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a b s t r a c t

To assess corneal inflammation from alkali chemical burns, we examined the therapeutic effects of in
situ-forming hyaluronic acid (HA) hydrogels crosslinked via blue light-induced thiol-ene reaction on a rat
corneal alkali burn model. Animals were divided into three groups (n ¼ 7 rats per group): untreated,
treated with 0.1% HA eye drops, and treated with crosslinked HA hydrogels. Crosslinking of HA hydrogel
followed by the administration of HA eye drops and crosslinked HA hydrogels were carried out once a
day from days 0e4. Corneal re-epithelialization, opacity, neovascularization, thickness, and histology
were evaluated to compare the therapeutic effects of the three groups. Further investigation was con-
ducted on the transparency of HA hydrogels to acquire the practical capabilities of hydrogel as a reservoir
for drug delivery. Compared to untreated animals, animals treated with crosslinked HA hydrogels
exhibited greater corneal re-epithelialization on days 1, 2, 4, and 7 post-injury (p ¼ 0.004, p ¼ 0.007,
p ¼ 0.008, and p ¼ 0.034, respectively) and the least corneal neovascularization (p ¼ 0.008). Histological
analysis revealed lower infiltration of stromal inflammatory cells and compact collagen structure in
crosslinked HA hydrogel-treated animals than in untreated animals. These findings corresponded with
immunohistochemical analyses indicating that the expression of inflammatory markers such as a-SMA,
MMP9, and IL1-b was lower in animals treated with crosslinked HA hydrogels than untreated animals
and animals treated only with 0.1% HA eye drops. With beneficial pharmacological effects such as re-
epithelization and anti-inflammation, in situ-forming hyaluronic acid (HA) hydrogels may be a prom-
ising approach to effective drug delivery in cases of corneal burn injuries.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Effective treatment of corneal chemical burns is pivotal in
ophthalmic emergency because these injuries, spanning in severity
from irritation to entire destruction of the ocular surface epithe-
lium, often entail corneal opacification, limbal ischemia, and loss of
vision [1]. Alkalis increase the pH of tissue and result in
mology, Yeouido St. Mary’s
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se Society for Regenerative

ative Medicine. Production and ho
saponification of fatty acids in cell membranes, eventually leading
to cellular destruction [2]. Following destruction of the corneal
epithelium, alkali may penetrate the stroma and anterior chamber,
eventuating in further tissue damage and inflammation [2].
Therefore, timely management of corneal inflammation plays a
vital role in determining the severity of injury and preventing tragic
consequences.

The treatment of corneal burns is directed at decreasing
inflammation, limiting matrix degradation, and promoting re-
epithelialization of the cornea [1,3e5]. Changes in conventional
medical treatments which are limited to topical anti-inflammatory
drugs including corticosteroids, cyclosporine, and supplementary
biological fluids, such as autologous serum or amniotic membrane
suspensions, have substantially plateaued in the recent decades
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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[2,5]. A major obstacle in treating ocular diseases includes
providing and maintaining the optimal concentration of a drug on
the ocular surface over a long period of time [6]. Although topical
instillation is the most preferred route of administration, the
bioavailability of the applied substance is less than 5% due to
lacrimal turnover, blinking reflex, nasolacrimal drainage, and/or
ocular barriers [7].

Hyaluronic acid (HA), a high-molecular-weight glycosamino-
glycan and extracellular matrix component, enhances water
retention on the ocular surface and promotes cell proliferation,
which leads to accelerated epithelial wound healing [8e10]. The
relatively high viscosity of HA allows for improved tear-film sta-
bility and reduction of washout from the ocular surface [11]. Hence,
HA has become a salient treatment modality to be predominantly
used as a component of tear supplements and protection of the
corneal endothelium during ophthalmic surgery [11]. However, the
drawback to this modality is that 90% of instilled HA washes out
within an hour [12]. To overcome the low bioavailability and
inconvenience of topical ophthalmic preparations, there has been
growing interest in the development of novel biomaterials using
tissue engineering to modify the molecular weight, viscosity, and
hydrophobicity of HA [13]. Among the various approaches to the
discovery of novel biomaterials, the crosslinking procedure has
lured much attention with its ability to increase the residence time
of macromolecules [14,15].

