. This transparent tissue plays a role in the initial
(coarse) focusing of light that is incident upon the eye.
Further (fine) focusing of light onto the retina, through the
vitreous humor of the eye, is performed by another transpar-
ent and refractive tissue known as the eye lens. Blindness
owing to the opacification of the cornea in both eyes affects
about~ 5.5 million individuals worldwide, while ~6.2 mil-
lion are blind in one eye [1]. Keratoplasty, consisting of the
surgery-aided replacement of an opaque cornea by a trans-
parent cornea sourced from a cadaver-derived donor eye is
the preferred mode of treatment of corneal blindness, but the
demand for cadaver-derived transparent cornea is far larger
than the supply. Recent advances in corneal surgery have
made it possible for individual layers of the cornea to be
transplanted, rather than ‘full-thickness’ corneas. After the
transplantation of such a layer, natural healing mechanisms
that involve the growth and proliferation of cells from the
corneo-limbal region then facilitate a replacement of donor
corneal layer-derived cells in the transplanted layers by
keratocytes and endothelial cells that are derived from the
recipient eye, leading to the post-surgical integration of the
transplanted layers with the existing corneal layers [2]. This
makes it possible for surgeons to use parts of donor cor-
neas, especially when entire corneas prove to be unhealthy,
or unsuitable for transplantation. Penetrating keratoplasty
(PK) is the approach conventionally used to replace the
entire thickness of the cornea, while deep anterior lamellar
keratoplasty (DALK) is the approach used to replace just
the thickness of the diseased stroma, using eyes supplied
by eye banks [3]. Such surgical innovations have helped to
create an ever-growing demand for cornea-derived mate-
rial (CDM) that is suitable for transplantation. In turn, the
successful use of CDMs has encouraged efforts to develop
other cornea-like materials (CLM) and cornea-like tissue
(CLT) that can be used for transplantation.

The need to transplant cadaver-derived corneas is asso-
ciated with two shortcomings: (i) the occasional lack of
achievement of the same corneal topography as that of the
native (i.e., non-operated) cornea; (ii) the non-availability
of donor corneas. The need to circumvent these two short-
comings has led to the development of biosynthetic corneal
substitutes. Ideally, bio-engineered corneal substitutes are
required to promote rapid host-mediated epithelialization
and colonization by keratocytes and nerves, to restore cor-
neal function. Corneal substitutes are generally based on
natural or synthetic polymers, e.g., collagen or polyethylene
glycol [4, 5], amniotic membrane [6], or hydrogels created
using extracellular matrices from decellularized tissues [7].
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Previous bio-engineered substitutes have used recombinant
human collagen [8, 9], rat tail-derived collagen [10], singly-
crosslinked porcine collagen [11-13], doubly-crosslinked
porcine collagen [14], gelatin-based hydrogels [15, 16] and
3-D printed methacrylolyl bioink based on either extracel-
lular matrix (ECM) materials, or gelatin [17, 18]. For a wide
variety of reasons, none of the above have yet cleared Phase
I clinical trials, possibly owing to complications involving
astigmatism, altered steepness and surface irregularities.

Since Collagen type I is the most abundant stromal pro-
tein in the cornea [19], its use as a mimetic of the extra-
cellular matrix (ECM) is appropriate for the generation of
tissue-engineered corneal scaffolds. Recent developments
in corneal tissue engineering have employed plastically-
compressed empty collagen scaffolds, or scaffolds com-
pressed with keratocyte cellular components [20-22].
Numerous other alternatives are also being explored for the
treatment of the large numbers of patients who need only
the surgical introduction of a transparent cornea-derived
cornea-like material (or CLM) that can support, and host,
the growth and proliferation of limbal stem cells derived
from the vascularized peripheral corneo-limbal region, to
facilitate the integration of the introduced CLM with pre-
existing corneal tissue. Intensive research efforts are thus
currently being directed towards developing better CLMs
in the form of keratoprosthesis (KPros; or artificial cornea).
Two keratoprosthesis, namely Boston® Keratoprosthesis,
and AlphaCor™, have received approval for use from the
Food and Drugs Administration of the USA; however, both
are associated with prolonged wound healing time, and lack
of satisfactory integration with the host tissue [23].

