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ARTICLE INFO ABSTRACT

Keywords: Keratoplasty is the gold standard treatment for visual impairment caused by corneal damage. The use of suturing
Bioadhesive hydrogels as the bonding method is the source of many complications following keratoplasty. Currently available corneal
Photocurable

adhesives do not have both adequate adhesive strength and acceptable biocompatibility. Herein, we developed a
photocurable bioadhesive hydrogel which was composed of gelatin methacryloyl and oxidized dextran for
sutureless keratoplasty. The bioadhesive hydrogel exhibited high light transmittance, resistance to enzymatic
degradation and excellent biocompatibility. It also had higher adhesive strength than commercial adhesives
(fibrin glue). In a rabbit model of lamellar keratoplasty, donor corneal grafts could be closely bonded to the
recipient corneal bed and remained attached for 56 days by using of this in situ photopolymerized bioadhesive
hydrogel. The operated cornea maintained transparent and noninflamed. Sutureless keratoplasty using bio-
adhesive hydrogel allowed rapid graft re-epithelialization, typically within 7 days. In vivo confocal microscopic
and histological evaluation of the operated cornea did not show any apparent abnormalities in terms of corneal
cells and ultrastructure. Thus, this bioadhesive hydrogel is exhibited to be an appealing alternative to sutures for

Cornea repair
Sutureless keratoplasty

keratoplasty and other corneal surgeries.

1. Introduction

The cornea is the clear layer on the front of the eyeball. This structure
must remain transparent for optimal vision. Various infectious, inflam-
matory, degenerative or traumatic disorders can cause corneal scarring,
leading to vision impairment and even blindness. Globally, approxi-
mately 4.5 million individuals were estimated to have moderately to
severely impaired vision because of altered corneal clarity [1]. Corneal
transplantation is the main treatment option for visual rehabilitation in
patients with corneal blindness [2]. Corneal transplantation typically
involves sutures to bond the donor corneal graft to the recipient corneal
bed. However, the use of suturing as a bonding method is not only
time-consuming and requires a high level of skill but is also associated
with numerous potential complications following keratoplasty,
including infectious keratitis, sterile infiltrates, corneal neo-
vascularization and high astigmatism [3]. For example, more than half
of postkeratoplasty infections are related to the presence or removal of
sutures [4]. In addition, sutures typically need to be removed later,
which may cause injury to the corneal tissue. For these reasons,

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.

E-mail address: yuanjincornea@126.com (J. Yuan).
1 Xuan Zhao and Saiqun Li contributed equally.

https://doi.org/10.1016/j.bioactmat.2021.07.001

sutureless keratoplasty is in certain ways favored over traditional ker-
atoplasty techniques.

Adhesives are appealing alternatives to sutures. Adhesives as
bonding methods have been applied in various types of wound closure,
such as those in skin [5], bone [6], vessels and heart [7]. The first
application of tissue adhesive in ophthalmology was reported in the
1960s [8]. A spectrum of ocular adhesives ranging from synthetic ma-
terials to naturally derived polymers have been developed to date, and
some of them have obtained approval for clinical use [4,8-11]. In
addition to being nontoxic and biocompatible in patients, an ideal ad-
hesive that can replace sutures in corneal transplantation requires
various other characteristics, such as being optically transparent to
permit vision and having adequate adhesive strength to hold corneal
grafts in place.

Cyanoacrylate and fibrin glue are the two most common tissue ad-
hesives in ophthalmology. Cyanoacrylate and its various types have a
high tensile strength, but their use in corneal transplantation is not
recommended owing to their toxic nature, rough surface, lack of
transparency and flexibility, and heat generation during rapid
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polymerization [12]. By contrast, the transparency, biocompatibility
and biodegradability of fibrin-based adhesives make them appealing
choices for application in the cornea [13]. Fibrin adhesives have been
used in various ocular surgeries to treat corneal perforations, ocular
surface disorders and glaucoma [10,14-16]. The use of fibrin adhesives
to anchor donor grafts in lamellar keratoplasty (LK) has been reported
and yielded promising results [17,18]. However, low adhesion strength
is an unavoidable shortcoming of fibrin adhesives and may limit their
application in corneal transplantation [4]. In the previous studies, these
materials were selectively favored for use in superficial LK. At least 200
pm of residual corneal stromal tissue is recommended to be left at the
recipient bed for fibrin glue-assisted sutureless LK [18], but corneal
scarring usually involves the deep corneal layers; thus the diseased tis-
sue cannot be completely removed in superficial LK. Moreover, deep
anterior lamellar keratoplasty (DALK) has become more popular than
superficial LK because it results in superior vision [19]. Viral trans-
mission is another concern for the use of fibrin adhesives, even though
these materials are subjected to viral screening and a variety of virus
inactivation and reduction treatments are performed [20,21]. Therefore,
new corneal sealants that can provide adequate adhesive strength and
are also biocompatible are urgently needed.

In recent years, adhesive hydrogels have proven to be effective in
closing a variety of wounds, including those in ophthalmology [22-24].
The reported adhesive hydrogels were designed based on different
mechanisms, and most of them achieve adhesion via liquid-to-solid
transition [24,25]. According to the network strategy, hydrogels can
be divided into single-, double- and multiple network gels [26,27].
Adhesiveness is mainly attributable to the chemical or physical in-
teractions between the active group or structure of the adhesives and the
tissue [28]. Single-network hydrogels commonly lack interactions with
the organization, resulting in poor adhesion to surrounding tissues [26].
To overcome this drawback, a recent study reported enhanced adhe-
siveness through an interpenetrating secondary network [7]. The
concept of double network hydrogels was first proposed in 2003 and has
resulted in rapid development in biomedical research and applications
[29]. The mechanical strength of hydrogels can be improved through a
secondary network. For example, adhesive hydrogels with double net-
works and extensive chemical interaction could withstand high blood
pressure, indicating their possible applications in the repair of arterial,
heart [7] and liver [30] bleeding.

