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Kuragel: A biomimetic hydrogel scaffold
designed to promote corneal regeneration

Parinita Agrawal,” Anil Tiwari,"? Suvro Kanti Chowdhury,” Mehak Vohra,” Abha Gour,’? Neha Waghmare,’
Utkarsh Bhutani,” S. Kamalnath," Bharti Sangwan,’ Jyoti Rajput,” Ritu Raj,” Nisha P. Rajendran,’ Ajith V. Kamath,'
Ramez Haddadin,® Arun Chandru,’ Virender S. Sangwan,? and Tuhin Bhowmick™4->*

SUMMARY

Cornea-related injuries are the most common cause of blindness worldwide. Transplantation remains the
primary approach for addressing corneal blindness, though the demand for donor corneas outmatches the
supply by millions. Tissue adhesives employed to seal corneal wounds have shown inefficient healing and
incomplete vision restoration. We have developed a biodegradable hydrogel - Kuragel, with the ability to
promote corneal regeneration. Functionalized gelatin and hyaluronic acid form photo-crosslinkable hy-
drogel with transparency and compressive modulus similar to healthy human cornea. Kuragel composition
was tuned to achieve sufficient adhesive strength for sutureless integration to host tissue, with minimal
swelling post-administration. Studies in the New Zealand rabbit mechanical injury model affecting corneal
epithelium and stroma demonstrate that Kuragel efficiently promotes re-epithelialization within 1 month
of administration, while stroma and sub-basal nerve plexus regenerate within 3 months. We propose Kur-
agel as a regenerative treatment for patients suffering from corneal defects including thinning, by resto-
ration of transparency and thickness.

INTRODUCTION

Corneal defect, one of the major reasons catering to the occlusion of vision, hampers the refraction of light through the lens thereby culmi-
nating in partial or total blindness. Around 28 million people are affected with cornea blindness worldwide with 1.5 million cases getting
added every year." Untreated corneal injuries lead to scarring and thinning, ultimately aiding in permanent visual impairment. Corneal
wounds resulting from microbial infections and autoimmune or ocular surface diseases can prove to be fatal if left unattended.” Current treat-
ment modalities involve tissue adhesives such as cyanoacrylate, fibrin glue, polyethylene glycol (PEG)-based adhesives (ReSure and OcuSeal),
and lamellar keratoplasty.”” However, various disadvantages associated with them have encouraged the emerging need for evaluating hy-
drogels as an alternative that closely mimics the corneal stroma. An ideal hydrogel substitute should be cornea mimetic in terms of transpar-
ency and mechanical properties. In order to get well integrated with the underlying host tissue, it should have appropriate adhesive strength
and cyto-compatibility, besides being biodegradable.

A wide range of natural and synthetic hydrogels incorporating gelatin,”” collagen,®’ chitosan,®” PEG,'®"" and hyaluronic acid (HA)*'# "
have been studied for treating corneal defects. Recently, light-responsive and thermo-responsive hydrogels have gained prominence among
researchers for corneal tissue engineering applications.'* Photo-crosslinkable gelatin-based hydrogels exhibited effective healing in a rabbit
stromal defect model thereby acting as sutureless alternatives to corneal transplantation.® Hydrogels from decellularized human cornea
extracellular matrix (ECM) have shown significant improvement in the healing of corneal epithelial and stromal wounds.'® They provided
appropriate regenerative cues to the damaged microenvironment apart from being biocompatible, non-irritable, and non-mutagenic,
though the dependency on donor cornea tissue for the extraction of ECM limits their widespread use and requires an ECM mimetic substitute.

Collagen and its derivatives, being biocompatible, have been the choice of researchers for a long time in developing hydrogels. Collagen-
like peptides attached to PEG have demonstrated their efficiency as a viable alternative for full-length recombinant collagen in enhancing
corneal regeneration in a miniature pig model.'® These peptide derivatives facilitated their pro-regenerative effects by inducing generation
of extracellular vesicles by the body’s own host cells that migrated into the implants.'® When mixed with fibrinogen, these peptides (termed
LiQD Cornea) were shown to help in full-thickness corneal perforation.'” Other studies have used collagen-based hydrogels for providing a
regenerative solution for keratectomy wounds in epithelial and stromal regeneration.”'®?° Gelatin, being a hydrolyzed form of collagen,
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shows lower immunogenicity and better aqueous solubility that makes it an excellent base biomaterial for ocular tissue engineering applica-
tions.”' Crosslinked gelatin-based substitutes have also been employed as bioadhesives and cell-sheet carriers in addition to being used as
polymer crosslink in visible light, obtaining elastic hydrogel which is best suitable to be used as a bioadhesive for ocular applications.”* Photo-
crosslinkable hepatocyte growth factor (HGF)-loaded Gel-MA hydrogels have been shown to improve corneal epithelialization through sus-
tained release of HGF for a month in porcine corneal defect models.?* Gelatin has been widely acknowledged to promote cell adhesion and
proliferation, facilitating corneal healing.””” Gelatin contains cell adhesive RGD (arginine-glycine-aspartic acid) motifs as well as MMP cleav-
able sites facilitating cell proliferation and ECM remodeling, respectively.”>?/+?®

HA is a naturally occurring anionic, non-sulfated glycosaminoglycan that holds superior transparency and water-retention capabilities.
Apart from being highly tunable and biocompatible, its viscoelastic nature confers lubrication abilities beneficial for tear film mainte-
nance.’”?" Owing to its mucoadhesive property, HA has been utilized for constructing corneal epithelial cell-encapsulated supramolecular
hydrogels for treating corneal wounds.** The HA-based hydrogels have been extensively studied for the treatment of corneal defects,****
corneal re-epithelialization,35 and bacterial keratitis treatments.>® However, HA alone has a very short residence time,*%%3
ization of HA with chemical groups such as methacrylic anhydride has demonstrated improved structural stability resulting in a photo-respon-
sive material that can be crosslinked to obtain a stable hydrogel.****

Corneal crosslinking is an established procedure where riboflavin-mediated UV-A exposure leads to stromal collagen crosslinks giving
stiffness to corneal stroma. It has been employed for the treatment of disorders involving corneal thinning like keratoconus, post-LASIK ec-
tasia, and pellucid marginal degeneration.”’ Such an approach can be easily adapted in corneal tissue engineering by using functionalized
biopolymers, which would provide control over the properties of in situ crosslinked matrix. The photo-crosslinkable biopolymers can be pre-
pared by introducing methacryloyl and thiol groups in their chains. Photo-crosslinkable collagen derivatives employ chain growth polymer-
ization crosslinking which gives a hydrogel that remains stable in the physiological condition for a longer duration.**”

Visible light-initiated crosslinking system such as Eosin Y (absorption peak at 515 nm) has been explored in biomedical applications mainly
for tissue engineering applications and proved to be non-toxic and biocompatible.*” Eosin Y is known as a type Il or non-cleavage type photo-
initiator that, in the presence of triethanolamine (TEOA) as a co-initiator, can be activated via visible light to generate free radicals for poly-
merization.*"**? Sani et al. have used Gel-MA-based, eosin-TEOA, and visible light crosslinked hydrogels and have shown their suitability for
cornea tissue regeneration.” In this study, we developed a hydrogel system, Kuragel, that incorporates thiolated gelatin (Gel-SH) and meth-
acrylated hyaluronic acid (HA-MA) with Eosin Y-TEOA as a photoinitiator. We also evaluated their physical properties and biocompatibility
in vitro using corneal stromal cells and in a rabbit corneal wound model to demonstrate their suitability for corneal wound healing application.