Given all of the above information and background, it is
evident that scope still exists for the further development
of CDMs, CLMs and CLTs, for use as keratoprostheses,
since the search for a good corneal substitute has not yet
concluded. In the present paper, we describe an innovative,
simple, and cost-effective approach for creating CLMs that
can then be converted into CLTs, through the use of scaf-
folds comprising corneo-scleral rims that are ordinarily
discarded after keratoplasty surgery. The corneo-scleral rim
is an annular ring constituted of mostly scleral, and some
corneal tissue that remains over as residue, after the sur-
geon initially (i) makes a circular incision in the white of
the donor cadaver-derived eyeball, to obtain a transparent
and circular cornea ringed by opaque (white) scleral tissue,
and then (ii) makes a subsequent (second) circular incision
to excise the transparent circular cornea out from the com-
bined corneal-scleral tissue, in the vicinity of the corneo-
limbal region of disc of tissue that is originally excised from
the donor eyeball. The making of these two serial incisions
leaves an annular ring of white scleral tissue with a smaller,
concentric ring of corneal tissue. This annular ring, which is
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usually subsequently discarded, is called the corneo-scleral
rim (Fig. 1).

We have used corneo-scleral rims as receptacles, or
scaffolds, to support repeated (cyclic) rounds of creation
of cornea-like material (CLM). Inside these scaffolds, a
poorly-understood differential polymerization of colla-
gen was observed in a manner that is somewhat akin to a
phase-separation of the polymerized collagen into at least
two phases; (i) a collagen-poor phase consisting of the col-
lagen solution that lies outside of the hollow space or cavity
(originally occupied by the cornea) that happens to gellate
with characteristics that are very different from that of (ii)
the collagen that lies within the hollow space, which polym-
erizes into a collagen-rich phase (making up the CLM). This
poorly-understood, but entirely reproducible, differential
polymerization of collagen causes the collagen polymer-
ized within the scleral rim (where a cornea was originally
located, prior to surgical excision for keratoplasty) to be
very different from the collagen polymerized outside the
scleral rim, i.e., on its side, or above or below it, in terms
of rigidity and fluidity. This allows the corneo-scleral rim,
with its cavity now occupied by a newly-formed CLM, to be
simply picked up through the use of forceps, and removed
from its state of submergence within the otherwise loosely-
polymerized collagen surrounding it.

It appears to us that the different polymerization of col-
lagen within the corneo-scleral rim in the shape of a cornea
owes to some poorly-understood morphogenetic influence
exerted by the rim that somehow causes only the collagen
polymerizing inside the scleral rim to form a transparent,
non-fluid layer of considerable rigidity, as opposed to the
fluid collagen polymerized outside the rim, to its sides, or

A

Fig. 1 The corneo-scleral rim. The corneo-scleral rim is an annular
ring of white scleral tissue (normally discarded by the surgeon), that is
shown here. In panel A, the corneo-scleral rim is shown with the epi-
thelial surface facing upwards, whereas in Panel B, the rim is shown

above, or below. This process invariably leads, however,
to an intact, transparent, ‘acellular’, collagen-based, CLM
that occupies the region or cavity originally occupied by the
cornea.

One manner of describing the formation of this CLM
in the language of chemistry is to use the ‘guest-host con-
cept’ commonly used to describe chemical cages and other
receptacles. One could say that the scleral rim somehow
functions as a ‘host’ that facilitates the differential polym-
erization of a substantially-curved ‘guest’ layer of col-
lagen of the same thickness as the scleral rim, within the
rim, through some morphogenetic influence exerted upon
collagen lying in direct contact with the region of the rim
that was earlier in intimate contact with living corneal tis-
sue. When we combined this natural differential polymer-
ization of collagen with riboflavin-assisted crosslinking of
such polymerized collagen, this caused the CLM that had
assembled within the rim to display viscoelastic character-
istics comparable to those of natural cornea. We then found
that a scleral rim hosting such a CLM (containing cross-
linked collagen) could be easily transferred using forceps,
from its submerged state in loosely-polymerized collagen
to a well of a cell culture plate containing growth medium.
We further found that the addition of a seeding population
of human corneal limbal epithelial (HCLE) cells facilitated
‘cellularization’ of the CLM through the proliferation and
stratification of HCLE cells in culture. This resulted in the
creation of cellularized CLM or cornea-like tissue (CLT)
possessing the naturally curved shape of the cornea, and
exhibiting optical and biomechanical properties similar to
the cornea, as well as a natural cornea-like integration with
the surrounding scleral rim. This CLT was then excised and