In situ-forming HA hydrogels crosslinked via blue light-induced
thiol-ene reaction in the presence of riboflavin phosphate (RFP)
have recently been introduced [15]. The thiol-ene “click” reaction is
a highly efficient reaction between a thiol and an alkene to form an
alkyl sulfide which is mediated by free radicals, and it is used to
crosslink conjugated HA and other biomolecules [15,16]. Lee et al.
has demonstrated that blue light exposure successfully initiate HA
hydrogel crosslinking via thiol-ene reactions in a similar manner to
that of UV light [15]. An in vitro study of cytocompatibility of
Fig. 1. (A) Schematic images of hyaluronic acid (HA) hydrogel formation crosslinked via blue
HA) with riboflavin phosphate (RFP). (B) Fabrication process of in-situ HA hydrogel on rat c
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hydrogels following a light-induced fabrication procedure has
exemplified that gel materials did not affect cell viability [15]. In
this study, we aimed to evaluate the therapeutic effects of in situ-
forming HA hydrogels crosslinked via visible light-induced thiol-
ene reaction on corneal inflammation using a rat corneal alkali burn
model (Fig. 1).

2. Methods

2.1. Reagents and chemicals

Unless otherwise noted, all chemicals and solvents were of
analytical grade and were used as per manufacturer's instructions.
Dimethyl sulfoxide (DMSO), fluorescamine, sodium hydroxide so-
lution (1.0 N), bovine serum albumin (BSA), fibronectin, cholera
subunit A, insulin, Triton-X, and Cell Counting kit-8 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). 1 � phosphate-buffered
saline (PBS) pH 7.4, 0.1% HA, HA hydrogel, Dulbecco's modified
eagle medium nutrient mixture F-12 (DMEM/F-12) with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), insulin-
transferrin-selenium (ITS), Dulbecco's phosphate-buffered saline
(DPBS), antimycotic antibiotic, and paraformaldehyde (PFA) were
purchased from Thermo Fisher Scientific (Massachusetts, USA).

2.2. Measurement of the mechanical properties

The rheological properties of 0.1% HA eye drops, HA hydrogel
precursor, and crosslinked HA hydrogels were measured by a
rheometer (MCR 301, Anton Paar, Germany) equipped with a
25 mm parallel plate and a solvent trap for preventing water
evaporation. Each sample with 100 mm volume was mounted onto
the rheometer. First, the storage and loss moduli were measured
using amplitude sweep from 0.1 to 100% with a fixed 1 Hz fre-
quency to determine the linear viscoelastic region, and we
light-induced thiol-ene reaction of thiolated HA (SH-HA) and methacrylated HA (MA-
ornea through blue light induced thiol-ene reaction.
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identified that 1% strainwas appropriate. Then, the storage and loss
moduli were measured using frequency sweeps from 0.1 to 10 Hz
with a fixed 1% strain. The temperature was maintained at 37 �C
during the experiments.

2.3. Measurement of HA hydrogel transparency

HA hydrogel transmission spectra were measured in the range
of 300e700 nm using SpectraMax M Series Multi-Mode Microplate
Reader (Sunnyvale, CA, USA). HA hydrogels were fabricated in 96-
well plates using 100 mL of precursor solution with blue light
exposure. After recording absorbance measurements, 150 mL of PBS
was added to each well, followed by an incubation of the solution.
The absorbance spectra were measured after 0, 2, 3, and 24 h by
removing incubation solution.

2.4. Animals and corneal alkali burn model

A total of 21 male Sprague Dawley (SD) rats (7 weeks old,
200e300 g) were purchased from Saeronbio Inc. Anesthesia was
achieved by intraperitoneal injection of ketamine hydrochloride
(30 mg/kg). Alkali burn injury was performed on the right eye and
was induced by pressing a qualitative filter paper disc (3.0 mm in
diameter, Hyundal micro) containing 1 N NaOH onto the central
cornea for 30 s. After removal of the filter paper disc, the corneal
surface was carefully rinsed with 20 mL of physiological saline
solution for 5 min.

Study protocols were reviewed and approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the Catholic
University of Korea (IRB No: YEO-2020-004FA), and this study was
conducted in compliance with Animal Welfare Regulations.

The animals were randomly divided into three groups (n¼ 7 per
group). Sample size requirement estimates are based on clinical
examination scores and testing at the study endpoint. In the first
group of animals, no further treatment was applied to the injured
eyes. In the second group, 0.1% HA eye drops (Tearin free®, DHP
Korea Co., Ltd., Korea) were applied onto the injured corneal sur-
face. In the third group, HA hydrogels were crosslinked in situ.
Methacrylated HA (MA-HA) and thiolated HA (SH-HA) were dis-
solved in PBS at 10 mg/mL, and the solutions were mixed at a 1:1
ratio. RFP was dissolved in PBS and added to themixed HA solution.
The mixture was applied to the injured cornea, and crosslinking
was induced in situ using blue light. Exposure times of 40 s for blue
light were implemented using a commercial 1.5 W dental LED
curing blue light (Fig. 1B). Instillation of HA eye drops and cross-
linking of HA hydrogel were conducted once daily on days 0e4.
Photographs of the corneas were taken on day 0, 1, 2, 3, 4, and 7
post-injury. Animals were sacrificed on day 7 post-injury. The
experimental eyes were enucleated and embedded within a mold.
In alkali injury experiments, healthy corneas served as controls.