Gelatin methacryloyl (GelMA)-based hydrogels have been used as
adhesives for the closure of defects in various tissues [7,25,31-33].
GelMA can adhere to body tissue. The use of GeIMA alone has achieved
success in several tissue defect types, such as volumetric muscle loss
[31] and focal corneal defect [25]. However, because its inherent ad-
hesive capacity is weak, a GelMA sealant with higher adhesion strength
is required in the settings of wounds that are under great tension.
Various approaches have been applied to increase its adhesion strength.
In this regard, mussel-inspired hydrogels consisting of DOPA and poly-
dopamine have attracted increasingly attention recently [32,33]. In
spite of improved adhesion strength, the mussel-inspired GelMA
hydrogels turn into brown color, which makes them not suitable for
corneal applications. Moreover, as mentioned above, another recent
study designed a double network GelMA hydrogel for the repair of
arterial and heart bleeds [7]. But the need of UV light irradiation and
dark yellow appearance are their limitations for corneal applications.

Tissue adhesives may require a specific design to account for
different application scenarios. Herein, in pursuit of a satisfactory bio-
adhesive for keratoplasty, we engineered a GelMA-based adhesive
hydrogel and enhanced its adhesiveness by introducing oxidized dextran
(ODex) to form a double network under visible light. The adhesive
formulations were optimized for both adhesiveness and operability. The
key physical and chemical properties of the adhesive hydrogel were
characterized. Its adhesion effects, biocompatibility and potential clin-
ical translation were further evaluated and investigated in a New Zea-
land rabbit model of corneal lamellar transplantation.
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2. Material and methods
2.1. Materials

GelMA (EFL-GM-60, 60% graft degree) and lithium phenyl-2,4,6-
trimethybenzoylphosphinate (LAP) were purchased from Suzhou Intel-
ligent Manufacturing Research Institute (China). Dextran, NalO4 and
diethylene glycol were purchased from Sigma-Aldrich (USA). Dialysis
bags (MWCO 8000-14000) were obtained from Guangzhou Qiyun
Biotechnology (China). All cell culture related reagents were purchased
from Gibco BRL (USA). Calcein acetoxymethyl (calcein AM) and
ethidium homodimer-1 LIVE/DEAD assay kit was obtained from Invi-
trogen (USA). A CCK-8 assay kit was purchased from Dojindo (Japan).
An RNeasy Plus Mini Kit was purchased from Qiagen (Germany). Pri-
merScript RT Master Mix was obtained from TaKaRa Biotechnology
(Japan). SYBR Green Supermix was purchased from Bio-Rad Labora-
tories (USA). Deionized water was obtained using a water purification
system (Millipore S. A. S, France).

2.2. Synthesis of ODex and fabrication of bioadhesive hydrogels

ODex was synthesized according to a reported method [34]. 2 g
Dextran was dissolved in water at a concentration of 10% (w/v) and 1.6
g NalO4 was added to the solution. The mixture was stirred at room
temperature for 3 h protected from light. An equimolar amount of
diethylene glycol was then added. The reacted solution was dialyzed
exhaustively for 3 days against deionized water. ODex powder was ob-
tained by lyophilization. The oxidation degree (OD) of ODex was
measured as previously described [35]. Briefly, a certain amount of
ODex was dissolved in 25 mL of 0.25 mol/L hydroxylamine hydro-
chloride solution containing 0.05% methyl orange, and allowed to stand
at room temperature for 3 h to ensure completely dissolved. The mixture
was then titrated with standard sodium hydroxide solution until
reaching the red-to-yellow end point. The oxidation degree of ODex can
be calculated according to the following equation: OD = (V1-Vjp) x M x
Mw/W x 100%, where Vy = the volume of sodium hydroxide used for
blank test; V; = the volume of sodium hydroxide used for determination;
M = the molar concentration of sodium hydroxide; My = the molecular
weight of the glucose unit on the dextran chain; W = the weight (g) of
ODex. Results represent the average of five batches of samples.

LAP was dissolved in PBS to give a concentration of 0.25% (w/v) and
heated at 55 °C to ensure complete dissolution. GeIMA powder was
dissolved in LAP solution at concentrations of 5%, 10% and 20% (w/v),
respectively. Various amounts of ODex were then added to the GelMA
solution with mass ratios of GeIMA: ODex of 5: 0 (G5), 10: 0 (G10), 20:
0 (G20), 5: 5 (G50D5), 10: 5 (G100D5) and 20: 5 (G200D5) to form
prehydrogels. The prehydrogels were incubated at 37 °C for 10 min to
form Schiff’s bases and then photocrosslinked with visible light (405
nm, 30 mW/cm?) for 4 min using a light source (Suzhou Intelligent
Manufacturing Research Institute, China).

2.3. Microscopic morphology assays

Lyophilized samples were mounted on aluminum stubs and sputter
coated with platinum for 70 s before examination by scanning electron
microscopy (SEM, EVO18; Zeiss, Germany).

2.4. Evaluation of optical properties

Rectangular hydrogels (3 cm in length, 1 cm in width, 100 pm thick)
were prepared as described above. Before testing, samples were
immersed in PBS solution (pH = 7.4) for 1 h to completely absorb water.
Light transmission was measured with a UV3802 ultraviolet-visible
spectrophotometer (Shanghai UNICO, Shanghai, China) at 37 °C in the
range of 400-800 nm.
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2.5. Water content characterization

The equilibrated water content of the hydrogels was measured as
previously described [36]. The samples were immersed in PBS solution
(pH = 7.4) for a specific time period. After the hydrogels were quickly
blotted with filter paper to remove the superficial water, the weights of
the wet samples (M) were measured with electronic scales. The swelling
ratio of the samples was calculated according to the following equation:
Wi = (M — Mg)/Mp x 100%, where My is the initial weight before
swelling. Every reported value was the average of at least five
measurements.

2.6. Enzyme resistance assay

The resistance of samples to collagenase was evaluated as described
previously [37]. Samples weighing approximately 200 mg were equili-
brated for 1 hin 5 mL of 0.1 M Tris—HCl buffer (pH 7.4) containing 5 mM
CaCly at 37 °C. Subsequently, collagenase (Sigma-Aldrich, USA) solution
was added to give a final concentration of 1 mg/mL. The collagenase
solution was replaced every 8 h to maintain the collagenase activity. At
various time intervals, the samples were taken from the solution, gently
blotted on filter paper, and weighed. All samples were tested in tripli-
cate. The percent residual mass of the sample was calculated according
to the following equation: residual mass% = Wi/Wq x 100%, where Wy
is the initial weight of the hydrogel and W; is the weight of the hydrogel
at each time point.