with the epithelial surface facing downwards. The central hollow cav-
ity (originally occupied by a cornea that has been removed and trans-
planted), measures ~ 8 mm
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studied through optical coherence tomography (OCT) and
various other methods, in comparison with native corneal
tissue. We believe that surgeons could be interested in the
surgical transplantation of this CLT.

Materials and methods

Polymerization and crosslinking of collagen into
cornea like material (CLM)

The collagen used to make CLM was rat tail collagen type I
(A1048301; GIBCO). A collagen gel was prepared based on
the manufacturer’s protocol. Briefly, to make a 1 ml colla-
gen gel solution, 500 ul collagen (3.0 mg/ml) was added to
100 pl of 10X phosphate buffered saline (PBS) and 385 pl
of DMEM HG media (Dulbecco’s modified eagle medium
with high glucose). The pH of the collagen gel was set to 7.0
through addition of 15 pl of 1 N NaOH. Corneo-scleral rims
derived through surgical incision of donor cadaver eyeballs
were obtained from the eye bank of PGIMER. The colla-
gen solution was added to a corneo-scleral rim placed in
a well of a 6-well culture plate, with the epithelium facing
the base of the plate. After one hour, 5 ml of 0.1% ribofla-
vin (Sigma- R9504) in PBS was added to the well, which
was then exposed to UVA (from a CUV 40 A transillumina-
tor) for 30 min, to facilitate cross-linking of the polymer-
ized collagen. After this, the rim was washed thrice with
DMEM HG, and then left in DMEM HG overnight. Follow-
ing this, the rim was taken out of the loosely-held collagen
using forceps, with the circular cavity in the center of the
rim now occupied by the CLM constituted of collagen that
had polymerized into a cornea-like shape, fortified through
oxyradical-mediated crosslinking, facilitated by riboflavin
and UV light.

DAY 0 DAY 1 DAY 3

Assessment of the transmittance of visible and UV
light by the CLM

The cornea like material (CLM) was placed between two
rectangular quartz plates of 1 X4 cm comprising a demount-
able circular dichroism cuvette, and transmission was
measured using a Cary-50Bio (Varian) UV-Visible spectro-
photometer in the range of 800 —200 nm.

Formation of an epithelial cell layer to convert CLM
into cornea-like tissue (CLT)

A telomerase-immortalized human corneal limbal epithe-
lial cell line (HCLE) was obtained as a gift from Dr. Shiva
Swamynathan (University of Pittsburgh, USA). HCLE
cells (1x 10°) were allowed to grow over the surface of the
crosslinked collagen constituting the CLM in KSFM (kera-
tinocyte serum free medium) for two days. Cells were then
allowed to differentiate in growth medium consisting of
KSFM:DMEM/F12 (in a ratio of 1:1) for one day. HCLE
cells were then allowed to stratify over a period of six
days in the presence of stratification medium consisting of
DMEM/F12, 10 ng/ml EGF (epidermal growth factor) and
10% FBS, at 37°C and 5% CO, [24]. The timeline of forma-
tion of this stratified/cellularized CLT is shown in Fig. 2.

Characterization of the cells infiltrating into the
CLM, and the epithelial cell layer formed upon the
CLM to generate CLT

To check infiltration of keratocytes in the CLM, the expres-
sion of keratocan was assessed in the cells. The formation of
epithelial cell layer over the surface of the CLM to generate
CLT, was examined by (i) Hematoxylin and Eosin (H&E)
staining as well as by (ii) Immunofluorescence staining of

DAY 5 DAY 6 DAY 12

<+ Collagen solution solidified in

corneal rim (epithelial side and pulled out of the
facing downwards) at 37°C for collagen resulting in
the formation of

CLM.

1 h, followed by crosslinking
using 0.1% riboflavin and
UVA exposure for 30 minutes. % CLM maintained in
DMEM HG + 10%
FBS media.

