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Purpose: This study investigates the repairing process of rat cornea after surgery of
lamellar keratoplasty (LKP) and evaluates the effects of gelatin methacrylate (GelMA)
hydrogel.

Methods: In the LKP group, the lamellar stroma matrixes of Sprague-Dawley rats were
transplanted to enhanced green fluorescent protein rats, whereas those in the GelMA
group were also embedded with a GelMA hydrogel during the corneal transplantation.
Grafted eyes were harvested on days seven, 30, and 90. Hematoxylin and eosin staining,
immunofluorescence staining, scanning electronmicroscopy, optical coherence tomog-
raphy, and a slit-lampmicroscope were used to study the process of corneal restoration
and regeneration.

Results: A total of 42 rats were analyzed, including 18 rats in each of the experimen-
tal group and six rats in the control group. After three months, the infiltration degree
of inflammatory cells differed between the LKP group and the GelMA group (P <
0.001). Moreover, in multiple comparisons in corneal thickness, significant difference
was observed between the LKP group and the GelMA group. There was also divergence
in the results between the LKP group and the control group (P< 0.001, P< 0.001). At the
same time, the expression of α-smooth muscle actin (α-SMA) and transforming growth
factor (TGF)-β1 varied distinctly between the LKP group and the GelMA group (P< 0.05,
P < 0.001).

Conclusions: Significant differences were demonstrated between the LKP group and
the GelMA group in inflammatory cell infiltration, corneal thickness, as well as the
expression of α-SMA and TGF-β1. Those differences indicate the ability of GelMA hydro-
gel to support alleviation in corneal stroma fibrosis and show the influences of fibrosis
in the dysfunction of corneal refractive power.

Translational Relevance: Our research provides new ideas for the future development
of LKP and tissue-engineered corneas.
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Introduction

Corneal disease is the second-most blinding eye but
reversible ophthalmology disease just after cataracts.1,2
According to statistical results, more than 10 million
people worldwide are blinded because of corneal
diseases, of which corneal perforation is an ophthalmic
emergency caused by traumatic, infectious, or immune
keratopathy. Specifically, ocular trauma is the most
common cause of corneal perforation, accounting
for 67% of cases.3 Corneal perforation destroys the
integrity of the eyeball and changes the biophysical
properties of the cornea. Compared with transplan-
tation of other organs , cornea transplantation has
the unique advantage of immune privilege.4 Therefore,
for treating corneal damage in worst-case scenarios,
corneal transplantation is the only reliable and effective
recovery treatment in clinical practice.

In the past 20 years, lamellar keratoplasty (LKP)
has been widely adopted by corneal surgeons around
the world. Because the posterior elastic membrane and
endodermis are retained during the surgery,5 postoper-
ative rejection is relatively mild.

At present, many patients lose their vision because
of the lack of corneal transplant material while suffer-
ing from corneal stromal damage or perforation. In
addition, although cornea transplantation has immune
privilege, approximately half of the patients still require
immunosuppressive therapy after corneal allograft-
ing.6,7 Even if the patient undergoes LKP, 3% to
24% of patients still experience immunological rejec-
tion after operation.6,8,9 Therefore the lack of cornea
donor and postoperative immune rejection are urgent
problems to be solved. For these reasons, an increasing
number of scholars have shifted their attention to alter-
native treatments for corneal transplantation, includ-
ing transplanted corneal stem cell therapy, cell-free
collagen scaffolds, tissue-engineered artificial corneas,
and corneal prostheses.10-13

There are scholars who synthesized biodegradable
polymer materials,14,15 but these polymers are gener-
ally hydrophobic, thus greatly limiting their ability to
encapsulate cells in the physiology structure. Hydro-
gel is a kind of water-rich polymeric material with a
three-dimensional structure,16 which is biomimetic to
the extracellular matrix (ECM).17 Since the structure
of hydrogel is relatively suitable for cellular growth, it
has been widely used to study the interaction between
ECM and cells, as well as other cellular physiol-
ogy such as cell proliferation, migration, and differ-
entiation.18,19 However, hydrogels are not an excel-
lent choice for tissue-engineering materials due to the
limitations of their mechanical strength. Therefore