2.5. Histological examinations

After completion of study (on day 7), tissues were isolated. The
corneawas carefully separated from the eyewhile avoiding damage
and washed in 1 � PBS. Tissues were fixed using 4% PFA solution
overnight at 4 �C and then washed in 1 � PBS. Tissue segments
were dehydrated in graded ethanol, embedded in paraffin, and cut
into 3- to 4-mm-thick sections using a microtome.

To study postoperative inflammatory cell infiltration, tissue
sections were stained with hematoxylin-eosin (H-E). For H-E
staining, tissue sections (3e4 mm)were rehydrated by immersing in
xylene (3 � 5 min) followed by 100% (twice), 95%, 85%, and 70%
ethanol for 1 min each, deionized water for 1 min, and hematoxylin
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(BBC Biochemical) and eosin (BBC Biochemical) solutions for
10e20 s before clearing with pure xylene.

For immunohistochemistry, tissue sections (3e4 mm) were
rehydrated by immersing in xylene (3 � 5 min), 100% (twice),
95%, 85% and 70% ethanol for 5 min each, and deionized water for
5 min. Antigen retrieval buffer (citrate buffer, pH 6.0) was pre-
heated to 92e95 �C. Slides were immersed in the pre heated
solution for 5e10 min. Tissues were encircled with a hydrophobic
barrier using a barrier pen. Tissues were further blocked with
2.5% normal horse serum (Vector) for 30 min�1 h. The slides
were washed and incubated with primary antibodies: mouse
anti-CK3 monoclonal antibody (ab68260, Abcam, Cambridge, UK;
1:50 dilution), mouse anti-alpha smooth muscle actin mono-
clonal antibody (ab7817, Abcam, Cambridge, UK; 1:100 dilution),
rabbit IL-1 beta polyclonal antibody (ab9722, Abcam, Cambridge,
UK; 1:1000 dilution), and mouse anti-MMP9 monoclonal anti-
body (ab58803, Abcam, Cambridge, UK; 1:1000 dilution) at 4 �C
overnight. The next day, sections were washed three times in
1 � PBS followed by incubation with anti-mouse/rabbit IgG sec-
ondary antibodies (MP-7500, Vector, Burlingame, CA, USA) at
room temperature (20e22 �C) for 1 h in the dark. For negative
controls, nonimmune serum at 1:100 dilution was used instead of
the specific primary antibody. After three washes in 1 � PBS,
visualization was performed using a freshly prepared DAB (K5007,
DAKO, USA) substrate-chromogen solution for 30e40 s, followed
by three washes in 1 � PBS. Contrast staining was performed
using hematoxylin (BBC Biochemical). Sections were observed
and imaged with a Trinocular Microscope (Olympus BH2 BHS-
312, Shinjuku, Tokyo, Japan).

2.6. Evaluation of corneal re-epithelialization

The extent of the corneal chemical injury was calculated using
the following equation and expressed as a percentage (%):

E (%) ¼ Ws /Wt

WhereWs is the extent of the cornea stainedwith fluorescence dye,
Wt is the extent of the whole cornea, and E represents the ratio
indicating the extent of the corneal injury relative to the whole
cornea. Denuded epithelium was stained with fluorescein dye, and
it was visible under blue LED light. Blue LED light photos of rat
corneas following alkali burn were taken on days 1, 2, 3, 4, and 7
post-injury. Measurements were processed using NIH ImageJ
software (National Institutes of Health, Bethesda, MD, USA). The
extent of corneal chemical injury at baseline was assumed to be
identical in all three experimental groups and was presented as a
percentage (%).