< Corneal rim washed thrice
and kept overnight in DMEM
HG media.

Fig.2 Timeline of formation of corneal like tissue (CLT) with layers of

corneal epithelial cells. The process of creation of CLT using corneo-
scleral rim includes steps of collagen polymerization and crosslinking,
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% Corneal rim lifted < Addition of HCLE cells ** HCLE cells < HCLE cells
on the surface of CLM
and allowed to
proliferate in KSFM

medium.

< Termination
allowed to stratified for six days
differentiate in in stratification

medium to form the

CLT.

growth medium.

followed by culturing of epithelial cells to form stratified epithelial
layer over the surface of CLM
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the epithelial marker, CK12 (cytokeratin 12) [25]. Briefly,
blocks were prepared and sections of 4 to 5 um thickness
were cut and placed upon 0.01% poly-L-lysine-coated
slides. Tissue sections were dewaxed using xylene, and
rehydrated in decreasing concentrations of ethanol solution
(100-50%). Antigen retrieval was done by the heat retrieval
method, using citrate antigen retrieval solution (pH 6.0).
Tissue sections were permeabilized and non-specific bind-
ing was blocked through addition of bovine serum albumin.
The primary antibody, CK12 (1:100; Santacruz; catalog
no sc-515,882) for epithelial layer and keratocan (1:100;
Bioss; bs-11054R) for keratocytes, was applied overnight
in a moist chamber at 4 °C, followed by incubation with the
secondary antibody, goat anti-mouse IgG, Alexa fluor 594
conjugated (1:100; A11032, Invitrogen) and goat anti-rabbit
IgG, Alexa Fluor 568 conjugated (1:100; A11011, Invit-
rogen) respectively, for 1 h at 4 °C. DAPI (1:10,000) was
used to stain cell nuclei for 15 min. Slides were washed and
mounted with glycerol. Marker expression was confirmed
by capturing images at 40X magnification using a confocal
microscope (Olympus Fluoview FV3000).

Transparency of the CLT

The transparency of the CLT was assessed through pho-
tographic capturing of the image of the letter “A” placed
below the CLT.

Optical coherence tomography (OCT) of the CLT

OCT was performed by placing the CLT on a contact lens or
by holding it with a forceps in front of the OCT instrument
(CASIA2).

Scanning electron microscopy (SEM) of the CLT

For SEM analysis, fixation of the CLT was done in a solu-
tion of 3% paraformaldehyde, 3% glutaraldehyde and 2.5%
dimethylsulfoxide (DMSO) in 0.1 M sodium cacodylate
buffer (pH 7.4) at 4 °C for 24 h. Thereafter, the CLT was
washed twice with 0.1 M sodium cacodylate buffer, dehy-
drated through placement for 10 min each in progressively-
increasing concentrations of ethanol (50%, 70%, 90%, 95%
and 100%), and dried using the Critical Point Drying (CPD)
method before being coated with platinum. Images were
visualized at different magnifications (250x, 500x, 1000x,
5000x and 10,000x) using a JSM-IT300 SEM (Jeol, Japan).

Thermogravimetric (TGA) analysis of the CLT

Thermogravimetric analysis of the CLT was carried out
using a TA Shimadzu instrument. Around 8 mg of CLT was

heated from 26 °C to 500 °C under a dinitrogen atmosphere
maintaining a heating rate of 10 °C/min using an Al pan. The
weight (%) was plotted against temperature (°C) to deter-
mine the water content in the sample.

Rheometry involving the CLT

Rheological measurements of the CLT were done using the
MCR 302, Anton Paar rheometer (Austria) and the analy-
sis was performed using RheoCompass software using a
12.5 mm diameter parallel plate (PP) with a measuring dis-
tance of 0.1 mm at 25 °C. In the case of the corneal tissue, a
gap of | mm was maintained. Oscillatory amplitude sweep
studies were performed at 1 rad/s to estimate the linear vis-
coelastic region (LVR). The storage modulus (G') and loss
modulus (G") were obtained using frequency sweep oscilla-
tory rheology at an angular frequency (®) of 0.1 to 200 rad
s~ ! and 0.1% strain in the linear viscoelastic region [26].