2.7. Evaluation of mechanical properties

Rectangular hydrogels (3 cm in length, 1 cm in width, 100 pm thick)
were prepared as described above. The mechanical properties of the
samples were measured as previously described [38]. Before testing,
samples were immersed in PBS solution (pH = 7.4) for 1 h to absorb
water completely. After gentle blotting on filter paper, two ends of the
samples were attached to two pieces of glass slides using superglue and
the glass slides were gripped with jaws. The tensile strength, elastic
modulus, and elongation at breaking (elasticity) were determined with a
uniaxial load testing instrument (Model #5567; Instron Corporation,
Issaquah, WA, USA) at a crosshead speed of 5 mm/min and an initial
grip separation of 10 mm. The samples were not stress preconditioned
before testing to failure. Every reported value was the average of at least
five measurements.

2.8. Invitro adhesion tests

The shear adhesive strength of the samples and fibrin glue (Shanghai
RAAS Blood Products, China) was tested according to a reported method
[38]. Two pieces of glass (7.6 cm in length, 2.6 cm in width) were coated
with 20% (w/v) gelatin solution at 37 °C and air dried. Then, 25 pL of
prehydrogels solution or mixed fibrin glue was pipetted and photo-
crosslinked between the two pieces of glass. The bonded area was 2.6 cm
by 1 cm. Shear adhesive strengths were measured using a uniaxial load
testing instrument (Model #5567; Instron Corporation, Issaquah, WA,
USA) at a crosshead speed of 5 mm/min. The shear adhesive strengths
were measured at the detachment points.

An ex-vivo burst pressure test modified from previous studies was
further performed on porcine eyes [25,39]. Corneoscleral buttons were
excised from fresh porcine eyes and mounted on Barron artificial ante-
rior chamber (Katena, Denville, USA). A 4-mm penetrating incision was
made at the central cornea using 15-degree ophthalmic knife (Alcon,
Fort Worth, TX, USA). 15 pL of prehydrogels was applied to the corneal
incision sites, followed by in situ cross-linking for 4 min. Artificial
anterior chamber was connected to a manometer (HT-1891, Dongguan
Xintai Instrument Co., Ltd., China) and a syringe infusion pump (TJ-3A -
Single Channel Syringe Pump, Longer Precision Pump Co., Ltd., China).
Saline was continuously pumped into artificial anterior chamber at a
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rate of 5 mL/h. The maximum pressure measured by the manometer is
285 mmHg. The burst pressure was defined as the highest pressure
reached before wound leak. The burst pressure of our adhesive hydro-
gels was compared to that of fibrin glue.

2.9. Invitro cell studies

2.9.1. Cell cultures

Cytotoxicity studies were conducted using murine L929 fibrosar-
coma cells (ATCC) because this cell line is widely used for cytotoxicity
testing in the literature. Additionally, rabbit corneal fibroblasts were
employed to model the transformation process of corneal stromal cells
responding to adhesives. L929 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (complete medium). Rab-
bit corneal fibroblasts were isolated from fresh New Zealand rabbit
corneas as previously described [40] and cultured in DMEM containing
10% FBS and 1% penicillin/streptomycin. All cultures were incubated at
37 °C in a humidified atmosphere of 5% CO,. Subculture by trypsini-
zation with trypsin/EDTA solution was performed when the cells
reached to 80% confluence. Cells at passages 3 to 7 were used for the
experiments.

Two-dimensional (2-D) culture: The prehydrogels were prepared as
described above and filtered through a by 0.22 pm filter (Merck Milli-
pore, USA). Sterile prehydrogels were then added to tissue culture plates
and photocrosslinked in the wells. After three washes with culture me-
dium, L929 cells were seeded on top of the hydrogels. The culture me-
dium was replaced every 2 days.

Three-dimensional (3-D) culture: L929 cells were resuspended in
sterile prehydrogels. The cell suspension was then added to a tissue
culture plate and photocrosslinked in the well to form cell encapsula-
tion. After three washes with culture medium, new culture medium was
added to each well and replaced every 2 days.

2.9.2. Assessment of cytocompatibility

The cell viability was evaluated using a LIVE/DEAD assay kit ac-
cording to the manufacturer’s instructions. Calcein AM (0.5 pL/mL) and
ethidium homodimer-1 (2 pL/mL) were diluted in DPBS to form the
staining solution, which was added to the well after removing the cul-
ture medium. Then, the cells were incubated for 30 min at 37 °C in the
dark. Live (green stain) and dead (red stain) cells were imaged using an
inverted fluorescence microscope (Observer 7, Zeiss, Germany) on days
1, 3 and 5 of culture.

1929 cells were seeded in 96-well tissue culture plates (BD Bio-
sciences) at 5000 cells/cm?. The leaching medium was prepared by
immersing G200D5 in complete medium at 37 °C for 48 h. The prolif-
eration of L929 cells was quantitatively determined by the CCK-8 assays.
The absorbance was measured at 450 nm with a microplate reader at 1,
3 and 5 days of culture.