gelatin, which is a denatured product of collagen, is
usually used to suit the needs in terms of physical
properties. Gelatin methacrylate (GelMA) is a gelatin
derivative20 of the original gelatin, which is hydrophilic
in properties. Compared to other biomaterials derived
from hydrogels, GelMA can meet the biocompatibil-
ity and mechanical strength requirements for manufac-
turing biomaterials. GelMA is chemically tunable,
biocompatible,21 and biodegradable,22 thereby provid-
ing a suitable living environment for a variety of cells.
According to previous research, if cells are cultivated in
a three-dimensional–structured hydrogel, they are able
to reshape the environment around them for dissem-
ination and migration.23 These properties of GelMA
meet the requirements for an ideal substrate for tissue-
engineering scaffolds.24

Materials and Methods

Rat and Anesthesia

Sprague-Dawley (SD) rats were purchased from
Guangdong Medical Laboratory Animal Center,
China (Guangdong, China). Enhanced green fluores-
cent protein (EGFP) transgenic rats (SD background)
were bought from Beijing Vital River Laboratory
Animal Technology Co., Ltd (Beijing, China). To
avoid the influence of gender in the experiment, all
rats were female, eight to 12 weeks old, weighing 0.2
to 0.3 kg, and divided into two groups of nine each.
Intrastromal keratoplasty was performed/implemented
among them. All of the rats were treated according to
standard protocols, and in compliance with the guide-
lines of the Animal Ethics Committee in Tsinghua
University and the National Institutes of Health for
the care and use of laboratory animals (NIH Publica-
tions no. 8023, revised 1978). Each rat was anesthetized
by an intraperitoneal injection of 20 mg/kg pentobar-
bital sodium (Jiangxi Kelun Pharmaceutical Co., Ltd.,
Jiangxi, China) before all surgical procedures. The
cornea of the EGFP rat is presented in green under
excitation light, with the excitation optimal for EGFP
close to 488 nm. Thus the cells originated from EGFP
transgenic rats are suitable for analysis using the
method of fluorescence microscopy.

Preparation of GelMA Hydrogel

Type-A gelatin powder 10 g (Sigma-Aldrich Corp.,
St. Louis, MO, USA) extracted from porcine skin
was dissolved in 100 mL Dulbecco’s phosphate-
buffered saline (DPBS; Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) at 60°C. After having been
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stirred at a rate of 0.1 mL/min for three hours, 6
mLmethacrylic anhydride (MA; Sigma-Aldrich Corp.)
was added to carry on the reaction at 50°C for four
hours. The resulting mixture was then diluted to 1/5
with DPBS to stop the reaction. The resulting mixture
was put through dialysis against the deionized water at
40°C for seven days, in the participating of a 12- to 14-
kDa cutoff dialysis membrane. The pH of the mixture
solution was adjusted to 7.4 by 1MNaHCO3 sterilized
by a 0.2 μm syringe filter and freeze-dried for 72 hours,
to obtain the GelMA sponge. GelMA sponge was
dissolved in DPBS with 0.05% lithium phenyl-2,4,6-
trimethyl-benzoyl phosphinate at 60°C, and exposed
to 365 nm light for 90 seconds to obtain 5% (w/v)
GelMA hydrogel. Luyor-365l (Luyor Instrument Co.,
Ltd, Irvine, CA, USA) was used in the experiment,
with the light source of 10 mW/cm2 radiation intensity.
Samples were placed 5 cm away from the light source.

Hydrogel Degradation in Collagenase

GelMA hydrogels were equilibrated for one hour in
5 mL of 0.1MTris–HCl buffer (pH 7.4) that contained
5 mM CaCl2 at 37°C. Subsequently, 125 CDU/mg of
collagen was added to get a final collagenase solution
of 5 U mL−1 concentration. The solution was replaced
every eight hours.Moisture on the surface of the hydro-
gel was wiped dry before each weighing. The residual
mass percentage of hydrogels was calculated according
to the following equation:

ResidualMass% = Wt/W0,

whereW0 is the initial weight of the hydrogel andWt is
the weight of the hydrogel at every period of time.25,26

Surgical Methods and Graft Evaluation

In the LKP group, the anterior stromawas dissected
by trephination, approximately 150 μm in depth and
3.0 mm in diameter, and we named the remaining
rat cornea as recipient bed. Next, we implanted the
allograft, approximately 150 μm in thickness and 3.5
mm in diameter, stitched to the recipient bed with eight
interrupted sutures (10-0 nylon).