Results

Use of corneoscleral rims as scaffolds for the
generation of collagen-based cornea-like material
(CLM)

Annular corneo-scleral rims with a central circular hollow
region or cavity (Fig. 1) were used as ‘host’ scaffolds for
polymerization of ‘guest’ collagen. In every instance, this
led to the formation of collagen-based cornea-like material
(CLM) within the central cavities of corneo-scleral rims
submerged in collagen subjected to conditions of polym-
erization (as described in the Methods section), with the
epithelial surface facing the bottom of the well of a cell-cul-
ture plate. Upon removal of the rim from the loosely-held
collagen, the central hollow circular cavity of the rim was
invariably found to be occupied by CLM that had formed
to seamlessly integrate with the limbal sections of the rim,
over more than ten independent sets of experiments (repre-
sentative experiments shown in Fig. 3).

Transmittance of light by the CLM

The transmission characteristics of the CLM were measured
in the range of 800 nm to 200 nm. Representative data is
shown in Fig. 3D for a single experiment. The transmis-
sion can be seen to be above ~70% for visible light above
450 nm. In terms of further detail, the transmission can be
seen to vary from 82 to 94% between 600 and 800 nm; from
70 to 82% between 450 and 600 nm; and reduce to 20%
in the far-ultraviolet, at ~200 nm. These characteristics are

@ Springer
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Fig.3 Generation of corneal like material (CLM). After polymerization
of collagen, the corneo-scleral rim was pulled out of the loosely-held
collagen (panel A); collagen was found to have polymerized firmly in
the central cavity of the rim (panel B); scanning electron microscopy

entirely comparable to the known transmission characteris-
tics of cornea [27].

Lack of birefringence in the CLM

We also examined the CLM for birefringence using a polar-
izing microscope. No birefringence was seen and no light
could be seen to be transmitted under cross polarizers (data
not shown), with this indicating a consistent and uniformly-
random orientation of collagen fibers throughout the CLM.
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(SEM) of the CLM showed it to be integrated with the corneo-limbal
region of the rim (panel C); and the transmission characteristics of
CLM were measured in the range of 800 nm to 200 nm (panel D)

Inconsistent cell infiltration into the CLM from the
rim

Since riboflavin crosslinking is performed using ultraviolet
light, this could be expected to kill any cells that infiltrate
the CLM from the rim. Therefore, in order to assess the
infiltration of cells from the rim, we made the CLM with-
out crosslinking. We observed that cells from the rim tissue
naturally infiltrated into the CLM; on an average, we found
that cells would begin to ingress into the CLM from day 3
onwards, and by day 12, large numbers of cells were seen
to have made their way into the CLM (Supplementary Fig-
ure S1), providing evidence that the CLM can support the
growth of cells that could be anticipated to migrate from
the recipient corneo-scleral junction, this being something
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that also ordinarily occurs after keratoplasty, leading to the
replacement of donor cells by cells from the recipient eye
[2, 28]. Three types of cells can potentially enter from the
scleral rim into the CLM, including epithelial cells, kera-
tocytes and endothelial cells, although the relative propor-
tion of surviving donor cells as well as the migration of the
recipient cells into the graft, is subject to several factors,
such as the quality of the graft [2]. Immunostaining with the
keratocyte marker (keratocan) established the presence of
at least one of these cell types (Supplementary Figure S2).
This ingress of cells from the rim was neither consistent,
nor always reproducible, being dependent on the quality and
nature of the donor rim.

Crosslinking and cellularization of the CLM to create
CLT

In order to assess the biocompatibility of the CLM after
collagen crosslinking, we populated the CLM with exoge-
nously added epithelial cells. The riboflavin- and UV-cross-
linked CLM was transferred to a well containing growth
medium, with the rim’s epithelial surface now facing
upwards, to allow an overlaying of the CLM by human cor-
neal limbal epithelial (HCLE) cells intended to cellularize
and stratify the CLM. The addition of HCLE cells led to the
formation of stratified epithelium that effectively turned the

CLM into what we refer to as cornea-like tissue (CLT). The
conversion of the CLM into cellularized CLT proves that
riboflavin- and UV-mediated crosslinking does not affect
the biocompatibility of the CLM after crosslinking. The
conversion of CLM into CLT also did not appear to alter
the transmission characteristics (data not shown), with these
remaining similar to the characteristics of CLM shown in
Fig. 3. Our cellularization of the CLM was conducted with
the understanding that this CLM would anyway be expected
to be remodelled, following transplantation, by cells from
the recipient eye. Our reproducible method of cellularizing
CLM to create CLT, through the use of human corneal lim-
bal epithelial cells to form a stratified layer over the CLM,
was confirmed as follows. H&E staining-based imaging,
together with immunofluorescence imaging involving the
epithelial cell marker CK12, confirmed the formation of
such a stratified epithelial cell layer over the CLM to form
CLT (Fig. 4).