2.9.3. Quantitative real-time PCR (qRT-PCR)

The expressions levels of the of myofibroblast-related genes Collagen
1A1 (COL1A1), Collagen 3A1 (COL3A1), Fibronectin Al (FN1) and
Transforming growth factor beta 1 (TGF-p1) were measured by qRT-
PCR. Total RNA was extracted from rabbit corneal stromal cells using
the RNeasy Plus Mini Kit according to the manufacturer’s instructions.
cDNA was synthesized with PrimerScript RT Master Mix, and qPCR was
performed with SYBR Green Supermix using the LightCycler 480
(LC480) Real-Time PCR system (Roche Diagnostics). Relative gene
expression was calculated using the delta-delta Cq method after
normalization to the reference gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The primers sequences were as follows: COL1A1,
forward: 5-GCAAGAACGGAGATGACGGA-3', reverse: 5'-TTGGCAC-
CATCCAAACCACT-3’; COL3Al1, forward: 5-CCGAACCGTGCCAAA-
TATGC-3/, reverse: 5'-AACAGTGCGGGGAGTAGTTG-3'; FN1, forward:
5-TTGGTTCAGACTCGAGGTGG-3/, reverse: 5'-



X. Zhao et al.

Bioactive Materials 8 (2022) 196-209

A

o
GelMA
NalO, cHo
_—
CHO
- ”
Dextran ODex -

P i
//
Visiblelight\\l -
y
>
.
r
Donor cornea ( J )
s

Recipient bed -

Donor cornea

]
@ AN

First network

o NH—]
’ —NHWO

Second network

Recipient bed

B

Original
state

——
Schiff’s
bases

—am—
Photo-
crosslinking

SEM Image

G100D5

G200D5

Fig. 1. Fabrication and observation of adhesive hydrogels with different ratios of gelatin methacrylate (GelMA) to oxidized dextran (ODex). (A) Schematic of the
synthesis of GelMA-ODex adhesive hydrogel and schematic diagram illustrating its application in sutureless lamellar keratoplasty. (B) Gross comparison of hydrogel
formation and scanning electron microscopy (SEM) images of hydrogels with different ratios of GelMA to ODex. Scale bar: 100 pm.

AGATTTCTTCATGGGCAGCCA-3; TGF-p1, forward: 5'-
CTCTGGAACGGGCTCAACAT-3/, reverse: 5-CTCTGTGGAGCTGAAG-
CAGT-3'; GAPDH, forward: 5-AGGTCGGAGTGAACGGATTTG-3/,
reverse: 5'-GCCGTGGGTGGAATCATACT-3'.

2.10. Animal studies

2.10.1. Surgical procedures

All experiments were conducted in compliance with the ARVO
statement for the Use of Animals in Ophthalmology and Vision Research
and approved by the Animal Care Committees of Zhongshan Ophthalmic
Center, Sun Yat-Sen University. 8- to 12-week-old male New Zealand
White rabbits (Guangzhou Huadu Hua Dong Xin Hua Experimental
Animal Farm, China) were enrolled in this study. LK was performed
under general anesthesia with intravenous injection of 2% pentobarbital
sodium (30 mg/kg) and topical anesthesia using 0.5% proparacaine
hydrochloride ophthalmic solution (Alcon Laboratories). A 6.75 mm
trephine was employed to perform partial-thickness trephination in the
central host cornea. The anterior corneal stroma was then removed via
layer-by-layer manual dissection up to a depth of approximately 2/3.
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The recipient stroma bed was irrigated with saline to remove any foreign
particles and the excessive fluid on the corneal surface was then wiped
dry with a sponge. A 0.25-mm oversized donor lenticule with compat-
ible thickness was prepared from the donor rabbit cornea. Approxi-
mately 25 pL of temporarily prepared prehydrogels was applied to the
recipient stroma bed, and spread out as a thin film with forceps. The
donor lenticule was immediately transferred onto the recipient bed and
adjusted to the proper position. The two layers were pressed together,
and the extra adhesives were squeezed out from the interface. The ad-
hesives were then photopolymerized under 405 nm visible light for 4
min. The extra adhesives at the transplant edge were carefully removed
with a sponge. Finally, an Elizabeth collar was used to prevent the an-
imals from scratching their eyes. The postoperative regime included
0.3% tobramycin ointment (Alcon Laboratories) once daily for a week.

2.10.2. Slit-lamp, anterior segment optical coherence tomography (AS-
OCT) and confocal microscopy evaluation

Slit lamp biomicroscopy (Topcon system) was performed weekly to
evaluate the graft attachment, corneal transparency and other patho-
logical changes. The corneal epithelial defects were assessed using
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Fig. 2. Invitro characterization of the adhesive hydrogels. (A) Light transmission over the visible light spectrum. (B) Gross view of the hydrogels (the thickness of the
hydrogel in the well was 100 pm). (C) Swelling ratio at different time points of the hydrogels in PBS at 37 °C. (D) The swelling ratio of the hydrogels after 4 h
incubation in PBS at 37 °C. (E) Degradation curve of the hydrogels in the presence of collagenase (1 pg/mL) in PBS at 37 °C. (F) The degradation of the hydrogels
after 120 h of incubation in PBS containing 1 pg/mL collagenase. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

fluorescein staining under cobalt blue light. Cross-sectional images of
corneal tissue were obtained by spectral-domain AS-OCT (Heidelberg
Engineering) to evaluate the graft attachment. In vivo confocal micro-
scopy (IVCM, Confoscan 4, Nidek, Japan) was performed under general
anesthesia to assess the changes in corneal cells and the status of
inflammation. Automatic mode was used to capture images at the levels
of the epithelium, anterior stroma and endothelium. The corneal surface
curvature flowing sutureless LK was mapped with a corneal tomography
system (Optikon 2000, Rome, Italy).

2.10.3. Histological and SEM evaluation of graft integration

Rabbits were sacrificed with an overdose intravenous injection of
pentobarbital sodium 8 weeks after surgery. The corneal tissue was
excised and processed for routine paraffin embedding. Briefly, 5-um-

thick sections were cut and stained with hematoxylin and eosin (H&E).
The paraffin sections were viewed under a light microscope (Axio
Imager Z2, Zeiss, Germany). The removed cornea was also prepared for
SEM scanning. The samples were first fixed with 2.5% glutaraldehyde
for 4 h, followed by three washes in PBS for 15 min each. The samples
were then dehydrated by a graded series of ethanol (30%, 50%, 70%,
80%, 90%, 95% and 100%) for 15-20 min each and subjected to SEM
examination. Both of the bottom and surrounding graft-recipient inter-
face areas were assessed by histological and SEM examination.

2.11. Statistical analysis

All data were presented as the means + standard deviation. Com-
parisons between groups were performed by applying Student’s t-test
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(G) Burst pressure. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3).
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using GraphPad Prism 9 (GraphPad Software, USA). A value of P < 0.05
was considered statistically significant.