In the GelMA group, the anterior stroma was
dissected by trephination, approximately 150 μm in
depth and 3.0 mm in diameter. We then inserted a
GelMA hydrogel, which is 100 μm in thickness and
2.0 mm in diameter, into the recipient bed. Next,
we implanted the allograft, approximately 150 μm in
thickness and 3.5 mm in diameter, and stitched it
to the recipient bed with eight interrupted sutures
(10-0 nylon).

In the last steps of the procedure, the eyelid
was sutured to protect the transplanted corneas.
Tobramycin-dexamethasone eyedrop (Alcon, Puurs,
Belgium) was administered three times per day,
and erythromycin eye ointment provided by Beijing
Twinluck Pharmaceutical Co., Ltd. (Beijing, China)
was administered once a day.

During the experiment, the operated cornea was
photographed with a slit lamp (YZ5S; 66 Vision
Tech, Jiangsu China) weekly, monthly, and quarterly
after transplantation. Those showing immune rejec-
tion(vascularization) and lethal responses to anesthetic
were excluded from the experiment.

Hematoxylin and Eosin Staining and
Immunofluorescence

Corneal buttons from the LKP rats and GelMA
hydrogel rats were fixed in 4% paraformaldehyde for
eight hours, immersed in phosphate buffered saline
solution for eight hours and immersed in 30% sucrose
solution for eight hours. The dehydrated corneal
buttons were embedded with OCTCompound (Tissue-
Tek; SAKURA, Torrance, CA, USA) afterward. The
frozen samples were cut into 8 μm–thick sections
with a freezing microtome (CM1950; Leica, Wetzlar,
Germany), and stained with an H&E Stain Kit
(Baso, Zhuhai, China) according to the manufacturer’s
instructions. The resulting sections were then imaged
with a light microscope (Leica). Before carrying out the
immunofluorescence, tissue sections were incubated at
4°C overnight with anti–α-smooth muscle actin (anti–
α-SMA) antibody (ab32575; Abcam, Cambridge, MA,
USA) (1:500), transforming growth factor (TGF)-
β1 (ab92486, Abcam) (1:500) and TGF-β3(ab15537;
Abcam) (1:500). Negative controls were generated
simultaneously by incubating sections without primary
antibody. After a day, sections were incubated with
anti-rabbit IgG(H+L) (Alexa Fluor 647–conjugate)
(Cell Signaling Technology, Danvers, MA, USA)
(1:1000) at 37°C for one hour in the dark, followed
by three times of PBS rinsing for 10 minutes each,
covered by anti-fademountingmedium (Solarbio) with
4ʹ,6-diamidino-2-phenylindole (DAPI) (Cell Signaling
Technology) and examined with a fluorescence micro-
scope (Olympus, FV1000).

Optical Coherence Tomography (OCT)
Observation

We applied the OCT equipment specially devised
by the laboratory to visualize the cross-sections and
thickness of the experimental rat cornea. The light
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source is generated by superluminescent diode with a
power of 15 mW and a center wavelength of 75 nm
(Inphenix, Livermore, CA, USA). We chose a 2 × 2
fiber coupler with a split ratio of 50:50, to react as a
Michelson interferometer, and finally, the spectrome-
ter was assembled by a 1145 line/mm grating (Wasatch
Photonics, Logan, UT, USA) and a GL2048R linear
array CCD (Sensors Unlimited, Princeton, NJ, USA),
respectively. The anesthetized rats were then mounted
under the detector to obtain images.