Visual transparency of the CLT

The CLT was assessed to be transparent to visible light, as
judged through the viewing of the letter “A” through the
CLT. Figure 5A shows the CLT as seen on day 0 prior to
cellularization, and Fig. 5B shows the CLT on day 12 upon

A

100 pm <

Epithelium

<€—— Stroma

DAPI CK 12

T toopm . .

Fig. 4 Formation of corneal epithelial layer on the surface of CLT:
H&E staining showed formation of stratified epithelial layer over
the CLT; 40X magnification; scale bar 100 um (Panel A); epithelial

MERGED

marker (CK12) expression was confirmed by confocal microscopy
(Panel B) (DAPI: nuclear staining, Alexa fluor 594: CK12 and merged,;
40X magnification, scale bar: 100 pm)
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0,477 [mm})
0,571 [mm]

RSN

Fig. 5 Characterization of the CLT: The CLT maintained transpar-
ency at day 0 A and at day 12 B, following collagen polymerization,
crosslinking and cellularization of the CLM. The thickness of CLT

completion of cellularization, according to the time-line
shown in Fig. 2.

Shape and thickness of the CLT

En-face and cross-section images of CLT were obtained
through optical coherence tomography as shown in Fig. 5C.
This allowed assessment of the thickness and shape of the
CLT. The thickness was determined to be ~477 pm; in com-
parison, the thickness of native human cornea ranges from
500 to 625 pm [29].
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was 477 um as determined by optical coherence tomography C. The
water content of CLT was determined by thermogravimetric analysis.
A three-step water loss from CLT was observed in the TG profile D

Water content in the CLT

To estimate water content, CLT was subjected to thermo-
gravimetric analysis (TGA), as shown in Fig. 5D. The TG
analysis indicated a three-step water loss on heating from
26 to 500 °C. An initial loss of 75% was observed between
26 °C and 80 °C. Following this, approximately 19% further
weight loss was observed between 80 °C and 140 °C. A final
weight loss of 3% was encountered between 233 °C and 370
°C. The final and penultimate weight losses were presum-
ably due to water molecules tightly-bound to the collagen.
Therefore, it may be estimated that approximately 97% of
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the CLT, by weight, is water, with the remainder consisting
mainly of collagen (discounting for the dried weight of the
few layers of cells). This suggests that the relatively colla-
gen-poor solution used for polymerization (0.15% w/v; or
1.5 mg/ml) had given rise to a collagen-rich (3% w/w) CLM
through a differential phase-separation of collagen within
the cavity of the rim that was not observed outside the rim.
In comparison, the TG analysis of the cornea also shows
a three-step weight loss (55%, 33% and 5%, respectively)
over the same ranges of temperature (Fig. 5D). This cor-
roborates well with the TG analysis of bovine cornea, which
has been reported to have a water content of 96% [30], in
comparison with human cornea reported to have a water
content of ~80% [31]. In this context, it is worth noting that
previously bioengineered corneas used as implants have
been reported to have water contents as different as 88%,
for porcine constructs used to reshape native corneal stroma
successfully in keratoconus patients [14], and 91.5%, for
crosslinked recombinant human collagen hydrogels [9].