While biopolymers have made significant advancements in regenerative medicine, addressing the challenge of optimizing their properties
for long-term stability and developing scalable manufacturing processes remains crucial.**** The bioengineering of these biopolymers holds
significant potential in corneal wound healing. Since these biopolymers are derived from living organisms (plants, microbes, etc.), they inher-
ently have properties that can be bioengineered and tweaked to meet a specific regenerative potential. Since these are naturally derived, they
are very well tolerated and integrated with the surrounding human tissue. These are biodegradable, i.e., they are degraded and absorbed by
the body over time and the biopolymer scaffold is gradually replaced by the native tissue. Moreover, this innovative approach of bioengi-
neering has empowered researchers with unprecedented control over the rate of their degradation, opening up new possibilities for tailored
regenerative applications.*> Since our research deals with functionalized biopolymers (HA-MA and Gel-SH), bioengineering of these poly-
mers has been carefully thought of to meet the target properties of the native corneal tissue. The functionalization allows immense control
over the fabricated photo-crosslinkable hydrogels and is a great example of the customizability of the native biopolymers. The cutting-edge
bioengineering of biopolymers for corneal wound healing represents an exciting avenue for research holding the promise of transforming the
way corneal injuries and diseases are treated presently.

28-30

where functional-

RESULTS
Material characterization

The biopolymers used in this study were functionalized to make them photoresponsive and obtain hydrogels with tunable properties. The
functionalization of biopolymers HA-MA and Gel-SH was evaluated by "H-NMR and biochemical characterization.

"H-NMR of the biopolymers

"H-NMR was performed to identify the presence of methacryloyl groups in HA-MA using base HA polymer and thiol groups in Gel-SH using
base gelatin polymer (Figure 1). On comparing the 'H-NMR spectra of HA and HA-MA, two peaks were observed near 5.6 ppm (d) and 6.0
ppm (e) in HA-MA, which attribute to the functionalized methacryloyl group.® A similar comparison of 'H-NMR spectra of gelatin and Gel-SH
resulted in peaks at 2.56 (b) and 2.72 (c) ppm confirming the presence of thiol groups. These peaks correspond to the methylene next to the
thiol groups.***

Biochemical assessment of thiol functionalization

Ellman’s reagent, also known as 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB), is used for assessing sulfhydryl groups (-SH or thiol) in a given
sample. When DTNB comes into contact with a free sulthydryl group, it forms a mixed disulfide along with 2-nitro-5-thiobenzoic acid
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Figure 1. "H-NMR spectra of the biopolymers

(A) Hyaluronic acid (HA) functionalized to obtain its methacrylated derivative (HA-MA).

(B) "H-NMR spectra of Gelatin and thiolated gelatin (Gel-SH), showing structural changes in the polymers on functionalization, represented by peaks marked in
the "H-NMR spectra.

(TNB). TNB is a colored species that exhibits a high molar extinction coefficient.”® The absorbance is measured at 412 nm, and the quanti-

fication of results is accomplished using cysteine standard curve. The assay detected 0.81 mmol/g free sulthydryl groups in the biopolymer
Gel-SH (Figure S1).

Physical characterization of Kuragel

The HA-MA and Gel-SH were combined in various combination in the aforementioned range, and the ratio, where HA-MA was 50 mg/mL and
Gel-SH was 120 mg/mL ratio, was mixed with the photoinitiator solution and exposed to white light of 10 mW/cm? to obtain Kuragel matrix
(Figure 2E). These were characterized by extensive physical and chemical methods to demonstrate their suitability for application in healing
corneal defects.

Crosslinking kinetics

The crosslinking kinetics study enables an understanding of the reaction rates or the time taken by the pre-polymer solution to transform into
a gel, under the influence of light.*” This process is initiated by the activation of photoinitiators: Eosin Y/TEOA in this case, which absorbs light
energy and generates free radicals.””" These reactive species then mediate formation of covalent crosslinks among the methacrylated and
thiolated polymers that stabilize the Kuragel structure. The study was performed using a parallel plate rheometer. As shown in Figure 2A, the
plot of storage modulus (G') vs. time revealed the saturation time to be 10 min, beyond which there was no significant increase in the storage
modulus on continuous light exposure. This saturation time point was considered as the crosslinking time for the matrix in further experi-
ments. Additionally, no change in G’ was observed in the absence of light, depicting the pre-gel solution did not form gel in 30 min.

Optical characterization

The cornea is a transparent tissue refracting most of the light entering the eye to the lens and retina; the hydrogel to be implanted as a
replacement for the cornea tissue must have similar light transmittance properties.” In this study, we characterized the visible light (400-
700 nm) transmittance of Kuragel. The transmittance curve for the Kuragel in the visible light range is shown in Figure 2B, where the average
transmittance was 91.18%, which is similar to that of the human cornea (87%)." The transmittance of the Kuragel at all the scan regions was
comparable with saline (used as control); a dip observed at 515 nm was due to the presence of Eosin Y with absorbance maxima at 515 nm, in
the photoinitiator solution.”® The photoinitiator gets washed off from the Kuragel improving their transparency overall within a day. The
refractive index of the hydrogels was 1.373 which is similar to the native cornea.”

Physiochemical characterization
The swelling and degradation of the Kuragel were investigated to understand its structural stability. The hydrogels demonstrated a maximum
of 15.28% + 2.56% and 9.16% + 2.2% in weight and volumetric swelling, respectively, attained within the first 30 min (Figure 2C).

For successful tissue regeneration, the degradation rate of the hydrogel should align with the regeneration rate of the tissue.”” A degra-
dation of 6.45% + 1.53% in PBS and 30.88% =+ 2.23% in the presence of enzymes for the Kuragel matrices was observedin a month’s time. The
cell-encapsulated Kuragels exhibited 9.84% + 1.73% degradation in media and 42.64% + 3.94% degradation when cultured in the media
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Figure 2. Physiochemical characterization of Kuragel hydrogels
(A) Crosslinking kinetics study of the biopolymer solution on continuous exposure to visible light (10 mW/cm?), showing saturation of storage modulus after

10 min of exposure. Whereas, the green curve showing no change, depicting no crosslinking or gel formation in the absence of light. Data are representative
of curve obtained from n = 3 Kuragel samples.

(B) Transmittance of Kuragel compared to normal saline when measured in the visible light range of 400 nm-700 nm. Data are representative of curve obtained
from n = 3 Kuragel samples.

(C) Swelling degree (weight & volumetric) of Kuragel hydrogels. Data are represented as mean =+ standard deviation (SD) of n = 3 Kuragel samples.
D) Biodegradation studies in the presence of enzymes and human corneal stromal cells.