Ultrastructure Analysis

The morphology of ECM and corneal collagen
were imaged using the method of Scanning electron
microscopy (SEM). Specimens were fixed in 2.5%
glutaraldehyde for two hours, dehydrated by using an
ethanol series at 4°C, washed five times with tertbutyl
alcohol for 10 minutes each, and crystallized overnight
in a freeze dryer (Freezone 4.5 L; Labconco Corpora-
tion, Kansas City, MO, USA). The samples were then
imaged by SEM (Phenom XL; PhenomWorld, Shang-
hai, China).

Statistical Analyses

All of the experiments were performed at least three
times. The statistical data are expressed as the means
around ± 95% Confidence Interval. Student’s t-test
was applied to evaluate the effect of LKP and GelMA
hydrogel for the regeneration of rat cornea. Subse-
quently, we used the function of IBM, SPSS, and Statis-
tics 19 for analysis.P< 0.05 was considered significant,
and P < 0.01 was considered statistically significant.

Results

In the LKP group, the lamellar stromal matrixes
of SD rats were directly transplanted to EGFP rats,
whereas the GelMA group was additionally embedded
with aGelMAhydrogel during the corneal transplanta-
tion. By harvesting the grafts, we evaluated changes in
the structure of corneal tissue after every operation, the
degree of infiltration of the cells into the graft and the
recipient bed, as well as tracked the changes in corneal
cell morphology, regularly.

LKP and the Impact of GelMA

To observe the rat corneas after LKP and verify the
effect of the GelMA hydrogel, the LKP group and the
GelMA group underwent slit-lamp microscopy exami-
nations on (a) day seven (weekly), (b) day 30 (monthly),

Figure 1. (a–f ) Slit-Lamp Photography of LKP group and the
GelMA group at days seven, 30, and 90 after operation. (g) Normal
rat cornea. Magnification × 40. The experiments were repeated
three times independently with similar results. The following figures
showed the representative images.

Table 1. Thickness of Cornea After Operation
Group Day 7 (n = 6) Day 30 (n = 6) Day 90 (n = 6)

LKP 721.21 ± 4.14 353.64 ± 9.05 181.60 ± 6.23
GeLMA 687.20 ± 10.05 286.58 ± 10.33 242.31 ± 5.33
Control — — 249.66 ± 4.44

Date are expressed as themean± 95%confidence interval.

and (c) day 90 (quarterly), respectively. During the
quarterly (90-day) examination, neither of the trans-
plantation groups showed postoperative complications
such as immune rejection or vascularization, and all of
the grafts remained completely clear.

One week after the operation, as shown
in Figures 1a and 1d, corneal edema appeared in
both the LKP rats and GelMA hydrogel rats. The
cornea was slightly turbid, whereas the dividing line
of the junction and the recipient bed was unobvious.
One month after the operation, as shown in Figures 1b
and 1e, the corneal edema was relieved, and the cornea
tissue cleared up gradually. In addition, the GelMA
hydrogels were relatively stable in properties, not likely
to biodegrade rapidly in the collagenase biodegrada-
tion process (Supplementary Fig. S1). Three months
after the operation, as shown in Figures 1c and 1f,
the corneas of the LKP rats and the GelMA hydrogel
rats recovered from turbidity, without any postop-
erative complications, such as immune responses or
vascularization, and the GelMA hydrogel had largely
degraded.

The corneal thickness on days seven, 30, and 90
after the operation are shown in Table 1 (The data were
calculated as mean ± 95% Confidence Interval [n = 6])
and Figures 2a to 2f). We performed one-way analy-
sis of variance of the corneal thickness measured by
OCT in the experimental group, as shown in Supple-
mentary Figures S2a and S2b), noticing that there was
a significant difference between the LKP group and the
GelMAgroup (P< 0.001). After threemonths of LKP,
the corneal thickness of the LKP group, compared

Downloaded from tvst.arvojournals.org on 03/11/2024



Effects of GelMA Hydrogel on Corneal in Rats TVST | December 2021 | Vol. 10 | No. 14 | Article 25 | 5

Figure 2. (a–f ) OCT visualized the cornea thickness at days 7, 30, and 90 after operation. Normal rat corneaswere used as the control group.
(g) Normal rat cornea.

to the control group, was significantly reduced (P <

0.001). Bonferroni method was used to avoid false
positives caused by multiple comparisons, with the
result improving significantly after the correction. In
addition, Student’s t-testing was performed for the
analysis between the corneal thickness of SD rats and
EGFP rats (P < 0.05).