3. Results and discussion
3.1. Fabrication of bioadhesive hydrogels

GelMA hydrogels have recently increased in popularity as tissue
sealants due to their suitable biological properties and adjustable
physical characteristics [41,42]. GelMA crosslinks and forms hydrogels
when exposed to light irradiation. However, pure GelMA hydrogel has
poor mechanical strength and adhesive force [43] and cannot replace
sutures in corneal transplantation. Therefore, a second interpenetrating
network was incorporated into our GelMA-based adhesive hydrogel
system to enhance its functionality. ODex is produced by the oxidation
of dextran. The oxidation degree of ODex in this study was 103.59 +
0.31%. The introduction of aldehyde groups in ODex retains the
biocompatibility of dextran and enhanced the suitability for chemical
modifications. ODex-added adhesives have been reported to be used in
lung surgery [44] and amniotic membrane transplantation [45]. The
corneal stroma is composed predominantly of collagen, the backbone of
which contains abundant amino groups similar to GelMA. Aldehyde
groups on ODex can react with these amino groups on GelMA and
corneal collagen, and form the first Schiff base network. Light-induced
crosslinking later adds the second interpenetrating network to estab-
lish double network hydrogels (Fig. 1A). By virtue of the double network
structure, hydrogels can achieve sufficient mechanical strength and
adhesive force to form a tight bond between the donor graft and the
recipient corneal bed [26].

A prehydrogel was prepared by dissolving GeIMA and ODex at
different ratios in PBS solution. After 10 min of incubation at 37 °C, the
prehydrogel solution changed from liquid to solid, but the gelation
phenomenon was not observed in GelMA without ODex (Fig. 1B). The
gelatinization initiated by the addition of ODex contributes to the for-
mation of the first Schiff base network between the aldehyde groups on
ODex and the amino groups on GelMA. Notably, for adhesives, the
spontaneous gelation speed should be carefully considered, because if it
is too fast, surgeons may not have enough time to properly position the
graft. Commercial ocular adhesives such as fibrin glues and cyanoac-
rylate have been criticized for their short working time [17,18]. How-
ever, we found that even the most concentrated GelMA-ODex mix took
approximately 5 min to become viscous, which is generally sufficient for
careful planning in actual practice. We further confirmed this finding in
the following rabbit LK model.

In addition, after we added ODex, the gel system showed a pale-
yellow appearance, which may be related to the formation of a Schiff
base. Moreover, GelMA hydrogels without ODex also showed a lighter
pale-yellow color after solidification, and the colors became deeper as
the GelMA concentration increased. Color alteration during gel forma-
tion of GeIMA has been observed in other studies [46,47]. However, this
pale-yellow appearance did not appear to be a major concern. As a tissue
adhesive, hydrogel is applied in a thin layer, so such a slight color
change would not affect the corneal transparency or visual function.

Many previously reported GelMA adhesives used ultraviolet (UV)
light as a trigger [7,41]. However, in this hydrogel system, the second
interpenetrating network was formed by photocrosslinking using visible
light at a wavelength of 405 nm to prevent ocular damage caused by UV
light exposure. We found that all GelMA solutions turned into solid
hydrogels regardless of whether ODex was added (Fig. 1B). The photo-
curability of the material allows temporal and spatial control of the
reaction with the assistance of a photoinitiator. From a clinical view-
point, the greatest advantage of the light-curing adhesive system is that
it provides the surgeons with sufficient working time to properly posi-
tion the graft before using light to gelatinize the adhesive. In this regard,
our adhesive hydrogel system exhibits higher controllability for a per-
formance compared to those ocular adhesives that have already been
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applied in sutureless keratoplasty [18,48].

The microstructure of the hydrogels was further examined with SEM
(Fig. 1B). With increasing GelMA concentration and the addition of
ODex, the pore size in the hydrogel decreased, indicating a denser
structure. The pore size in diameter was approximately 20-100 pm,
which is suitable for cell attachment and proliferation [49,50]. More-
over, the pore structure could not only support cell growth, but also
facilitate the exchange of nutrients [51], so that the donor graft could
obtain nutrients from the recipient tissue when they were applied at the
interface.

3.2. Characterization of bioadhesive hydrogels

Adhesives for repairing corneal wounds must be transparent to
permit vision [52]. Therefore, the light transmittance of the adhesive
hydrogels with different ratios of GelMA to ODex was characterized.
According to previous reports, the transmission of the native cornea for
light at 430 nm is approximately 80%, but can achieve almost 100% for
light at 500 nm and above [53]. As shown in Fig. 2A, the light trans-
mittance of the adhesive hydrogels was above 90% in the visible light
range (wavelength of 400 nm-800 nm) and close to 100% at wavelength
of 800 nm. Our findings indicated that all the tested hydrogels exhibited
comparable or superior light transmittance to that of native corneas. In
addition, we have discussed above that the yellow transition during
hydrogel gelation was not a major issue when it was applied in a thin
layer. Here, Fig. 2B also showed that the photocrosslinked hydrogels
were optically clear and colorless when they were formed a layer in the
well with a thickness of approximately 100 pm. This thickness is already
far thicker than that in actual applications.

The swelling rate is a crucial indicator to judge the advantages and
disadvantages of tissue adhesives. A lower swelling rate is beneficial for
tissue bonding purposes. In terms of application in keratoplasty, adhe-
sive with a low swelling rate can help to maintain perfect alignment
between the graft and recipient cornea, and therefore, reduce the post-
operative corneal astigmatism. Our results showed that the concentra-
tion of GelMA and the addition of ODex could directly affect the swelling
rate (Fig. 2C-D). With an increasing GelMA concentration and the
introduction of ODex, the swelling rate of the hydrogels decreased and
reached equilibrium after 4 h. G5 was found to have the highest swelling
rate (35.01 + 2.89%), while G200D5 had the lowest swelling rate
(11.19 + 0.59%). Compact materials absorb less water and have a lower
swelling rate. Therefore, the reduced swelling rate after the introduction
of the ODex should be attributed to the higher network density and
degree of cross-linking.