(
(hCSCs) for a month. Enzyme comprises hyaluronidase (1 U/mL) & collagenase | (0.35 U/mL). Data are represented as mean & SD of n = 3 Kuragel samples.
(E) Pre-gel solution to hydrogel transition on exposure to visible light for 10 min forming Kuragel.

containing enzymes (Figure 2D). Slow enzymatic degradation would ensure the availability of the matrix support for complete duration of
corneal tissue regeneration.55

The compressive modulus of the Kuragel was 346.49 + 18.76 kPa. Matrix stiffness has been reported to modulate the morphology, pro-
liferation, and differentiation state of the cells. The stiffness of Kuragel is similar to that of the native cornea (100-300 kPa) and is expected to
promote and support stromal cell survival by providing familiar ECM characteristics.”

To ensure the integration of hydrogel with underlying tissue, their adhesion with a biological tissue was determined via adhesion strength
analysis. Adhesion of the bioengineered formulation to the surrounding host tissue is essential to prevent premature detaching.” The Kura-
gels demonstrated an adhesion strength of 54.17 + 6.31 kPa to the porcine skin. The adhesion strength of Kuragel to the corneal tissue is
attributed to covalent bond formation between the hydrogel and tissue, arising from the free radicals generated during photo-crosslink-
ing.”’*® Polymer chains have the capability to bind to biological tissues by establishing covalent bonds with accessible nucleophiles, such
as amines, thiols, and hydroxyl groups found on the tissue surfaces,””" as a component of their ECM. The covalent bonds formed between
the methacrylate groups in the hydrogel and the thiol groups on the tissue would also contribute to the adhesion of Kuragel hydrogels
(Figures S2A and S2C). In addition, hydrogen bonding between the free hydroxyl and amide groups in the polymers also contributes to
the adhesion of Kuragel to the host tissue.”’ The presence of these groups in Kuragel was evident in Fourier transform infrared (FTIR) analysis.
FTIR spectra of HA-MA and Gel-SH both displayed distinctive amide peaks®' typically found in biological proteins (Figure S2B). Specifically,
the C=0 stretching vibration was evident at 1,630 cm~', while the N-H bending and C-N stretching vibrations were detected at 1,540 and
1,237 cm ™, respectively, in Gel-SH.2"%? The O-H stretching at 3,370 cm~'inboth the polymers further contributes in adhesiveness of Kuragel
to the wound site. Furthermore, the methacrylate group in HA-MA as seen via C-O peak at 1,320 cm™" and C=C stretching at 1,636 cm ™"
ensures adherence of Kuragel to the thiol groups present in the wound surface of cornea.””¢%%?

The adhesive strength of a commercially available fibrin-based tissue sealant (Tisseel, Baxter, USA) was 105.04 £ 44 kPa. The fibrin-based
sealant shows stronger adhesion but has low stability and forms a white layer at the site of administration,'® which makes its use unsuitable for
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Figure 3. In vitro biocompatibility assessment of the hCSCs in the Kuragel hydrogels

The micrographs are representative images obtained from n = 3 replicates of Kuragel and 2D coverslips.

(A and B) Live/Dead assay of cells seeded on 2D coverslips.

(C-F) Viability of cells encapsulated in the Kuragel hydrogels showing the progression of viable cell population over 4 weeks.

(G-J) The 3D projection of the frames captured for the hydrogels shows homogeneous viable cell distribution. Viable cells are represented in green, with cell
nuclei stained blue and dead cells appearing red. Scale bar, 200 um. See also Table S1.

the application in the cornea that requires transparency for supporting vision restoration. The observations of physiochemical characterization
represent that Kuragel has enough strength to support the wounded cornea tissue mechanically and get well integrated with the host tissue,
along with showing cornea mimetic properties. This was further assessed by in vitro compatibility study with corneal stromal cells followed by
validation in a rabbit corneal wound model.

In vitro biocompatibility assessment

The optimal corneal replacement should be biocompatible and non-toxic to the cells in the surrounding tissue. The Kuragel samples were
analyzed for cellular viability using calcein AM and ethidium homodimer dyes. The encapsulated human corneal stromal cells (hCSCs) were
observed to be viable and homogeneously distributed in Kuragel throughout the study. The viable cell population remained similar in the
Kuragel (3D encapsulation) and 2D coverslip on day 1 (approximately 91%) which showed an increase to 94% in 1 week and was maintained
over the period of 4 weeks of study (Figures 3C-3J and Table S1). Cells encapsulated in Kuragel appear less elongated than the 2D coverslip
cultured cells, owing to the difference in available surface area for the cells to attach and spread, which does not affect their viability.

These results indicate that Kuragel successfully provides a compatible environment for the encapsulated stromal cells. The observations
from in vitro studies support the fact that the developed Kuragel has well-defined cornea mimetic physical properties and is compatible with
stromal cells to integrate with the host tissue. Thus, the study was further extended to assess the efficacy of the hydrogel matrix in a physical
injury cornea wound model in New Zealand white rabbits.

In vivo efficacy of Kuragel in New Zealand white rabbits

Corneal clarity evaluation by slit lamp

The ocular surface mechanical injury was evaluated over a period of 3 months to appreciate the changes in cornea clarity, re-epithelialization,
neovascularization, and corneal thickness. As the limbus was not damaged, re-epithelization began immediately, accelerating the healing
process. The Kuragel-treated group showed corneal clarity and complete re-epithelization within a month, without any scar formation and
neovascularization over the period of 90 days (Figures S3 and S4), whereas the wounded untreated group exhibited signs of corneal thinning
and scar in the central corneal region on 90" day of observation (Figure 4).

Restoration of corneal thickness and hyperreflectivity

Pachymetry scans provide corneal thickness, and hyperreflectivity is the indication of corneal opacity (higher hyperreflectivity correlates to
light obstruction and opaqueness of the cornea); both of these readouts were collected from anterior segment optical coherence tomogra-
phy (AS-OCT). The pachymetry-based reading for healthy rabbit cornea shows it was 370 £ 9.4 pm thick. As observed in Figure 5, upon me-
chanical injury, there was a significant increase in central and peripheral corneal thickness as compared to the healthy cornea, due to under-
lying inflammation and corneal edema. The average central and peripheral corneal thickness noted in the diseased state was 432 + 24 um

iScience 27, 109641, May 17, 2024 5
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Figure 4. Slit lamp examination of healthy, diseased, wounded untreated, and Kuragel-treated rabbit cornea at the time of administration and post
90 days of treatment

(A-E) Diffuse light indicates cornea clarity.

(F-J) Green light indicates neo-vascularization.

(K-0O) Slit beam indicates complete corneal curvature.
(P-

P-S) Fluorescein stain indicates an epithelial defect in the cobalt blue filter. See also Figures S3 and S4.

(central 0-2 mm diameter) and 441 + 17 um (peripheral 2-5 mm diameter). Post treatment of the wounded cornea with Kuragel, the corneal
thickness was restored to near normal (366 + 12 um), unlike untreated where the thickness was significantly reduced (300 £ 13 um) in 90 days.
Kuragel can be seen in the AS-OCT images till day 15 (Figure S5). Post day 15, Kuragel integrates with the native corneal stroma, making it
difficult to differentiate by AS-OCT or by H&E staining.