Characteristics of Corneal Tissue Structure

The inflammatory cell infiltration ratio of the recip-
ient bed on days seven, 30, and 90 was calculated using
Image J. The statistical results are shown in Table 2.

The inflammatory cell infiltration ratio refers to
the proportion of the number of inflammatory cells
clustered in the recipient bed to the total number of
cells in the field of vision.

As shown in Figure 3, the infiltration ratio of
inflammatory cells in the GelMA group rose initially,
followed by a reduction, whereas that of the GelMA
group gradually increased throughout.

We speculated that good adsorption of GelMA on
the cells caused the corneal stromal cells around the
damaged site to enter the GelMA hydrogel, leading to
a greater number of inflammatory cells in the GelMA
group than in the LKP group. Besides, early hydrogel
swelling may also lead to unstable cell numbers.

Student’s t-testing was performed on the inflamma-
tory cell infiltration ratio, as shown in Figure 3i. We
found that there was a significant difference between

Table 2. Inflammatory Cell Infiltration Ratio (%)

Group Day 7 (n = 6) Day 30 (n = 6) Day 90 (n = 6)

LKP 11.50 ± 0.96 12.81 ± 1.81 34.56 ± 5.23
GeLMA 14.69 ± 5.10 23.14 ± 5.96 16.75 ± 3.93
Control 0 0 0

Date are expressed as themean± 95%confidence interval.

the LKP group and the GelMA group (P < 0.001).
At three months after operation, the inflammatory cell
infiltration ratio in the GelMA group, compared to the
LKP group, was significantly reduced.

We visually scored the SEM of the corneal
microstructure on days seven, 30, and 90. The statistical
results are shown in Table 3. The specific scoring rules
and results are placed in the supplementary materi-
als (Supplementary Table S1). As shown in Figures 4a
to 4c, the number of corneal epithelial cells increased,
the structure of the corneal stroma layer gradually
returned to regularity, but almost zero new collagen
fibers were visible. As shown in Figures 4d to 4f, the
number of corneal epithelial cells increased, the struc-
ture of the corneal stromal layer gradually returned to
normality, and there was obvious regeneration of colla-
gen fibers.

Student’s t-testing was performed on the scored
SEM of the corneal microstructure, as shown in
Figure 4h. However, we could not find a significant
difference between the LKP group and the GelMA
group.

Assessment of the Fate of Corneal Cells by
Confocal Microscopy

Because the cells were relatively compact and
the antibody signal was relatively dense, we chose
the region expressing positive signal rather than the
number of positive cells to quantify the antibody
expression level. The positive cell area ratio represents
the ratio of the antibody signaling region to the DAPI
signaling region.

The α-SMA-positive area ratio of the LKP group
was 48.02% ± 3.17%, whereas the α-SMA-positive
area ratio of the GelMA group was 54.62% ± 5.31%.
As shown in Figure 5, we used Student’s t-test and
found that the α-SMA positive area ratio of the LKP
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Figure 3. (a–f ) Hematoxylin and eosin staining for the LKP rats and GelMA hydrogel rats on days seven, 30, and 90 after the operation. (g)
Normal rat cornea. (h) Changes in inflammatory cell infiltration ratio of the LKP group and the GelMA group on days seven, 30, and 90 after
operation. (i) Student’s t-test was used to analyze the difference between the LKP group and the GelMA group. Magnification× 20. Scale bar:
100 μm. These are representative images (n = 6, biologically independent samples, biological replicates). Data are expressed as the mean
± 95% confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 3. SEM Visual Score of Corneal Microstructure

Group Day 7 (n = 6) Day 30 (n = 6) Day 90 (n = 6)

LKP 0 2.83 ± 0.79 5
GeLMA 0 3.33 ± 0.54 6 ± 0.94
Control 9 9 9

Date are expressed as themean± 95%confidence interval.

group, compared to the GelMA group, was signifi-
cantly reduced (P < 0.05), even though the α-SMA
expression at the recipient bedwas observed in the LKP
group but not in the GelMA group.