One of the reasons why fibrin glues are not popular in keratoplasty is
that they are prone to degradation, which would increase the risk of
graft loss [54]. In this study, adhesive hydrogels with different compo-
sitions of GelMA and ODex were tested for their enzymatic degradation
by collagenase. As presented in Fig. 2E-F, the enzymatic resistance of
hydrogels was improved with increasing GelMA concentration and the
introduction of ODex, which is similar to swelling rate trend. The
degradation time of G5 was the shortest (approximately 120 h), while
that of G200D5 was the longest (approximately 400 h). This trend is
easily explained by the increased degree of crosslinking. Moreover, the
residual masses of G50D5, G100D5 and G200D5 exceeded their orig-
inal mass during the initial stage of degradation process. This finding
may be because that prior to digestion by collagenases, the hydrogels
swell as crosslinks are hydrolyzed [55].

The mechanical strength and adhesive force are the most critical
metrics for adhesives [56]. In terms of use in corneal transplantation,
adhesives should provide sufficient adhesive force to be able to bear the
intraocular pressure (IOP)-related stress. Otherwise, improper juxtapo-
sition of wound edges or even graft loss may occur. First, we charac-
terized the tensile strength, elongation at break, and Young’s modulus of
the hydrogels with different polymer concentrations. Fig. 3A shows the
stress-strain curve of the hydrogels. According to the quantitative
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Fig. 4. In vitro cytocompatibility assessments of the adhesive hydrogels. Representative bright field and live-dead images of L929 cells that were seeded on tissue
culture plates in complete medium (A) and G200D5 leaching medium (B), on the surface of the G200D5 hydrogel (C), and encapsulated in G20 (D) and G200D5
hydrogels (E). (F) CCK-8 assay of cells cultured in complete medium, and G20 and G200D5 leaching medium after 1, 3, and 5 days of seeding. (G) qRT-PCR analysis
of the relative mRNA expression levels of Collagen 1A1, Collagen 3A1, Fibronectin Al and TGF-1 mRNA in rabbit corneal fibroblasts after culture in complete

medium and G200D5 leaching medium for 2 days. Scale bar: 100 pm.

measurements of maximum tensile strength (Fig. 3B) and breaking
elongation (Fig. 3C), it can be seen that G200D5 had the highest tensile
strength (85.07 & 7.91 KPa) and the lowest elongation at break (19.49
+ 2.80%). This finding is also because G200D5 had the highest GelMA
concentration and degree of crosslinking. Due to the high tensile
strength and low elongation at break, G200D5 had the highest Young’s
modulus (Fig. 3D), indicating that it has the best elasticity and resistance
to deformation.

Next, we characterized the adhesive strength of the hydrogels. Given
that the bonding force mainly relies on the adhesion between the
interface of the donor graft and recipient bed, we thus characterized the
shear adhesive strength of the hydrogels compared to that of commercial
adhesive fibrin. It can be seen from Fig. 3E that the shear adhesive
strength of fibrin glue was relatively low (12.20 + 5.62 kPa). With
increasing GelMA concentration and the introduction of ODex, the shear
adhesive strength of the hydrogel was substantially improved. G200D5
showed the best shear adhesive strength (67.52 + 6.12 kPa). The Schiff’s
base and hydrogel bonds between the hydrogel and tissue contribute to
the strong tissue adhesion [57]. Therefore, firstly, the abundance of
hydrogen bonds is one of the reasons for the greater adhesive strength of
G200D5. An increase of GelMA concentration would introduce more
functional groups to the hydrogels, which can form more hydrogen
bonds with the hydroxyl, carboxyl and amino groups of the tissue, and
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thereby results in higher adhesive strength. That increased GelMA
concentration leads to better adhesive strength has also been reported in
the previous study [39]. Secondly, ODex introduces Schiff’s base be-
tween materials and tissues, thereby providing the hydrogel with good
bonding ability. Theoretically, an increase of ODex concentration can
improve the adhesive strength of hydrogels by forming more Schiff’s
bases. The shear adhesive strength of hydrogels with various ODex
concentrations (2.5%, 5% and 10% (w/v)) has been compared in our
preliminary study. The adhesive strength was found to be weak at lower
ODex concentration (2.5%). A stronger adhesive strength was observed
at higher ODex concentration. However, hydrogels with 10% ODex
underwent fast gelatinization even without light irritation. This would
pose challenges for use in keratoplasty. Based on this consideration,
ODex concentration of 5% was chosen for the in vitro and in vivo as-
sessments in this study.

The adhesion characteristics of the hydrogels was further tested
using a previously described ex-vivo model (Fig. 3F) [25,39]. The results
showed that G200D5 had the strongest adhesive strengthen and was
able to withstand an IOP greater than 280 mmHg (Fig. 3G). This is
approximately 10 times higher than that of normal IOP. These findings
indicated that our adhesive hydrogel may theoretically be able to
withstand the postoperative increased IOP in most instances. However,
many patients’ behavior, such as eye rubbing and Valsalva maneuvers,
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Recipient bed

Fig. 5. Invivo evaluation of the G200D5 adhesive hydrogel in a rabbit model of lamellar keratoplasty. (A) Representative images of the donor cornea. (B) Application
of G200D5 prepolymer solution to the surface of recipient corneal bed. (C) Photocrosslinking after the donor cornea was transferred to the recipient corneal bed and
adjusted to the proper position. Slit lamp photographs before (D) and after (E) sutureless lamellar keratoplasty using the G200D5 adhesive hydrogel. (F) Anterior
segment optical coherence tomography (AS-OCT) images of the operated cornea following sutureless lamellar keratoplasty using the G200D5 adhesive hydrogel.

can result in spikes in IOP. Wound leak may occur under extreme spikes
of IOP, even in the setting of keratoplasty using sutures as the bounding
method. Therefore, patients should be educated to avoid any behavior
that may increase IOP, especially at the initial postoperative period.