Hyperreflectivity is an indicator of opacity. Opaque cornea generates red signal whereas yellow-green signals represent transparent
cornea. As shown in Figure 5C, yellow and green color were observed in healthy state, indicating transparent cornea. In the diseased state
(Figure 5E), there was an increase in hyperreflectivity, which was depicted by orange-red color throughout the cornea indicating the pres-
ence of opacity in the deep stromal regions close to the endothelium. Though the Kuragel-treated cornea appeared inflamed initially (Fig-
ure 5G), the hyperreflectivity was not observed from the day of application till 90 days (Figure 5H). This implied cornea mimetic properties
of the Kuragel, making it an ideal corneal ECM substitute. While the untreated arm showed signs of hyperreflectivity and significant thin-
ning in 90 days.

Transparency evaluation by Pentacam

Corneal transparency was assessed by recording the opacity score using Pentacam (Figure 6). An increase in opacity score was observed post
trephination injury at the central (0-2 mm diameter) and peripheral (0-6 mm diameter) regions spanning the visual axis (opacity score 38 + 3.6
for diseased and 25 + 0.6 for healthy). The wounded untreated cornea showed a significantly high opacity score at the central visual axis 62 +
6.5 and peripheral 40 + 2.4 visual axis after 90 days of mechanical injury. Kuragel treatment significantly decreases corneal opacity score (cen-
tral visual axis opacity score 30 + 3.2 and peripheral opacity score 32 + 2.5). The Kuragel treatment restored transparency of the cornea
similar to a healthy cornea, while the untreated rabbits showed signs of increased opacity, fibrosis, and thinning.
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Figure 5. Pachymetry (corneal thickness and hyperreflectivity) of healthy, diseased, wounded untreated, and Kuragel-treated rabbit cornea post
90 days of treatment

(A and B) Central corneal thickness and peripheral corneal thickness of the subsequent groups. Healthy represents a pre-operative state while diseased state
represents a day after mechanical injury. Wounded untreated represents creation of mechanical injury model without any treatment. Wounded untreated
and Kuragel treated are representative images of the rabbit cornea post 3 months. Bar graphs represent a statistically significant difference in central
(0-2 mm) and peripheral (0-6 mm) corneal thickness post 90 days of Kuragel treatment in comparison to other study arms. The * represents statistically
significant data (p value < 0.05) between various study arms (* means p value < 0.05, **<0.005, ***<0.0005, and ****<0.0001).

(C-H) Hyperreflectivity in rabbit cornea for all the 4 groups. Data are represented as mean + SD. See also Figure S5.

Corneal epithelium, sub-basal nerves, and stromal tissue regeneration evaluation by IVCM

In vivo confocal microscopy (IVCM) was used to evaluate the stratification of corneal epithelium and regeneration of sub-basal nerve fibers and
stromal tissue. Since the imaging is performed on live animals, where the objective of the microscope touches the eye, increasing the discom-
fort when the wound was freshly created, it was not performed for the diseased rabbit group. Among the 3 groups studied by IVCM, a healthy
stratified cornea epithelium can be observed in healthy and Kuragel-treated rabbit cornea (Figure 7). Corneal epithelium in the wounded un-
treated group showed flattened structure and decreased epithelial cell density. Extensive nerve regeneration was observed in the Kuragel-
treated rabbit cornea as compared to the untreated group where poor nerve density was seen. Similarly, the regenerated stromal tissue in
Kuragel group appeared similar to the healthy rabbit corneal stromal tissue. The wounded untreated group showed irregular stromal layers
with hyperreflective keratocytes, an indication of fibrosis. There was no effect of mechanical injury on the endothelial cell layer.

Stratified corneal epithelium with stromal regeneration analysis by histology

The efficacy of Kuragel was evaluated to promote epithelial and stromal regeneration over the period of 90 days using ophthalmological im-
aging techniques. Post 90 days of treatment, rabbits were euthanized and their eyeballs were evaluated for tissue-level changes among
different groups. Stratified corneal epithelium was observed in Kuragel-treated and healthy rabbit tissues, whereas the wounded untreated
group showed thicker, irregular, and disoriented corneal epithelium and signs of epithelial hyperplasia (Figures 8A-8D). A near-normal re-
generated stroma was also evident in Kuragel-treated rabbits. In the diseased group, where the tissues were obtained from day 1 after injury,
excess edema with immune cells infiltration was observed.

A complete corneal recovery can be achieved only when the implant or transplant is capable of reinstating the healthy state. Kuragel treat-
ment on the mechanical injury wound model in rabbit corneas demonstrated reversal of the diseased state and near-healthy state in terms of
corneal thickness, transparency, epithelial cell, keratocytes, and nerve density as shown in Figure 8E. The parameters represented in the plot
are on a relative scale of 0-10, where the scheme of conversion from original machine readout to relative scoring is provided in the Table S2.

DISCUSSION

Corneal defects, including damage to its structure and shape, are a common cause of blindness and vision impairment. The limitations of
corneal grafts are donor-to-donor quality difference leading to lack of consistency, scalability, risk of infection, and the requirement of
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Figure 6. Opacity score (an indicator of transparency) obtained from healthy, diseased, untreated, and Kuragel-treated rabbit corneas obtained
through Pentacam

Healthy represents a pre-operative state while diseased state represents a day after mechanical injury. Wounded untreated represents the creation of a
mechanical injury model without any treatment. Wounded untreated and Kuragel treated are representative images of the rabbit cornea after 3 months.

(A and B) Bar graphs represent the quantified opacity score in the central visual axis (0-2 mm) post 90 days of Kuragel treatment which appears similar to a healthy
cornea opacity sore. Peripheral (0-6 mm) corneal opacity score post 90 days of Kuragel treatment was considerably lower than the untreated group. The *
represents statistically significant data (p value <0.05) between various study arms (* means p value <0.05, **<0.005, ***<0.0005, and ****<0.0001).

(C-F) Pentacam images of rabbit cornea obtained post 3 months of administration for all the 4 groups. Data are represented as mean + SD.

suturing. The conventional standard of care for patients suffering from epithelial and stromal defects also involves tissue adhesives. The stan-
dard tissue adhesives, such as cyanoacrylate-based Dermabond, are associated with increased ocular surface inflammation, corneal neovas-
cularization, and giant papillary conjunctivitis, affecting healing and vision.®* Our work here demonstrates an alternative treatment modality,
using a cornea mimetic hydrogel scaffold capable of promoting scarless regeneration of epithelium and stroma. We have developed Kuragel
to mimic the physiochemical and biological properties of the native cornea using base polymers of gelatin and HA, which are generally re-
garded as safe (GRAS), functionalized via thiolation and methacrylation, respectively.>®’ Previous studies report HA may help in facilitating
the migration of corneal epithelial cells and promoting wound repair.® CD44, a receptor known to interact with HA, possesses an extracellular
HA-binding domain and an intracellular domain capable of interfacing with cytoskeletal proteins and modulating cell signaling, cell migra-
tion, and cell proliferation.**” Furthermore, the therapeutic potential of topical HA has been substantiated in vivo.® Gelatin is one of the most
extensively used biopolymer for cell-based and in vivo studies.’ We adopted visible light-based crosslinking mechanism, which has recently
gained popularity for matrix preparation for application in tissue engineering-based approaches. Previously, human mesenchymal stem cells
(hMSC)-laden hydrogels of thiolated HA and poly(butynyl phospholane)-random-poly(ethylethylene phosphate) were fabricated using ultra-
violet light crosslinking (365 nm), which exhibited favorable biocompatibility.”” Another study demonstrated preparation of a biocompatible
and transparent bioadhesive for corneal reconstruction using visible light crosslinking of methacrylated gelatin. They showed fine-tuning of