2.7. Evaluation of corneal opacity and neovascularization

The degree of corneal opacity and neovascularization was
measured after administration of 0.1% HA eye drops, crosslinked HA
hydrogels, or no treatment to evaluate the efficacy of corresponding
treatments. Two researchers (K.S.N and S.K.P.) assessed the high
resolution photographs of the cornea and scored the degree of
relevant parameters on day 7 post-injury using grading measures
previously described by Larkin et al. [17]. The mean value of two
measurements was obtained as a representative value. All data
analyses were performed in a manner blinded to treatment groups.
Corneal opacity was graded as follows: 0, completely transparent;
1, minimal loss of transparency; 2, moderate loss of transparency
but iris vessels visible on retroillumination; 3, iris vessels not visible
but pupil outline visible; 4, pupil outline not visible. Corneal neo-
vascularization was graded as follows: 0, no vascularization of
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graft; 1, vessel growth to 25% of graft radius in any quadrant; 2,
vessel growth to 50% of graft radius; 3, vessel growth to 75% of graft
radius; 4, vessel growth to center of graft.
2.8. Statistical analysis

One-way ANOVA followed by post hoc analysis was used to
analyze the differences in corneal re-epithelialization and opacity
between untreated injured corneas, injured corneas treated with
0.1% HA eye drops, and injured corneas treated with crosslinked HA
hydrogels. Similarly, one-way ANOVA followed by post hoc analysis
was used to compare themean values of corneal neovascularization
among groups, and Pearson's Chi-square test was used to compare
the fraction of moderate or severe neovascularization among
groups. P-values < 0.05 were considered statistically significant.
Data were analyzed using SPSS statistical software, version 22,
(SPSS Inc., USA).
Fig. 2. Dynamic moduli (G0: storage modulus and G”: loss modulus) plotted as a function
Crosslinked HA hydrogel from 0.1 to 10 Hz of frequency.
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3. Results

3.1. Rheological characterization of HA hydrogel

For the 0.1% HA eye drop and HA hydrogel precursor solution,
the loss moduli (G00) were higher than the storage moduli (G0) from
0.1 to 10 Hz of frequency overall (Fig. 2A and B). Moreover, the
values of G0 and G00 for solutions increased with increasing fre-
quency. The results suggest that the ratio of the viscous component
to stress is higher than elastic stress to strain, which is normal for
materials in the liquid state. On the other hand, G0 was higher than
G00 when the HA hydrogel precursor solutionwas irradiated by blue
light. G0 of crosslinked HA hydrogel maintained about 200 Pa
regardless of frequency (Fig. 2C). The rheological properties of blue
light-irradiated HA hydrogel precursor solution indicate hydrogel
formation by crosslinking through the combination of riboflavin
phosphate and blue light irradiation.
of the frequency of (A) 1.0% HA eye drop, (B) HA hydrogel precursor solution, and (c)
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3.2. Transparency of HA hydrogel

Given that HA hydrogels are placed directly on the cornea,
material transparency is a critical factor for practical application. As
the HA hydrogels used in our study contained RFP which imparts
yellow color, we measured the transmittance of HA hydrogels and
obtained macroscopic photographs of these gels to evaluate the
maintenance of corneal transparency.

Macroscopic photographs of the mixed HA solution, HA hydro-
gel precursor, and crosslinked HA hydrogels were placed over text
to determine the respective transparencies (Fig. 3A). The text was
clearly visible through crosslinked HA hydrogels, mixed HA solu-
tion, and HA hydrogel precursor. Although the texts were clearly
shown under the three types of HA, the final color of the gels
differed depending on the formulation method. For instance,
crosslinking led to a loss of the original yellow color of the HA
hydrogel precursor. That is, RFP undergoes a change in chemical
structure upon blue light irradiation, resulting in a gel with a
comparatively lighter yellow color. Given the remnants of the yel-
low color of RFP after crosslinking, we incubated the hydrogels in
PBS to assess the time taken for the yellow color of the hydrogels to
completely fade.

We measured HA hydrogel transmittance in 96-well plates at 0,
2, 4, and 24 h after crosslinking induced by 40 s of blue light irra-
diation. At 0 h after crosslinking, hydrogel transmittancewas nearly
100% at visible spectrum wavelengths of 500e700 nm. Sharp de-
creases in transmittance at 370 and 445 nm were observed, indi-
cating that the hydrogel contained residual RFP in the hydrogel
matrix. During incubation of hydrogels in PBS solution, the RFP in
the matrix diffused into the incubation solution. After 2 h of incu-
bation, the transmittance at 370 and 445 nm increased, pinpointing
to a lower amount of RFP in the hydrogel matrix. At 4 h after
crosslinking, the yellow color derived from RFP had mostly dis-
appeared almost to the point of complete transparency (Fig. 3A).
The transmittance of RFP at 4 h and 24 h after crosslinking were
almost identical, and the transmission spectra of HA hydrogels over
time are presented in Fig. 3B. Based on the transmission spectra and
gross examination of transparency, the yellow color of RFP did not
appear to affect the overall transparency of HA hydrogels.
3.3. Corneal re-epithelialization