Similar results also occurred in the expression of
TGF-β1. The TGF-β1–positive area ratio of the LKP
group was 9.83% ± 0.67%, whereas the TGF-β1–
positive area ratio of the GelMA group was 30.01%
± 3.08%. According to Student’s t-test, we discov-
ered that the TGF-β1–positive area ratio of the LKP
group, compared to the GelMA group, was signifi-
cantly reduced (P < 0.001) (Supplementary Fig. S3).

Because of corneal development and regeneration,
the expression of EGFP fluctuated differently. We
performed the Student t-test on the expression of
EGFP on days seven, 30, and 90, as shown in Figure 6,

and found that there was a significant difference among
the three periods. The Bonferroni method was used to
avoid false-positive results caused by multiple compar-
isons, with the result improving after the correction.
The expression of EGFP on day 30, compared to the
expression of EGFP on day seven, increased signifi-
cantly (P < 0.001). No significant difference was found
between day 30 and day 90.

Discussion

This study established two models: the LKP group
and the GelMA group. The GelMA group was
additionally embedded with a GelMA hydrogel during
corneal transplantation to explore the effects of the
GelMA hydrogel on cell apoptosis and migration
during the process of corneal repair. At the same time,
the effects of the GelMA hydrogel on collagen fiber
remodeling and cell signal factor expression during the
repairing process were also reported and discussed.

The cornea is a transparent, nonvascular tissue
located on the ocular surface, which is an impor-
tant refractive component that affects vision,27 and
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Figure 4. (a–f ) SEM images of the LKP group and the GelMA group on days seven, 30, and 90 after operation. (g) Normal rat cornea as a
control group. (h) Student’s t-test was used to analyze the difference between the LKP group and the GelMA group on days 7, 30, and 90
after operation. These are representative images (n = 6, biologically independent samples, biological replicates). Data are expressed as the
mean ± 95% confidence interval. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5. The red marker indicates α-SMA, and the blue marker
indicates nuclei. (a) Immunofluorescence results for the LKP group
on day 90. (b) Immunofluorescence results for the GelMA group
on day 90. (c) Student’s t-test was used to analyze the difference
between the LKP group and the GelMA group for α-SMA expres-
sion. Magnification× 20. Scale bar: 100 μm. These are representative
images (n = 6, biologically independent samples, biological repli-
cates). Data are expressed as the mean ± 95% confidence interval.
*P < 0.05; **P < 0.01; ***P < 0.001.

corneal epithelium is the outermost layer in the corneal
structure. Because of the tight junctions (TJs) formed
between corneal epithelial cells, harmful substances
can be prevented from entering the corneal stroma.28
However, the loss of the actin cytoskeleton can affect
TJ formation, resulting in a lack of barrier function.29

The corneal epithelium is susceptible to physi-
cal, chemical, and biological factors that cause it to
lose its barrier function. Therefore repair and regen-
eration of the cornea is essential for maintaining
vision. In between, corneal injury can be repaired

by various corneal refractive and transplant surgeries.
However, the repairing procedures after corneal injury
are complicated, including apoptosis, proliferation,
migration, differentiation, and reconstruction of the
ECM, which are affected and regulated by a number
of factors.30

The regeneration process is divided into three
phases: preparation for corneal damage repair, surface
cell migration, and coverage over areas of epithelial
defect, cell proliferation, and differentiation.31 This
complex regulatory process is usually regulated with
precision by several antagonizing cytokine networks.
Specifically, TGF-β1 subtypes regulate a variety of
biological processes, including ECM synthesis, cell
proliferation, apoptosis, and differentiation.32 During
the process of wound healing, TGF-β1 signaling is
activated in corneal epithelial cells, which mediate Slug
expression and Epithelial Mesenchymal Transition
(EMT). Furthermore, TGF-β1 continuously upregu-
lates Snail and Slug to maintain the EMT process
in corneal epithelial cells and participates in corneal
wound healing.33 Subsequently, corneal epithelial cells
migrate to the areas of epithelial defects through EMT,
complete the re-coverage of the corneal epithelium, and
improve the barrier function of the corneal epithelium.
Therefore strengthening and speeding up the recon-
struction of the corneal epithelial barrier could effec-
tively reduce the occurrence of risks after surgery.