Viscoelastic properties of the CLT

We conducted rheological measurements of the CLT and
compared these with rheological measurements of human
corneal tissue. Three independently made CLT specimens
were subjected to amplitude sweep, as shown in Supple-
mentary Figure S3, to determine the linear viscoelastic
region (LVR). From this region, a value of 0.1% strain was
chosen for conducting a frequency sweep in the range of
0.1-200 rad/second. As seen from Fig. 6, the G’ values
of the CLT were consistently higher than the loss modu-
lus (G") of the corresponding tissue. This indicates that

10*
—s—G'CLT1
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Fig.6 Rheology of CLT: The plot of storage modulus (G’m), loss mod-
ulus (G” o) versus angular frequency at 0.1% strain for three different
CLT samples

the CLT remains stable and maintains a gel-like state. At
100 rad/s, the CLT showed an average storage modulus (G”)
of 2575 Pa and loss modulus (G””) of 348 Pa, comparable to
the corresponding values of 2510 Pa and 0.125 Pa respec-
tively, measured for human corneal tissue (as determined by
us; Supplementary Figure S4). Overall, the data is indica-
tive of the presence of viscoelastic properties in the CLT
that are cornea-like and, therefore, likely to lend themselves
to surgical handling and stitching.

Scanning electron microscopic imaging of the CLT

Scanning electron microscopy was performed to analyze the
microstructure of collagen within the CLT. It was observed
that the collagen fibrils were well organized, as shown in
Fig. 7.

Discussion

The current treatment of corneal blindness involves the
transplantation of transparent cadaver-derived cornea into
recipient eyes; however, ~50% of cadaver-derived corneas
turn out to be unsuitable for surgical transplantation. Thus,
only about 1-in-70 individuals requiring corneal transplants
actually receive such transplants. With high-risk recipients
(i.e., those with inflammation, severe pathologies, autoim-
mune conditions, alkali burns, or recurrent graft failures),
tissue-engineered grafts are preferred to donor cornea.
Therefore, across the world, attempts are being made to
generate artificial cornea-like materials (CLMs) that can
be turned into cornea-like tissue (CLT) that can be used
in surgery, with prospects for acceptance and remodeling
of such CLT implants/grafts by recipient eye(s). Further,
regardless of whether any surgically-introduced transpar-
ent object happens to be a cadaver-derived cornea, a CLM
infiltrated by recipient cells, or a CLM that has been turned
into a CLT through cellularization, it is anticipated that ker-
atocytes, epithelial and endothelial cells from recipient eyes
would eventually replace all preexisting cells to fully inte-
grate the surgically-transplanted cornea/CLM/CLT with the
recipient eye. There is evidence to show that decellularized
corneal matrices are remodelled after being implanted [32].
Further, it is remarkable that remodeling of fibrotic tissue
(along with regeneration of stromal tissue) follows keratec-
tomy surgery, which can even restore corneal transparency
through a remodelling process involving post-surgical cell
and extracellular matrix (ECM) interactions, collagen depo-
sition, organization and alignment [33]. Therefore, what
is of utmost relevance is not the identicality of the CDM,
CLM or CLT with natural cornea. Rather, the biocompat-
ibility and structural characteristics of the CDM, CLM or
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Fig. 7 Scanning electron microscopy (SEM) of CLT: The collagen fibrils were tightly packed and organized in the CLT, seen under 250x, 500x,
1000x, 5000x and 10000x magnification respectively

CLT are relevant. We believe that the remodeling process,
together with the special milieu provided by corneo-scleral
rims (used as moulds), could provide the necessary organi-
zation and strength to the CLT, despite the use of very low
percentages of collagen (0.15% as opposed to 10-18% col-
lagen used by others [14, 34]) to generate CLMs or CLTs in
this work.

We would also like to point out that the biomechanical
properties of human cornea differ substantially from report
to report. Differences are largely determined by the method
used for making rheological measurements, making it critical
for the cornea and the CDM, CLM or CLT to be compared
under nearly identical conditions, since rheological measure-
ments depend upon plate diameters, probe-sample spacing
and also upon whether parallel (or other) plate arrangements
are used. It has been noted that modulus values may vary over
several orders of magnitude amongst studies, which can be
attributed to variations in the instruments used for measure-
ment, the conditions of measurement (mentioned above), and
biological variations amongst samples, as well as to varia-
tions in hydration levels of ex vivo samples, and variations
owing to the high non-linearity of corneal elasticity [35-37].
Remarkably, using an Instron apparatus, it has been reported
that the tensile strength of porcine and human corneas is simi-
lar (~3.8 MPa) [38]. The values of storage and loss modulus
of the CLT reported by us (2.5 kPa and 0.3 kPa respectively),
using an Anton Paar instrument, are in accordance with those
reported for porcine cornea (2 kPa and 0.3 kPa respectively;