Facilitating re-epithelialization is of paramount importance in
corneal wound healing. Here, we examined the extent of corneal
erosion after chemical injury for 7 days. While the extent of corneal
Fig. 3. (A) Macroscopic photographs of three materials over the text; mixed HA solution, HA
4, 12, and 24 h after crosslinking.
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erosion decreased gradually over time in all experimental groups,
corneal re-epithelialization was markedly observed in the group
treated with crosslinked HA hydrogels. Significant differences in
the extent of corneal erosionwere observed between the untreated
group and the group treatedwith crosslinked HA hydrogels on days
1, 2, and 4 post-injury (p ¼ 0.013, p ¼ 0.014, and p ¼ 0.032,
respectively) (Fig. 4T). Representative images of untreated corneas
along with corneas treated with 0.1% HA eye drops and crosslinked
HA hydrogels at baseline and on days 1, 2, 3, 4, and 7 post-injury are
presented in Fig. 4A�S.

3.4. Corneal opacity and neovascularization

Corneal inflammation upon injury results in vision loss due to
corneal opacification and neovascularization. Therefore, an inves-
tigation of corneal opacity and neovascularization is pertinent to
study the overall efficacy of HA gels in various forms. First, the
mean values of corneal opacity grading on day 7 post-injury in the
untreated group, group treated with 0.1% HA eye drops, and group
treated with crosslinked HA hydrogels were 2.7 ± 0.6, 2.9 ± 0.3, and
2.8 ± 0.1, respectively (p ¼ 0.647, p ¼ 0.952, and p ¼ 0.822,
respectively, for pairwise comparisons) (Fig. 4U). No significance
differences were observed between groups. Subsequently, the
mean values of corneal neovascularization grading in the untreated
group, group treated with 0.1% HA eye drops, and group treated
with crosslinked HA hydrogels were 2.2 ± 0.6, 2.2 ± 0.6, and
1,4 ± 1.0, respectively (p ¼ 1.000, p ¼ 0.175, and p ¼ 0.175, for
pairwise comparisons) (Fig. 4V). Grade 2 or higher, which indicated
vessel growth over 25% of the graft radius, accounted for 71%, 86%,
and 14% of the untreated group, group treated with 0.1% HA eye
drops, and group treated with crosslinked HA hydrogels, respec-
tively (p¼ 0.515, p¼ 0.031, and p¼ 0.008, respectively, for pairwise
comparisons) (Fig. 4W). Although no significant differences in
mean values of grading among groups were shown, the fraction of
moderate or severe neovascularization was lower in the group
treated with crosslinked HA hydrogels compared to the untreated
group and group treated with 0.1% HA eye drops.

3.5. Histology

To explore the histological effects of the different treatments on
injured corneas, we conducted a histological analysis. As illustrated
in Fig. 5A, normal corneas are comprised of three to five layers of
epithelial cells and compact collagen fibrils in their stroma. H-E
staining of untreated injured corneas and corneas treated with 0.1%
hydrogel precursor, and crosslinked HA hydrogel. (B) Transmission spectra of RFP at 0,
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Fig. 4. Macroscopic images and quantified clinical parameters of injured and treated corneas. (A) Representative photographs of healthy corneas. (B, H, N) Corneas immediately
after the injury with 1 N NaOH. (CeG) Untreated corneas on days 1, 2, 3, 4, and 7 post-injury. (IeM) Corneas treated with 0.1% HA eye drops on days 1, 2, 3, 4, and 7 post-injury.
(OeS) Corneas treated with crosslinked HA hydrogel on days 1, 2, 3, 4, and 7 post-injury. (T) Quantification of corneal chemical injury in individual experimental groups of animals
over time. Significant differences (* P < 0.05) between group of untreated and crosslinked HA hydrogel were found. (U) Quantification of corneal opacification and (V) corneal
neovascularization. (W) Grade distribution for corneal neovascularization in each group. Significant differences (* P < 0.05, and ** P < 0.01) between group of crosslinked HA
hydrogel and untreated/or 0.1% HA eye drops were found.
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HA eye drops revealed greater infiltration of stromal inflammatory
cells and looser stromal collagen structure compared to that in the
crosslinked HA hydrogel-treated group; these effects were more
pronounced in the untreated group (Fig. 5(BeD)).