8 iScience 27, 109641, May 17, 2024



iScience ¢? CellPress
OPEN ACCESS

Wounded
Healthy Untreated Kuragel Treated
A B i .
Epithelial Cell Nerve Density
Density 8-
6000 S ok *
* E =
— i g 6
4000 £
- . o
£
E £ 4
= o
S 2000 :
- z
5 2
2
0- 0-
Healthy Wounded Kuragel Healthy Wounded Kuragel
Untreated Treated Untreated Treated
c D
Keratocyte Endothelial
Density Cell Density
5004 4000
400 ]
. 3000
£ 300 E
£ €
= £ 2000+
& 200+ 3
100 1000
0~ Healthy Wounded K 1 0- :
ealthy Wi {ul
" Unireated Treted i

Figure 7. Cell density evaluation of different cornea layers by in vivo confocal microscopy (IVCM) to demonstrate effect of Kuragel in reversal of
epithelium and stromal injury

Healthy represents the pre-operative state while wounded untreated depicts the creation of mechanical injury model without any treatment.

(A-C) Bar graphs representing statistically significant difference in epithelial cell, nerve fiber, and keratocyte density post 90 days of Kuragel treatment in
comparison to other study arms.

(D) Endothelial cell density remains unaffected in the diseased animal post trephination-,based mechanical injury to epithelium and stroma as well as post
Kuragel administration. * represents statistically significant data (p value < 0.05) between various study arms (* means p value < 0.05, **<0.005, ***<
0.0005, and **** <0.0001). Data are represented as mean + SD.

(E-H) IVCM images of healthy unwounded rabbit cornea.

(I-L) IVCM images of wounded untreated cornea.

(M-P)IVCM images after application of Kuragel on the wounded cornea post 3 months. Scale bars in micrographs E to P represent 80 pixels, where 1 pixel = 0.8 pm.

the physical properties of the hydrogel by changing polymer concentration and photo-crosslinking time.? We optimized the biopolymeric
Kuragel formulation by screening different concentration ratios of the biopolymers HA-MA and Gel-SH. The target properties were set based
on the properties of native cornea stroma reported in literature, like 300 kPa compressive modulus,”® 87% transmittance to visible light,’ low
swelling (desired range was <20%), and high adhesive strength® (desired values higher than 40 kPa). The HA-MA was used between 40 and
80 mg/mL, and the concentration of Gel-SH was varied between 50 and 140 mg/mL. The hydrogels prepared using biopolymers lower than
the optimized ratio of 50 mg/mL HA-MA and 120 mg/mL Gel-SH did not form a stable gel in 10-12 min of light exposure, and the weak hydro-
gels thus formed showed more than 40% swelling. Whereas, increase in their concentration resulted in stiffer hydrogels where their modulus
was above 500 kPa. As the physical properties of the hydrogels from other ratio were very distant from meeting the requirements for a sub-
stitute for cornea tissue, the data for the same are not included in the manuscript and were not considered for biological characterization.

Hydrogels have innate tendency to swell when exposed to physiological fluid. Modulating the swelling degree of hydrogels is regarded as
a key aspect of regenerative medicine, especially in corneal regeneration. A high swelling hydrogel can lead to complications like increased
intraocular pressure and corneal distortion followed by inflammation and tissue damage.”’ The composition of Kuragel containing HA-MA
and Gel-SH was carefully optimized to restrict swelling to less than 20% (in terms of weight as well as volume).”” To fill irregular defect sites
effectively, it is desirable for Kuragel formulation to have a lower swelling tendency to prevent bulging in the later stages.”* Additionally, in the

case of the cornea, it is expected that Kuragel will maintain its thickness to prevent the development of conditions similar to astigmatism.””
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Figure 8. Histological analysis and representation of data from Kuragel-treated rabbit cornea post administration

(A-D) H&E staining of the cornea from different study arms. Healthy represents pre-operative state while diseased state represents a day after mechanical injury.
Wounded untreated represents creation of a mechanical injury model without any treatment. Wounded untreated and Kuragel treated are representative images
of the rabbit cornea after 3 months. Scale bar 80 pixels; 1 pixel = 0.264 mm.

(E) Radar plot representation of corneal tissue states derived from pachymetry, densitometry, and IVCM data obtained from healthy rabbits, as well as rabbits
treated with and without Kuragel (after 90 days of trephination induced injury). Corneal thickness, transparency, epithelial cell, nerve, and keratocyte density are
represented here on a relative scale of 0-10, showing a near-healthy state of Kuragel treatment. See also Table S2.

Further, the compressive modulus of Kuragel is 350 kPa which matches the modulus of human cornea.’ Prior study on poly(e-caprolactone)-
poly(ethylene glycol) microfibrous scaffold infused with Gel-MA hydrogel generated a 3D fiber hydrogel construct.”” However, those hydro-
gels were soft and had less resident time at the site. Another important characteristic that is instrumental in defining the success of corneal
hydrogels is the light transmittance post-application. Since the cornea is transparent, it is paramount that the hydrogels intended for corneal
regeneration should be transparent. The Kuragel matrix is 91% transparent, which meets the requirement of the transparency of native cornea
i.e., aminimum of 87%. Bioengineered porcine collagen hydrogels have also been reported to mimic the properties of native corneal tissue
and have recorded an optical transmittance of 90% in the visible wavelength range.” Gentamicin-loaded methacrylate-silk hydrogels were
also investigated for corneal regeneration and recorded an optical transmittance of 80%-83%.”"

Kuragel was prepared for administration in the wounded cornea and expected to regenerate the damaged cornea. Adhesion with the host
tissue would ensure the Kuragel matrix remains at the site of injury throughout the treatment, and a gradual degradation would support the
regeneration of the host tissue. Kuragel showed an adhesion strength of 54.17 + 6.31 kPa. This adhesion is far superior than many other
corneal substitutes reported in the literature and will ensure the well-integrated hydrogels at the corneal site. It is higher than the reported
values of clinically available sealants which are PEG based, CoSEAL (Baxter, USA) with strength of 19.4 + 17.3 kPa, and fibrin-based Evicel
(Ethicon, USA) having adhesion strength of 26.3 + 4.7 kPa). The observed adhesion strength is lower as compared to that of a gelatin-based
sealant 90.4 + 10.2 kPa.” Though these gels show higher adhesion, they get degraded completely within a month, making their use unsuit-
able for deep or larger wounds that require support for prolonged duration. The most recent findings where decellularized porcine cornea
extracellular matrix (LC-COMatrix) containing un-denatured collagen and sulfated glycosaminoglycans was used to secure corneal defects
reported an adhesive strength of 21.8 + 2.3 kPa.®® Further, we performed in vitro biodegradation study in the presence of hyaluronidase
and collagenase enzymes. The Kuragel matrix degraded minimally in the absence of enzymes; however, the degradation was enhanced in
the presence of enzymes and cells. The degradation rates are in line with the degradation rates of native human cornea in the presence
of collagenase enzyme. A study reported that the native human corneal tissue when exposed to collagenase for 10 days recorded a weight
reduction by 68.8% + 5.3%.°° The Kuragels degraded by 42.64% + 3.94% in the presence of enzymes and encapsulated hCSCs, which con-
firms that the Kuragel matrix would be able to withstand the ocular environment and is expected to support controlled healing.