To ensure the transparency of the cornea, corneal
epithelium prevents water from entering the corneal
stroma from the outer environment, whereas the
corneal endothelium prevents water from entering the
stroma from the anterior chamber and pumps excess
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Figure6. Thegreenmarker indicates EGFP, and thebluemarker indicatesnuclei. (a) Immunofluorescence results for the LKPgrouponday90.
(b) Immunofluorescence results for the GelMA group on day 90. (c) Bonferroni was used to analyze the difference between the LKP group
and the GelMA group for α-SMA expression. Magnification × 20. Scale bar: 100 μm. These are representative images (n = 6, biologically
independent samples, biological replicates). Data are expressed as themean± 95% confidence interval. *P< 0.05; **P< 0.01; ***P< 0.001.

water from the stroma into the anterior chamber.34
In the first week after LKP, the corneal epithe-
lium was damaged by surgery; thus the waterproofing
function of the cornea was compromised and corneal
edema occurred. The occurrence of edema destroys the
regular and ordered lamellar structure of the corneal
stroma, affecting the transparency of the cornea. Joshi
et al.35 developed a model that can be evaluated by
in vivo imaging modalities, designing a model that
combines the creation of stromal defect and the induc-
tion of controlled inflammatory insulted in the stromal
bed by use of a rotating burr.

According to the experimental results, we witnessed
that the corneal regeneration is divided into three
phases: the apoptosis defense phase, the cell migra-
tion preparation phase, and the fibrotic repair phase.
In the first week after LKP, the corneal lamellar graft
was in contact with the recipient bed, and the corneal
tissue went through the first stage of repair. Apopto-
sis occurred around the damaged site, forming an
isolation zone to prevent other cells from infiltrat-
ing into the cornea. One month after LKP, corneal
repair entered the second stage, where corneal stromal
cells migrated to the damaged site, secreted ECM, and
repaired the gap between the corneal lamellar graft
and the recipient bed. At this stage, the corneal epithe-
lium recovered, and the corneal waterproofing and
barrier functions were restored. The cornea regained its
clarity and transparency, and the laminar arrangement
was basically restored to the corneal stroma. Three

months after LKP, corneal regeneration entered the
third stage. The keratocytes gathered at the junction
of the corneal lamellar graft and the recipient bed
differentiate into myofibroblasts, which functioned to
remodel the stroma at the injury site. They secreted
proteases to degrade the damaged stroma and other
substrates for fibrotic repair. As a result, the corneal
thickness was significantly reduced, and the refractive
power of the cornea significantly improved compared
to that of the normal cornea. At the same time, a
large number of α-SMA signals were expressed in the
corneal epithelium, as well as the junction of the graft
and the recipient bed. The corneal structure basically
went back to normal, except for the large number of
myofibroblasts that accumulated at the junction of
the corneal lamellar graft and the recipient bed and
the large expression of special α-SMA in the corneal
epithelium.

Interestingly, the presence of α-SMA markers in
the corneal epithelium indicates that the corneal
epithelial cells differentiated into myofibroblasts, which
expressed a large amount of actin. We speculate
that the high expression of actin functions as an
emergency defense mechanism initiated by corneal
tissue during the repair phase. First, it can strengthen
the TJs between corneal epithelial cells to enhance
the defensive properties of the corneal epithelium,
protecting the damaged corneal stroma layer from
external threats. Second, the characteristics of the
myofibroblasts enhance the mechanical properties of
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the corneal epithelium, thereby compensating for the
damaged mechanical properties of the corneal stroma.

In addition, cytokines secreted by the corneal tissue
promote the regeneration and repair of the cornea.
Besides, TGF-β1 induces the EMT process in corneal
epithelium, allows corneal epithelial cells to migrate to
the defect area, and recovers the corneal epithelium.