Immunohistochemistry was performed on day 7 after corneal
alkali injury to qualitatively assess the wound healing process and
tissue inflammatory reactions of injured corneas (Fig. 5FeH, JeL,
NeP, ReT). As opposed to high a-SMA expression in the un-
treated group, less prominent expression of a-SMA was identified
in healthy corneas when detected in the anterior stroma injured
corneas. In the process of wound healing and tissue repair, mature
myofibroblasts secrete collagens and extracellular matrix materials
that form fibrotic scars [17]. Thus, a-SMA is used as a marker of
activated myofibroblasts, and a-SMA expression implies activated
fibrosis in the corneal stroma. MMP9 production is stimulated by
the pro-inflammatory cytokine IL1-b, and these factors play a role
in corneal matrix degradation [18]. Hence, expression of MMP9 and
IL1-b in the anterior stroma is associates to inflammation. Strong
expressions of MMP9 and IL1-b were observed in inflammatory
cells and keratocytes of untreated injured corneas. In other words,
the expression of MMP9 and IL1-b was lower in injured corneas
treated with 0.1% HA eye drops and crosslinked HA hydrogels than
in untreated injured corneas. MMP9 and IL1-b expression was
hardly detected in normal corneas. Expression of CK3, a cytokeratin
specific for corneal epithelium, was identified in the epithelium of
injured corneas and healthy corneas. As re-epithelialization had
already occurred by day 7 post-injury, no differences in the
expression of CK3 among groups were seen.
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4. Discussion

This study aimed to investigate the therapeutic effects of in situ-
forming hyaluronic acid (HA) hydrogels crosslinked via blue light-
induced thiol-ene reaction on corneal inflammation using a rat
corneal alkali burn model. We observed superior re-
epithelialization in corneas treated with 0.1% HA eye drops or
crosslinked HA hydrogels compared to that in untreated corneas.
This result supports previous reports indicating that HA plays an
important role in each phase of corneal epithelial wound healing,
including proliferation and migration of corneal epithelial cells and
fibroblasts, anti-inflammation, and wound repair [18e21]. HA
exhibited dose-dependent stimulatory effects on epithelial migra-
tion in organ cultures of rabbit corneas [10]. Similar results were
observed in vivo studies using rabbit corneas [22,23]. Concentra-
tion dependence for wound healing is considered to reflect the
pharmacological effects of HA [22]. Higher concentrations of HA
may have more enhanced therapeutic effects than the 0.1% con-
centration. However, we did not intend to determine the dose-
dependent therapeutic effects of HA but the difference in thera-
peutic effects of the various formulations. Therefore, we selected
0.1% HA eye drops as a representative comparative medication for
the cross-linked HA hydrogels.

Histological analyses conveyed superior corneal stromal orga-
nization in terms of thickness and collagen structure and less
infiltration of inflammatory cells in corneas treated with cross-
linked HA hydrogels compared to that in untreated corneas and
corneas treated with 0.1% HA eye drops. Among all groups, the



Fig. 5. Representative images of H-E and immunohistochemistry staining. (A) H-E stained healthy cornea showed infiltration of inflammatory cells. (B) H-E staining of untreated injured
corneas and (C) corneas treated with 0.1% HA eye drops revealed increased infiltration of stromal inflammatory cells and loosened stromal collagen structure as well as increased
corneal thickness compared to (D) crosslinked HA hydrogel group, and it was more pronounced in untreated group. The expression of a-SMA, MMP9, IL-1b, and CK3 was detected in
(E, I, M, Q) heathy corneas, (F, J, N, R) untreated corneas, (G, K, O, S) corneas treated with 0.1% HA eye drops or (H, L, P, T) with crosslinked HA hydrogel. Scale bar: 200 mm.
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crosslinked HA hydrogel-treated group exhibited the least corneal
neovascularization on day 7 post-injury in terms of mean grading
value and severity, which lures attention to the anti-inflammatory
effects of HA. Although the functions of HA are determined by its
molecular weight [24], HA in its native form as a large polymer has
anti-inflammatory and immunosuppressive properties [25]. CD44,
the main receptor for hyaluronan, plays a crucial role in fibroblast
migration and inflammatory responses in a wound environment.
However, the interaction between CD44 and HA is necessary to
activate the wound healing process as neither CD44 nor HA alone
can induce cell migration and promotewound healing [26]. Further
work is merited to investigate the mechanisms of CD44 activation
in the early phase of corneal chemical injury.