Corneal implants should be biocompatible and non-toxic to the native cells. The viability assessment demonstrated that the Kuragel
composition and processing steps are not posing any harm to cell viability. It also ensured that the hydrogel matrix allows the nutrients
from media to be available to encapsulated cells to maintain their viability. The in vitro observations demonstrate that the Kuragel has
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well-defined cornea mimetic physical properties and are compatible with corneal stromal cells. They are similar to native corneal ECM in
chemical makeup, as HA and gelatin (hydrolyzed collagen) are abundantly found in corneal stromal region, and are known to support the
cell phenotype.”® Such corneal implants can aid in providing required regenerative cues.

The standard management protocol for corneal stromal defects has significant shortcomings, including poor biomechanical, optical, or
adhesive properties, as well as a lack of suitable cornea for transplant, or rejection leading to poor outcomes. To address these limitations,
in this study, we developed a biocompatible smart gel, Kuragel which can be applied dropwise at the wound site. Our results show that the
Kuragel provides not only a native cornea-like structure but also the topography and smooth contour. In line with the in vitro data, in vivo study
shows that Kuragel effectively polymerizes within 10 min under white light, bypassing the need for sutures. Other groups have also aimed to
develop tissue-engineered transplants for the treatment of corneal epithelial defects and stromal ulcers to reduce the need for corneal tissue.
However, the majority of these methods are based on prefabricated membranes’® or patches,”” which typically require surgical equipment
and skills. Kuragel also promoted faster epithelialization and stromal regeneration compared to the untreated group.

Studies conducted in the past to evaluate the efficacy of biopolymeric implants in regenerating cornea used either slit lamp or AS-OCT to
evaluate corneal regeneration. One of the critical considerations to take into account while studying corneal reconstruction is the way the
cornea is evaluated to make it clinically successful. In the present study in New Zealand white rabbits with corneal wounds, we implemented
more comprehensive set of clinical imaging parameters used in the clinical setup for the patients, including slit lamp, AS-OCT, Pentacam, and
IVCM. It was evident that Kuragel treatment not only restored the thickness of the cornea like healthy rabbit cornea, but it also improved the
corneal transparency (opacity score) and clarity by significantly reducing the scarring (decreased hyperreflectivity). On the other hand, me-
chanical injury with no Kuragel treatment resulted in significant corneal thinning with scarring as evident from the AS-OCT pachymetry
and Pentacam studies. The observations from IVCM showing improved epithelium and nerve regeneration further strengthen our findings.
Kuragel treatment resulted in stratified corneal epithelium similar to a healthy cornea, with regeneration of sub-basal nerve fibers, whereas the
non-treated rabbits showed poor stratification, with hyperplasia as evident from H&E images. Sub-basal nerve fibers were also significantly
fewer in the untreated group compared to the healthy and Kuragel-treated groups. IVCM and histology collectively showed that Kuragel
treatment resulted in keratocyte proliferation and restoration of corneal stromal mass over the period of 90 days, whereas the untreated rab-
bits’ thinner cornea with hyper-reflective keratocytes was observed as an indication of fibrosis and lack of regeneration.

In conclusion, if engineered substitutes for human donor corneal tissue are not developed for keratoplasty, there will continue to be a lack
of resources for treating large-scale corneal wounds in patients. While there have been notable improvements in creating cell-based materials
that closely resemble the cornea’s layers, these advancements have not yet resulted in the introduction of new cell-infused or cell-free natural
biopolymerimplants to the market. The utilization of sutures in keratoplasty is a time-consuming process along with bringing about numerous
complications during the postoperative phase. To address this concern, we have formulated a photo-crosslinkable bioadhesive hydrogel,
comprising HA-MA and Gel-SH, as an alternative to traditional sutures in keratoplasty. Our scalable tissue-engineered corneal implant em-
bodies the characteristics desirable for effective corneal adhesion, encompassing remarkable light transmittance, optimal swelling, resistance
against enzymatic degradation, suitable matrix stiffness, and good biocompatibility. The investigations have indicated that the hydrogel sup-
ports growth of epithelial cells on the upper layer and stromal cells in the inner mass. These findings have been consistently substantiated by
experiments conducted on New Zealand white rabbits. In these trials, a mechanical wound spanning the central visual axis of the stroma ex-
hibited complete closure upon treatment with the hydrogels. The recuperation process was characterized by full re-epithelialization within
1 month, as observed through slit lamp examination. Additionally, within 3 months, there was evidence of keratocyte repopulation, and
IVCM displayed regeneration of the sub-basal nerve plexus near healthy tissue. Densitometry and pachymetry evaluations unveiled the resto-
ration of corneal clarity, optical density, and thickness, comparable to those of a healthy cornea, within 2 months following the application of
the hydrogel. This helps in restoring the cornea in its healthy state with transparency and corneal thickness via epithelium, stroma, and
neuronal regeneration, making it applicable for diverse corneal indications including corneal thinning. The methodology adapted here to
develop cornea-specific problems is based on first principle of quality-by-design. Its potential use includes a minimally invasive treatment
for diseases such as advanced keratoconus via intra-stromal pocket generation using laser and injecting Kuragel. The production and appli-
cation approaches adapted for the Kuragel can also be applied in other tissues based on the tissue- and disease-specific needs.

Limitations of the study

This study illustrates the cornea mimetic nature of Kuragel covering key in vitro properties and demonstrating their translation in vivo in a
rabbit wound model. The Kuragel, besides filling the corneal wounds, also showed remarkable healing properties, which can be potentially
enhanced by their use as delivery vehicle for cell modulators, extracellular vesicles, and stem cells,”® though not explored in this study. The use
of Kuragel, in the current study, is limited to regeneration of cornea primarily based on re-epithelization and stromal thickness restoration;
however, it can be extended further for deeper wounds with endothelium damage.
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Porcine skin tissues

This paper

(Left eye; extracted on 22/12/2020; 45 years old; male)

>3 years old; >40 kg; male and female

Chemicals, peptides, and recombinant proteins

Hyaluronic acid
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Methacrylated hyaluronic acid
Thiolated gelatin

Deuterium Oxide 99.9 atom % D
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Triethanolamine

Phosphate Buffered Saline
MEM basal media
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Insulin Transferrin Selenium
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Ketamine hydrochloride
Xylazine

Proparacaine

Moxifloxacin
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Formalin solution, neutral Buffered, 10%
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Dibutyl phthalate Polystyrene Xylene

Stanford Chemicals
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Blafar, Dublin
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Thermo Fisher Scientific
Thermo Fisher Scientific
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Life technologies
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MIPL/A4

HT5012

H9627

44581

Experimental models: Organisms/strains

New Zealand White Rabbits

Dabur Research Foundation, New Delhi, India

Oryctolagus cuniculus
8-10 weeks old; 1.8-2.0 kg, male.