Undeniably, GelMA hydrogel is an excellent tissue
engineering material that is biocompatible, biodegrad-
able, noncytotoxic, and nonimmunogenic. Cells can
migrate and adhere to the surface of theGelMAhydro-
gel, maintaining good viability.24 While inserting the
GelMAhydrogel into the junction of the corneal lamel-
lar graft and the recipient bed, we discovered some
interesting phenomena.GelMAhydrogel rats and LKP
rats showed different characteristics in the first week.
Except for the occurrence of edema because of epithe-
lium defects, the repair progress of the GelMA hydro-
gel rats was delayed compared to that of the LKP rats.
For the possible reasons, we speculate that the GelMA
hydrogel functioned to prevent corneal lamellar graft
and the recipient bed from directly contacting each
other, so that the keratocytes failed to recognize the
circumstances and caused the corneal repair phase to
be postponed.

Notably, one month after surgery was performed,
the corneal tissue appeared to approach the GelMA
hydrogel. As shown in Figure 4, by growing fibers that
crossed the corneal stroma layer, the graft was able to
connect to the recipient bed. Meanwhile, the thickness
of GelMA hydrogel decreased compared to that after
the operation.

Unlike the one-month results of the LKP group, cell
aggregation was not observed around the junction of
the graft and the recipient bed in the GelMA hydro-
gel rats. Cells that entered the GelMA hydrogel may
have inhibited the differentiation of the keratocytes
into myofibroblasts at the junction of the graft and
the recipient bed, thus impeding fibrotic repair of the
cornea. Three months after the operation, myofibrob-
lasts at the junction of the graft and the recipient bed
remained invisible, whereas the fibrotic repair of the
cornea was suppressed. Based on the results of OCT,
the corneal thickness and refractive power were similar
to those of the normal cornea. However, the specific
mechanism of the phenomenon needs to be clarified
with further experiments.

The application of GelMA hydrogels might be a
long way off from clinical practice, but they have
the potential to be one of the most promising candi-
dates for tissue repairing components.36 However, there
is still a need to develop hydrogels with increased
compatibility between the hydrogels and the tissue
defects in clinical practice. Second, GelMA hydrogels

are not strong enough in terms of mechanical proper-
ties; hence, they are unable to fully meet the modulus
values of the native cornea.37 Therefore the mechani-
cal strength of GelMA hydrogels should be improved
by altering the cross-linking times, energies, and other
parameters.

Besides, although conventional allograft therapy
for corneal scarring is widespread and successful, the
donor tissue is not readily available. Several grafts
failed because of rejection and complications such as
endothelial failure. Under such circumstances, treat-
ing with autologous stem cells will be a more appro-
priate therapy. Specifically, mesenchymal cells should
be expanded from small superficial, clinically repli-
cable limbal biopsy specimens of human cadaveric
corneoscleral rims. Recently, the presence of biopsy-
derived stromal cells induced regeneration of ablated
stroma, with tissue exhibiting lamellar structure and
collagen organization, which is indistinguishable from
that of native tissue. Limbal biopsy-derived stromal
cells, which are capable of corneal stromal remodeling,
can be expanded under xeno-free autologous condi-
tions. They present a potential for autologous stem cell-
based treatment of corneal stromal blindness.38

In summary, the insertion of the GelMA hydrogel
improves the performance of corneal repair process,
and functions to inhibit corneal fibrosis repair during
the post-surgery repair of corneal transplantation. The
effect might be related to the regulation of the TGF-
β1 pathway. Therefore GelMA hydrogel not only is a
suitable application in the field of tissue engineering,
it also has the potential as a new auxiliary material in
corneal transplantation surgery.

Conclusions

In conclusion, we discovered that the graft in the
host is still surviving but was symbiotic with the host
cornea. The insertion of a GelMA hydrogel helps to
alleviate the phenomenon of corneal stroma fibrosis
and reduces the loss of corneal refractive power caused
by fibrosis. Our research not only provides new ideas
for the future development for the biomaterial selec-
tion in lamellar keratoplasty but also suggest a poten-
tial application of tissue-engineered corneas.
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