3.3. In vitro assessment of cytocompatibility

G200D5 had the most favorable physical properties and hence was
subjected for further cytocompatibility testing. Both 2-D and 3-D culture
systems were employed in these in vitro studies. Cell culture-treated
plates (Fig. 4A) and noncytotoxic pure GelMA (G20, Fig. 4D) hydrogel
were functioned as negative controls for 2-D and 3-D culture systems,
respectively. Whenever they were cultured in medium leached from
G200D5 (Fig. 4B), on the surface of the light-cured G200D5 hydrogel
(Fig. 4C) or encapsulated in the G200D5 hydrogel (Fig. 4E), L929 cells
did not show apparent differences in cell growth compared to their
negative controls. In addition, live/dead staining was carried out to
evaluate the effects of the G200D5 hydrogel system on 1929 viability.
We found that cells in all the above-mentioned culture conditions
exhibited high viability 1, 3 and 5 days after seeding, and almost no dead
cells were detectable. A CCK-8 kit was further employed to investigate
the cytotoxicity of G200D5 hydrogels. The CCK-8 test results showed
that exposure of L929 cells to the leaching medium of G200D5 did not
cause a reduction in cell viability (Fig. 4F).

In response to infections, injuries and surgeries, quiescent corneal
keratocytes transform into contractile and opaque myofibroblasts,
resulting in the secretion of disordered extracellular matrix and corneal
scar formation [58]. Prevention of this transformation process favors
corneal wound healing without scarring. Therefore, we tested the
expression of the myofibroblast-related genes Collagen 1A1, Collagen
3A1, Fibronectin Al and TGF-fl to characterize the myofibroblast
transformation following G200D5 application. Our results did not show
any excess myofibroblast transformation when the cells were cultured in
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G200D5 leached medium, indicating that the use of G200D5 in kera-
toplasty would not lead to excess scar formation (Fig. 4G).

3.4. In vivo assessment of G200D5 in rabbit sutureless LK

Because our in vitro mechanical assessment showed that G200D5 had
the strongest adhesive strength, herein, it was used to investigate the
adhesive performance in the New Zealand rabbit model of corneal
lamellar transplant. First, we prepared a donor corneal graft with a
diameter of 7 mm and a thickness of approximately 200 pm (Fig. 5A).
After a recipient stromal bed with the desired depth was created using a
trephine 0.25 mm less in size than the donor, the prehydrogel liquid of
G200D5 was applied to the cut surface of the bed (Fig. 5B). The donor
graft was then immediately transferred onto the recipient bed in the
proper position, followed by in situ photocrosslinking via visible light
for 4 min (Fig. 5C). An Elizabeth collar was used after the operation to
prevent the rabbits from scratching their eyes. Fig. 5D showed the two-
thirds thickness corneal stroma defect created in the study. G200D5 had
adequate adhesive strength that was derived from its two internal
crosslinked networks. After application of G200D5 followed by photo-
crosslinking, the donor graft was firmly attached to the recipient bed
(Fig. 5E). As we showed above, although G200D5 appeared very light
pale-yellow, we found that when it was applied as a thin layer in LK, the
pale-yellow appearance was not detected and did not affect its light
transmission. The operated cornea had good optical transparency under
slit-lamp microscopy. Cross-sectional AS-OCT images further showed
the perfect fit between the donor and host corneas (Fig. 5F).

An ideal ocular adhesive for corneal transplantation should also
allow sufficient handling time before it was completely set in situ [18].
To provide increased adhesive strength, a secondary covalent network
was incorporated into our adhesion system by adding ODex. Upon the
mixture of two components, the first Schiff based network starts to form
before photocrosslinking, which resulted in the initiation of
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Fig. 6. Postoperative observation using slit-lamp microscopy and anterior segment optical coherence tomography (AS-OCT). Representative slit-lamp and AS-OCT
images of rabbit corneas taken 1, 7, 14, 28 and 56 days after sutureless keratoplasty. Scale bar: 400 pm.

gelatinization. Gelatinization would bring challenges for graft manipu-
lation. Therefore, the gelatinization time of bioadhesives should be
adjusted beforehand to ensure convenience in practical applications. We
found that G200D5 had an appropriate gel formation time to ensure that
the surgeons had adequate time to carefully adjust the graft in the proper
position. This advantage could just compensate for one of the de-
ficiencies of cyanoacrylate and fibrin glue. The later materials were
reported to have a short working time for careful planning [4]. The
adhesive strength is proportional to the concentration of components.
Therefore, although G200D5 is wet-tolerant, the excess fluid on the
corneal surface tends to reduce the concentration of components,
resulting in a longer gelatinization time and weaker adhesive strength.

The main requirement for a bioadhesive is its bonding strength. The
use of fibrin glue without sutures for LK has been reported [17,18].
However, this material has not gained popularity in corneal trans-
plantation since its first report in the 2000s because of low adhesive
strength and rapid degradation. In this study, we found that the G200D5
adhesive could overcome for these shortcomings and provide satisfac-
tory attachment for LK. As shown in Fig. 6, the graft was firmly attached
without loosening and dislocation throughout the experimental period.
The cornea preserved a smooth surface and complete curve. There was
no visible scar and epithelial ingrowth on the donor-host interface. The
donor graft and recipient cornea remained transparent without exces-
sive inflammation, although a slight corneal edema was observed only at
the initial postoperative period. In addition, the G200D5 adhesive
allowed quick regeneration of corneal epithelial cells after the opera-
tion. Fluorescein staining revealed that the corneal epithelial defects
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were confined to the junction of graft and recipient cornea 1 day after
the operation. They were completely healed by postoperative day 7.

Scarring at the interface would affect the vision outcomes after LK
[59]. On the AS-OCT images of post-LK cornea, there is always a
dividing line at the interface because of inevitable interface haze. During
the initial postoperative period, the thick dividing lines between the
graft and the recipient cornea on our AS-OCT images were quite possibly
because of the hydrogel accumulation rather than the interface haze. But
excessive adhesive buildup at the interface was not observed. The bio-
adhesive formed a thin layer in-between. An ideal bioadhesive should be
biodegradable on a time scale consistent with wound healing. The
AS-OCT examination further showed that the dividing line between the
graft and the recipient corneal bed became increasingly undetectable,
indicating the eventual degradation of G200D5 and scarless wound
healing. However, for the application of bioadhesives in LK, rapid
degradation, such as that of fibrin glue, is also not favored, given that the
risk of graft dislocation or even less would be increased. This issue
should not be a problem in double-network hydrogels such as G200D5,
given their resistance to collagenase. Moreover, in combination with the
data of above in vitro cell assessments, the invisible dividing line also
further supports that the adhesive hydrogel at the interface would not
cause additional interface haze. However, the interface haze formation
in the long-term still needs to be further evaluated and compared to that
of LK techniques using sutures.