Software and algorithms

ImageJ

Avanti XR (OCT)

GraphPad Prism Version 9

MTL32

Schneider et al.”’
Sampson et al.*°

Swift®

Upadhyay et al.%

https://imagej.nih.gov/ij/
RRID: SCR_003070

Optovue Avanti

https://www.ophthalmicmart.com/product/optovue-avanti/

https://www.graphpad.com
RRID: SCR_000306

https://biss.in/basic-software.php
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Bruker Avance IIl HD 600 MHz Bruker https://www.ncbs.res.in/research-facilities/nmr-ins
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MCR102 Rheometer Anton Paar https://www.anton-paar.com/in-en/products/details/
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Optovue Inc.
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https://www.excelitas.com/product/omnicure-s1500-
spot-uv-curing-system
https://www.perkinelmer.com/category/microplate-readers
HI-96800 https://hannainst.in/hi96800-digital-refractometer-
for-refractive-index-and-brix

Cat#7503576
https://www.leica-microsystems.com/products/confocal-
microscopes/p/stellaris-8/
https://www.appasamy.com/ophthalmology-optometery/
dynamig-slit-lamp
jhttps://www.pentacam.com/fileadmin/user_upload/
pentacam.de/downloads/interpretations-leitfaden/
interpretation_guideline_3rd_edition_0915.pdf

Cat#70700
https://www.oct-optovue.com/avanti/oct-avanti.html
https://business-lounge.heidelbergengineering.com/

in/en/products/hrt3-rcm/hrt3-rem/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tuhin Bhowmick

(tuhin@pandorumtechnologies.in).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cadaveric corneal rims

Human cadaveric corneal rims (Male, 20/12/22L) were obtained from Dr. Shroff's Charity Eye Hospital, New Delhi. Human corneal stromal cells
were isolated from the limbal ring and incubated at 37°C in a 5% CO, incubator.'”

Rabbits

The study was approved from Institutional animal ethics committee, Dabur Research Foundation, Uttar Pradesh, India. All surgical procedures
were conducted under the supervision of a veterinarian and the animal care team as per the guidelines by the Association for Research in
Vision and Ophthalmology (ARVO) regarding the use of animals in ophthalmic and vision research. Male New Zealand white rabbits approx-
imately 8-10 weeks old weighing between 1.8 and 2.0 kg were used in the study. The study was performed in accordance to the ARRIVE

Guidelines.®
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Porcine skin tissues

The porcine skin tissues were purchased from an abattoir. Adult miniature pigs (>3 years old; >40 kg; male and female) were used as donors.

METHOD DETAILS

Material characterization

"H NMR analysis of biopolymers

"H NMR was performed to measure the extent of functionalization of the biopolymers, using 800-MHz proton NMR in d,O. The functionalized
biopolymers, methacrylated hyaluronic acid (HA-MA) and thiolated gelatin (Gel-SH), were produced by Blafar Ltd., Dublin. Base hyaluronic

acid (Stanford Chemicals, CA) polymer and gelatin (Sigma) were used as a reference for the identification of the specific peaks for function-
alized products, i.e., HA-MA and Gel-SH.

Biochemical characterization

Ellman’s assay was used to detect free sulfhydryl groups in the thiolated gelatin via colorimetric analysis using cysteine as standard. The assay
was performed following the manufacturer’s protocol. Briefly, Ellman’s reagent (5,5 -dithio-bis-[2-nitrobenzoic acid]) was added to the sample
solution and incubated at room temperature for 15 min, followed by measuring absorbance at 412 nm. The free sulfhydryl groups present in
the sample were detected by comparing them with the standard curve prepared using cysteine standards in the reaction buffer.®

Preparation and characterization of kuragel
Preparation of kuragel

The functionalized biopolymers were mixed in concentration ratios, where HA-MA was 40-80 mg/mL and Gel-SH was between 50 and
140 mg/mL. The biopolymers were weighed and dissolved in normal saline (0.9% NaCl) by incubating at 37°C water bath for 30 min. Photo-
initiator solution, comprising of eosin Y (0.05 mM) and triethanolamine (0.075% v/v) was added in 10 uL/mL of the biopolymer solution. This
pre-gel solution was then dispensed on the molds or the corneal wound site in rabbits, and exposed to white light (Omnicure $1500) of 10
mW/cm?, to obtain the hydrogel, which was termed as Kuragel.

The duration of light exposure to obtain Kuragel was assessed via change in storage modulus during the transition from pre-gel solution to
the hydrogel form. The instrument used for this assessment was Rheometer (MCR102, Anton Paar).®”

Optical characterization

Kuragels were prepared in 96 well plate in triplicate and transmittance to visible light was assessed by recording the spectra in a plate reader

(Enspire, PerkinElmer). The obtained absorbance values were converted to transmittance by Beer Lambert's law, and plotted using saline as

reference. Average transmittance was derived by averaging the values obtained for the complete visible spectra (400-700 nm).%
Refractive index was measured using digital refractometer (Hanna Instruments), where distilled water was used as blank.

Physio-chemical characterization

Kuragel discs were prepared in the molds of specified geometry (5 mm diameter and 1 mm height) and incubated in normal saline for assess-
ing the swelling via change in weight and volume with time. The weight measurements were performed by soaking the excess saline from the
Kuragel matrix and recording the weights at different time points. The swelling % by weight was measured using the relation: [(Wt-Wi)/Wi]x
100. Where Wt is the weight recorded at different time points and Wi is the initial weight. Volumetric swelling was calculated by measuring the
percentage increase in volume when the dimensions were measured using a Vernier caliper. The swelling % by volume was measured using
the relation: [(Vt-Vi)/Vi]x 100. Where Vt is the volume recorded at different time points and Vi is the initial volume.

Degradation rate of Kuragel was determined by incubating in 1X phosphate buffered saline (PBS) at ambient temperature under constant
shaking (350 rom) and measuring the change in weight with time. Other study groups included 1X PBS containing cocktail of enzymes (1 U/mL
Hyaluronidase and 0.35 U/mL Collagenase I) and in the presence of encapsulated human corneal stromal stem cells (hCSCs). The degradation
media was replenished every alternate day to avoid saturation and the hydrogel samples were retrieved at the predetermined time points and
their weights were recorded after lyophilization for 24 h at —110°C. The degradation percentage was calculated using the relation: [(Wi-Wt)/
Wit]x100. Where Wt is the dry weight at different time points and Wi is the initial dry weight recorded on the same day of sample preparation.