No significant differences were observed in corneal opacifica-
tion on day 7 post-injury between all groups, and at least two
factors may underpin this observation. First, alkali substances
penetrate the eye rapidly, in as little as 5e15 min [2]. Due to the
quick speed of this process, tissue denaturation is inevitable if pH
neutralizationwith copious irrigation is achieved immediately after
the injury, though the inflammatory response can be controlled
with medical treatment in the acute or subacute phase. Secondly,
various factors influence the rate of corneal wound healing
following chemical injury including the inflammatory response and
structural damage to the epithelial basement membrane [1], which
may lead to corneal wound healing taking months or years
depending on these factors. We suppose that 7 days may have been
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insufficient to observe improvements in corneal opacification/
scarring and neovascularization. Studies with longer durations are
therefore warranted.

Numerous results in corneal wound healing efficacy have been
observed according to types of corneal wound. One study reported
that eye drops with HA and high potassium concentration com-
bined were reported to promote corneal epithelial wound healing
in a mechanical scraping model but not in an alkali burn model
[27]. We assert that this could be due to differences in the severity
of corneal wounds between simple corneal abrasion and alkali burn
injuries. Compared to mechanically denuded wounds, alkali burn
injuries are more severe and penetrative due to saponification from
alkali. Damaged tissues secrete proteolytic enzymes as part of an
inflammatory response, leading to collateral damage termed liq-
uefactive necrosis [2]. Since the absorption of drugs instilled in the
eye may be impeded by eye barriers and continuous turnover of
tears, eye drops must be instilled frequently and/or at high con-
centration to exert sufficient therapeutic effects [28]. The rapid
degradation and short residence time of HA have limited its clinical
application [29]. To extend contact time with the damaged corneal
tissue and improve bioavailability, chemical modifications of HA,
such as hydrogels, polymer micelles, biodegradable nanocapsules,
HA-coated nanospheres, and niosomes have been developed [28].

Among these, hydrogels contain a large amount of water in their
3D network of hydrophilic polymer chains [30]. Since water is the
greatest component of the human body, a hydrogel, which can



S.K. Park, M. Ha, E.J. Kim et al. Regenerative Therapy 20 (2022) 51e60
absorb large quantities of water, has advantages of increased
biocompatibility compared to other types of biomaterials [31e33].
In the liquid state, the diffusivity has a finite value, whereas the
diffusivity of the molecules in the gel is completely zero. The
diffusivity depends on the rate of crosslinking, and it would affect
the therapeutic potential regarding releasing molecules. In the
study by Kim et al. [34], the matrix degradation of HA hydrogels,
which was fabricated in the same manner as the one used in our
study, was evaluated. HA hydrogel with a 1:1 ratio of SH-HA to MA-
HA maintained its original structure without degradation on day 4
after crosslinking, and the degradation process lasted for two
weeks. Although, HA polymer solution also contains a large amount
of water as HA hydrogels could, since the degradation rate of HA
polymer solution is faster than HA hydrogel, the therapeutic effi-
cacy of HA polymer solution in wound circumstances is much less
than HA hydrogel.

In our animal study, we identified the difference in therapeutic
efficacy between HA hydrogels and liquid-stated 0.1% HA eye drops.
Moreover, hydrogel is considered to have great potential when
applied for biomedical purposes due to its similarities to the body
tissues [31e33]. Meanwhile, we conducted crosslinking, once daily,
on days 0e4 despite the slow degradation rate of HA hydrogels.
Since eyelid tension or blinking rate can act as variables on the
residence time of HA hydrogels, it might unexpectedly fall off early.
Moreover, the rat eyes were too small to determine whether HA
hydrogels were in place or not. In this respect, it is necessary to
customize HA hydrogel to have desired mechanical properties for
each individual, considering the eyelid tension or blinking rate.
Additionally, one might also expect that the changes in material
properties vary according to stress relaxation and this will lead to
different results. However, we focused on the in vivo therapeutic
effect of crosslinked HA hydrogel rather than the detailed charac-
teristics of the hydrogel in this study. Further studies of the stress
relaxation for the treatment are warranted.

There are adhesive biomaterials that have been commercialized
recently. For example, ReSure (Ocular Therapeutix Inc. MA, USA), a
polyethylene glycol based synthetic adhesives, is FDA-approved
sealant in the United States, which is designed to seal full-
thickness corneal incisions in ocular surgery. According to the
FDA summary of safety and effectiveness data for ReSure, it was
fully degraded within approximately 81 h (3.4 days) in vitro, and
was no longer present by day 2 in vivo. Since the degradation rate of
ReSure is faster than that of HA hydrogel, ReSure may be a suitable
material as a sealant for clear corneal incision in which reepithe-
lialization is completed within 3 days. However, it is not suitable for
severer wounds in which the material is required to be in place
much longer to exert sufficient therapeutic effect [35]. Meanwhile,
Lee et al. identified that there is no link between cells and HA
hydrogel, unlike in ReSure [15].