@ Springer

[39]), or rabbit cornea (4 kPa and 1 kPa respectively; [40]),
using rheometers manufactured by TA Instruments. Therefore,
the key to assessing rheometry-based measurements lies in the
comparison of values obtained on cornea and CDMs, CLMs or
CLTs, using similar instruments, and similar modes/methods of
measurement. It is notable that others working with other types
of CLMs have proposed that it may be therapeutically advanta-
geous for bioengineered corneal tissue to be softer than native
cornea to begin with, to avoid scar formation associated with
tough donor tissue post-transplantation, since a remodelling of
the graft is expected to occur [14].

The method that we describe in this paper for the develop-
ment of CLM and CLT is novel, and also relevant. It makes
use of corneo-scleral rims, and allows (what we discover to
be) the natural tendency of collagen to polymerize into curved
cornea-shaped discs integrated with the corneo-scleral rim.
This offers several advantages. Firstly, the corneo-scleral rim
serves a self-defining boundary that determines the diameter of
the CLM that is generated (8—12 mm). Secondly, for reasons
that we do not fully understand, this polymerization generates
an object with a cornea-like thickness of ~500-800 pum, and a
curvature which is close to that of native cornea, ostensibly due
to some morphogenetic influence of the rim, since the rim’s
thickness appears to dictate the thickness of the CLM that is
generated. Thirdly, the generated CLM clearly demonstrates an
ability to become integrated with host sclero-limbal tissue. Pre-
sumably, this provides the milieu to encourage the migration,
growth and survival and/or differentiation of limbal epithelial
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cells, resulting in stratified epithelium akin to that seen in
native human cornea. We have seen evidence of migration
and ingress of cells from the rim into the CLM, and presented
this evidence. However, since this did not occur consistently,
we also reinforced the CLM through collagen crosslinking by
methods that kill any ingressing cells, and introduced HCLE
cells to create stratified layers of epithelial cells while convert-
ing CLM into CLT. We imagine that these cells further con-
tribute to the remodelling of collagen fibrils within the CLT,
resulting in a fully optically-transparent CLT with the shape of
human cornea, and with features of tensile strength and visco-
elasticity akin to human cornea. Also, the prior presence of
non-recipient cells is not important as the replacement of these
cells by recipient cells could be expected to proceed apace just
as in the case of keratoplasty. Finally, our method has certain
additional advantages in that our protocol is simple, inexpen-
sive, completed in about 2 weeks’ time (from acquisition of a
corneo-scleral rim) and can be used to generate multiple pieces
of CLT through the excision of the CLT and reuse of the same
corneo-scleral rim by repeating the same protocol.

Since every corneal transplant surgery provides ready-to-
use corneo-scleral rims, such rims can be saved as “off the
shelf” products for the creation of CLT. Since each rim can be
successively used for creation of at least three CLTs (in our
experience), and possibly more, the approach effectively helps
to shorten the gap between demand and supply of CLMs/CLTs
for transplantation. It is possible to use either the CLM, or the
CLT, for patients with corneal blinding diseases, to poten-
tially restore vision in those with corneal fibrosis/scarring and
keratoconus, Stevens—Johnson syndrome, unilateral LSCD or
for aesthetic purposes. In the case of the CLM, endogenous
cells taken from the limbal region can also be used to popu-
late the CLM to generate CLT with minimized risk of immune
rejection.

Our results also open up new possibilities and questions
that can be addressed in the future: Is there something guid-
ing the morphogenesis of such materials? Is there a morpho-
genetic field created by the tissue in the corneo-scleral rim
which organizes the collagen into a cornea-like shape with
a footprint along the inner surface of the rim, in a manner
that is different from the polymerization of collagen outside
(and above and below) the rim? To what extent is the ECM
responsible for determining the shape of the cornea? Does
the infiltration and population of a pre-organized ECM by
cells, lead to further reorganization of the collagen? To what
extent do stem cells provide information about structures,
patterns and morphogenesis, and help in formation of CLT?

Supplementary Information The online  version contains
supplementary material available at https://doi.org/10.1007/s11033-
024-09321-y.
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