IVCM was used to further confirm the biocompatibility of the
G200D5 adhesive in vivo. By 56 days after surgery, no epithelial, stromal
or endothelial cell abnormalities were observed in the operated cornea
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Fig. 7. Postoperative observation by in vivo confocal microscopy (A) and corneal topography (B) of the native rabbit cornea and the operated rabbit corneas 56 days

after sutureless lamellar keratoplasty. Scale bar: up: 200 pm, down: 50 pm.

(Fig. 7A). Inflammatory cells and necrotic debris were characterized by
the presence of hyperreflective punctuate foci, and corneal stromal
scarring is visible as a hyperreflective bright white region on IVCM
scans. These abnormalities were also not observed in the operated
cornea, indicating that the cornea following G200D5 application
remained transparent and noninflamed. The use of bioadhesive for graft
attachment avoids the need for sutures, and the latter can induce
irregular astigmatism and distort optics [3]. The corneal topography
was thus evaluated. The results showed moderate but still symmetrical
corneal curvature changes in the operated cornea compared to those in
the control cornea (Fig. 7B).

Moreover, histological examinations of cryosectioned tissues further
revealed that the transplanted graft was well attached to the recipient
corneal bed without any gaps or debris in the interface (Fig. 8A). One of
the reported potential advantages of sutureless corneal surgery using
bioadhesives includes reducing the possibility of postoperative
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epithelial ingrowth beneath flaps and grafts [60]. Our histological
evaluation did not show any epithelial ingrowth into the interface from
the edge. The stroma proximal to the interface appeared normal. In-
flammatory cell infiltration and apparent scarring were also not
observed in histological images. The corneal epithelium over the graft
was well stratified and differentiated, which were similar to that in the
control cornea. Electron microscopic assessment showed that the donor
graft was closely adhered to the recipient corneal bed, including at the
bottom and surrounding graft-host interface (Fig. 8B). The adhesive
hydrogel layer was also found to almost completely disappeared from
the interface, further indicating that G200D5 could eventually degrade
after the wound healed. All these findings suggest that the G200D5
adhesive system has good in vivo biocompatibility and supports native
tissue repair.

It is worth to note that the partial thickness LK model used in this
study does not quite mimic the DALK that is performed in humans. The
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Fig. 8. Representative hematoxylin-eosin (HE) and scanning electron microscope (SEM) images of native rabbit corneas or and the operated rabbit corneas 56 days
after sutureless lamellar keratoplasty. Both of the bottom and surrounding graft-recipient interface areas were evaluated. Scale bar in A: up: 200 pm, down: 50 pm.

Scale bar in B: up: 200 pm, down: 10 pm.

reason why DALK model was not used for assessment is that it is tech-
nically difficult to perform DALK on rabbit cornea. Probably for the
same reason, DALK was also rarely performed on rabbit in the related
published studies [61-64]. The adhesive hydrogel is closer to corneal
endothelium if used for DALK. However, there is theoretically no need to
be worried that it may bring toxicity to endothelium, because the
GelMA-based hydrogel is characterized by excellent biocompatibility
and low immune response [42]. Our in vitro assessment has also showed
that the G200D5 adhesive hydrogel did not affect cell proliferation or
viability. Moreover, G200D5 hydrogel was found to have a burst pres-
sure that is approximately 10 times higher than that of normal IOP.
Taken all of this evidence together, although the feasibility has not been
tested in DALK model, our adhesive hydrogel theoretically should have
reasonable safety and sufficient adhesive strength for DALK. However,
the safety and efficiency of this adhesive system still needs to be further
evaluated in vivo using DALK animal model before it is applied in
humans. Penetrating keratoplasty (PKP) refers as a full-thickness
transplant of the diseased cornea with a donor cornea [65]. In spite of
wet-tolerance, our adhesive hydrogels are not recommendable for PK, as
they might be diluted by the aqueous humor, thereby resulting in
reducing the adhesive strength.

Our 8-week follow-up period was admittedly short, given that su-
tures are generally removed 12 months after keratoplasty in clinical
practice. However, they seemed to be removed much earlier in animal
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studies than those in humans. In several studies using rabbit LK model,
sutures were removed 30 days after operation, and no graft loss or
dislocation was noted [48,66]. Moreover, a previous study indicated
that in terms of sutureless keratoplasty using glue as the bonding
method, the glue was only required to anchor the donor cornea until
complete re-epithelialization [17]. In our study, on one hand, we found
that G200D5 adhesive hydrogel allowed quick regeneration of corneal
epithelial cells and that the graft epithelial defects healed within one
week after transplantation; on the other hand, although we did observe
the signs of hydrogel degradation in the follow-up time frame, this
degradation process is very slow due to its resistance to collagenase
digestion. Therefore, our adhesive hydrogel should have sufficient me-
chanical and adhesive strength to retain the donor cornea in place until
graft re-epithelialization is complete.

4. Conclusion

In summary, the use of sutures in keratoplasty is not only time
consuming, but also associated with multiple postoperative complica-
tions. To resolve this issue, we have developed a photocurable bio-
adhesive hydrogel composed of GeIMA and ODex to avoid the need for
sutures in keratoplasty. This hydrogel has the characteristics of ideal
corneal adhesives, including high light transmittance, resistance to
enzymatic degradation and excellent biocompatibility. Moreover, by
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virtue of the double network structure, our bioadhesive hydrogel ex-
hibits superior adhesive strength in compared to commercial fibrin
glues, and has the capacity to bond the graft to the recipient corneal bed
until the wound heals. Following application, this system supports the
graft-recipient corneal integration by eventual degradation, and the
corneas remain transparent and uninflamed, further indicating its
acceptable compatibility. In addition, from the viewpoint of conve-
nience of operation, the photocurable properties of this adhesive
hydrogel provide sufficient working time to surgeons for careful plan-
ning. Thus, this bioadhesive hydrogel may be an appealing option as a
suture substitute in keratoplasty, cornea injury repair and other pro-
cedures involving tissue adhesion.
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