Cylindrical Kuragel were prepared as described above, and tested in a UTS instrument (BiSS mechanical tester) with parallel plate fixtures
for compressive modulus assessment. The height and diameter of the Kuragel were recorded before loading into the instrument, then com-
pressed at a rate of T mm/min up to a maximum of 50%, using a 44N load cell. The values for strain and load were recorded and the compres-
sive modulus was calculated from the slope of stress versus strain curve, using linear region between 0.1 and 0.2 mm/mm strain.%

The adhesion strength of Kuragel to the biological tissue was assessed following the ASTM F2458-05 standards, using the method
described elsewhere.® Briefly, the porcine skin tissues, purchased from a local butcher shop, were washed thoroughly to remove the oil
and cutinto 2.5 cm X 1.5 cm pieces. The skin tissue pieces were stuck to the glass slides using a commercially available superglue (fevikwik).
An incision was made between the two adjacent glass slides and the skin tissues were kept 1 mm apart and the gap was filled in by 75 pl pre-
gel solution followed by photo-crosslinking as described above. The assembly was incubated in 1X PBS for Kuragel equilibration (duration of
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incubation was followed as per swelling studies) followed by adhesion testing in the BiSS UTS instrument. The glass slides were fixed in the
wedge grips (without disturbing the alignment). The assembly was stretched at a rate of 1 mm/min until adhesive or cohesive failure was
observed. Adhesion strength was calculated from the relation: (Maximum load/cross-sectional area) x 1000.

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy (Spectrum Two, PerkinElmer), was used to identify the

functional groups present in the biopolymers and the hydrogel.?” The scanning range for ATR-FTIR analysis was 400-4000 cm™".

Biocompatibility assessment-in vitro

Cell encapsulation in hydrogel

Human corneal stromal cells (\CSCs), were isolated from cadaveric tissues as described earlier.”” The passage 3 hCSCs were encapsulated in
the density 1 million cells/mL of Kuragel. The cell suspension was mixed with the pre-gel solution and photo-crosslinked. The hCSCs encap-
sulated Kuragels were submerged in the complete culture media comprising of MEM basal media (Gibco, 11095080) with 5% HPL (Life tech-
nologies, SER-HPL) and 1X TS (Sigma, 13146) (0.1 mL/10 mL media), and incubated at 37°C and 5% CO,, with complete media change every
3 day.

Cell viability assessment

The hCSC encapsulated Kuragel samples were removed from the culture at predetermined time points. The viability assessment media con-
taining calcein acetoxymethyl (calcein-AM, 0.2 pg/mL) and ethidium homodimer (EthD-1, 2.5 ng/mL) (Invitrogen, Paisley, UK) prepared in the
MEM media, was added to the samples and incubated for 15 min at 37°C. The samples were then observed under a confocal microscope
(Stellaris, Leica microsystems) to mark the distribution of green alive cells and red stained dead cells.

In vivo efficacy of kuragel

Study design and approval

Male New Zealand white rabbits were used for the development and evaluation of mechanical injury to corneal epithelium and stroma
through trephination of the right eye. The rabbits were 8-10 weeks old and weighed between 1.8 and 2.0 kg. The study received approval
from Institutional Animal Ethics Committee and all surgical procedures were conducted under the supervision of a veterinarian and the animal
care team at the Dabur Research Foundation, Ghaziabad, Uttar Pradesh, India. The handling of the animals adhered to the guidelines by the
Association for Research in Vision and Ophthalmology (ARVO) regarding the use of animals in ophthalmic and vision research.

Corneal injury and kuragel treatment

Prior to the surgical procedure, the rabbits were given anesthesia through intramuscular injections of 30 mg/kg ketamine hydrochloride and
5 mg/kg xylazine. To ensure local anesthesia, a topical drop of proparacaine was applied to the right eye. For disease model generation,
corneal tissue was precisely excavated using a guarded trephine with a diameter of 5 mm and a depth of 250 um. Following injury, the
eyes were imaged and Kuragel was applied.

The pre-gel solution of Kuragel was administered in the site of excavation and exposed to white light for 10 min for crosslinking, in 6 rab-
bits. Another six rabbits where wound was created, were left untreated (for reference as untreated negative control). Post-surgery manage-
ment included, antibiotic eye drops (Moxifloxacin) four times a day for 7-10 days, until re-epithelization occurred. Bandage contact lens was
applied as a precaution from accidental damage to the Kuragel layer. All the animals were monitored for a period of three months following
the treatment.

Ophthalmic imaging of the rabbits

To track the progression of treatment, the animals were followed up by clinical photographs at regular intervals using the following
techniques:

Slit Lamp: The rabbits were carefully positioned to ensure a clear view of the entire corneal frame, and images were captured using a slit-
lamp biomicroscope (Appasamy, India) under four different conditions, diffuse light, fluorescein stain under cobalt blue light, green light and
angle slit, allowing for a comprehensive examination of the cornea and neovascularization both in untreated and treated rabbit corneas. To
track re-epithelialization, fluorescein stain was used and imaged under a cobalt blue light source.™

Anterior Segment Optical Coherence Tomography (AS-OCT): AS-OCT images can be used for measurement of corneal thickness and
hyperreflectivity. In this study, an AS-OCT device (Optovue, Avanti RTVUE-XR) was employed to perform an anterior segment scan of the rab-
bit cornea. The OCT probe was positioned near the eye and central area was scanned. The images were processed using the integrated soft-
ware (Avanti XR).%” Images were further quantified for hyperreflectivity which is an indication of fibrosis using ImageJ,”” NIH, software.

Pentacam. It is an advanced rotating Scheimpflug camera that provides information regarding corneal biomechanics, relating it to the
densitometry (opacity score). It allows the evaluation of corneal properties at various diameters. The images obtained from pentacam

were analyzed for opacity score at two annular diameters, 2 mm and 6 mm, using the built-in software.®®
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In vivo confocal microscopy (IVCM): IVCM was performed on rabbits at different time points to record the changes in the epithelium, sub-
basal nerve fibers, stroma, and endothelium, using Heidelberg HRT3 RCM. The density of all these layers was quantified using the inbuilt
software.

Histological analysis

After a 90-day treatment with Kuragel, rabbits were euthanized using an overdose of ketamine and xylazine. Tissue samples from the cornea
were collected from four groups: healthy rabbits (contralateral eye), diseased, wounded untreated, and 90 days after treatment with Kuragel.
To prepare the tissues for histological analysis, they were first washed briefly with saline and then fixed in 10% neutral buffered formalin. For
the histology process, the fixed sections were embedded in paraffin blocks. Subsequently, the sections were stained with Hematoxylin for
10 min and differentiated using 1% acid alcohol for 30 s. They were then rinsed in running tap water for 10 min and briefly washed in 95%
alcohol for 20's. To enhance the contrast, the sections were counterstained with Eosin Y for 30 s. Following this, the sections underwent dehy-
dration using 95% alcohol and two changes of absolute alcohol, with each change lasting for 5 min. Finally, the sections were cleared using
two changes of xylene for 5 min each and mounted using DPX (Dibutyl phthalate Polystyrene Xylene) mounting medium. The prepared sec-
tions were observed under light microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were represented as mean values with standard deviation obtained using Graph Pad Prism 9.°" Appropriate non-parametric one-way
ANOVA tests were performed for the assessment of significance between different time points, where p value <0.05 was defined as
threshold. Significant difference between the standard deviations of the means was measured using Brown-Forsythe and Barlett's tests. A
minimum number of replicates was three for each test, represented as 'n’ values, unless described otherwise in corresponding methods
and figure legends.
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