In recent decades, several trials have been initiated to develop
drug-loaded HA formulations due to the viscosifying and
mucoadhesive properties of HA as well as its protective role in the
cornea and conjunctival epithelium [36]. Most formulations involve
the encapsulation of drugs in nanocapsules that can be instilled as
eye drops, but the rapid drainage caused by tear turnover still limits
ocular bioavailability. HA hydrogels have therefore been studied as
drug carriers in the form of films ormembranes, injectable gels, and
micro/nanoparticles for sustained release of drugs [37]. Yoon et al.
[38] developed UV-triggered photo-crosslinked HA nanoparticles
(c-HANPs) which demonstrated high stability in a physiological
buffer and released the loaded drug, paclitaxel (PTX) (an anticancer
drug), in a sustained manner. In addition, a comparative study
probed drug release kinetics between drug-loaded liposomes into
hydrogels and drug-loaded liposomes alone [37]. Latanoprost-
liposome loaded HA hydrogels released the drug in a more
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sustained manner compared to liposomes alone. These results
highlight the potential of nanocomposite hydrogels as efficient
drug carriers that permit sustained drug release at the ocular level.
Several trials have been conducted using crosslinking approaches
to improve the integrity of HA, resulting in enhancement of its
bioavailability [37e42]. Photo-crosslinking reactions are often used
to obtain hydrogels with HA because crosslinked structures
improve stability and allow the polymer chains of HA to break
down more gradually, leading to an ideal candidate for biomedical
applications, such as wound dressing, artificial corneas, or contact
lenses [24,43].

Although HA in isolation is insufficient to promote wound
healing following severe chemical injuries, we aimed to investigate
the pure pharmacological effects of HA and the possibility of using
HA as a drug delivery platform. For treatment of chemical injuries,
prolonged administration of multiple medications including topical
steroids, antibiotics, ascorbate, citrate, cycloplegics, antihyperten-
sives, vascular endothelial growth factor (VEGF) inhibitors, serum
eye drops, and topical lubricants is necessary. Despite the use of
these medications, however, chemical burns may produce several
sequelae such as potential corneal ulceration/perforation, corneal
scarring, limbal stem cell deficiency, corneal neovascularization,
conjunctival scarring/symblepharon, dry eye, and lid malposition
from cicatricial changes [2,27]. To mitigate these effects, extensive
efforts have been devoted in identifying more effective treatments
such as anti-angiogenic or stem cell-based therapies [44e51].
Combining HA with these medications may result in synergetic
effects because the residence time of medications on the ocular
surface can be prolonged, thereby allowing sustained drug release
due to the mucoadhesive and viscosifying properties of HA.

An advantage of the in situ-forming HA employed in this study
included the elimination of the need to consider and tailor the shape
and curvature of the cornea. Moreover, the height of HA hydrogel
can be easily controlled by the volume of the precursor solution.
However, since living cells were simultaneously irradiatedwhen the
cornea was induced by blue light, it is in point of fact that safety
issues of blue light should be considered. Blue light is a light source
commonly used in slit lamp microscopy for ophthalmic examina-
tion. Since blue light is used to irradiate the human eye for several
minutes during slit lampmicroscopic examinations with time taken
for crosslinking of only 40 s, phototoxicity associated with blue light
is likely negligible. Even more, harmful effects on ocular tissues
including the cornea, lens, and retina may be abated compared to
UV-triggered crosslinking which is frequently used for conventional
crosslinking reactions. Lee et al. [15] signified that blue light posed
the same or even greater effectiveness in activating the thiol-ene
crosslinking reaction with RFP compared to that of UV.

5. Conclusion

All in all, we presented pure pharmacological effects of HA for
corneal re-epithelialization and anti-inflammation, as well as the
potential of harnessing in situ-forming HA hydrogel as an optimized
formulation for corneal injury and drug delivery. Although progress
has been made in understanding the therapeutic impact of HA on
corneal alkali burns, there is still a paucity of research on the uti-
lization of in situ-forming HA hydrogels for drug delivery. Future
studies should focus on the synergistic effects of epidermal growth
factor (EGF)- or keratinocyte growth factor (KGF)- loaded HA in
corneal wound healing and evaluate their therapeutic effects in
various animalmodels, such as diabetic rats and alkali burnmodels.
Moreover, determining the optimal intensity and irradiation time
of blue light in clinical settings is imperative tominimize damage to
surrounding ocular tissues including the cornea, iris, lens, and
retina.
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