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A B S T R A C T

Biomaterials that mimic corneal stroma could decrease the need for donor corneal tissue and could decrease the
prevalence of complications associated with corneal transplantation, including infection and rejection. We de-
veloped a bio-orthogonally crosslinked hyaluronate-collagen hydrogel which can fill corneal defects in situ
without the need for any sutures, initiators, or catalysts. We studied the effects of biorthogonal crosslinking on
the light transmittance of the hydrogel, which was greater than 97% water. The transmittance of the optimized
hydrogel in the visible light range was over 94%. We also investigated the mechanical properties, refractive
index, morphology, biocompatibility, and corneal re-epithelialization capacity of the hyaluronate-collagen hy-
drogel. Our in vitro, in vivo, and ex vivo results demonstrated that this bio-orthogonally crosslinked hyaluronate-
collagen hydrogel has excellent potential as a biomaterial for cornea repair and regeneration.

1. Introduction

The cornea is the dome-shaped and transparent outermost part of
the eye. It serves a critical dual role in both focusing light onto and
providing protection for intraocular neurosensory structures. Corneal
injury or diseases can quickly lead to scarring and thinning of the
cornea, eventually leading to blindness, which has been estimated to
affect 23 million people worldwide [1]. Although corneal transplanta-
tion can treat corneal blindness effectively, it benefits less than 1.5% of
patients with corneal blindness due to the shortage of donor corneas
and a global imbalance in donor cornea supply and demand [2].
Moreover, although corneas are immune-privileged compared to most
tissues in the body, a transplanted donor cornea is still at risk of serious
complications such as infection and rejection [3]. Traditional cornea
transplantation, penetrating keratoplasty (PKP), also has the inherent
risk of graft dehiscence, i.e. wound separation, with even minor trauma.
Although some of these risks can be addressed by novel corneal trans-
plantation techniques, such as Deep Anterior Lamellar Keratoplasty
(DALK), these advanced procedures are not available for most cases
worldwide [2]. Endothelial keratoplasty has emerged as a sutureless
way to replace just the endothelium of corneas in cases of Fuch's dys-
trophy or other causes of bullous keratopathy [4]. However, surgical
treatment of any damage or scarring anterior to the endothelium

requires meticulous dissection, precise sizing, and numerous sutures for
proper placement as a full thickness or anterior lamellar graft.

A promising strategy to overcome these limitations of corneal
transplantation is using biomaterials to replace damaged corneal tissue.
Currently, cyanoacrylate glue is used off-label clinically as a tempor-
izing agent to stabilize corneal defects prior to corneal transplantation,
but it forms an opaque plaque that offers no improvement in vision.
Typical biomaterials being developed for corneal tissue engineering are
hydrogels, which are networks of hydrophilic polymer chains that can
hold a large amount of water. An ideal hydrogel for cornea replacement
should have similar physical, chemical, and biological properties to
those of native corneal stromal tissue. The fundamental features of an
ideal hydrogel that mimics native cornea include: 1) high transparency
for visible light transmittance, 2) high water content, 3) mechanical
stability on the cornea after application, 4) no toxicity nor toxic de-
composition products, 5) good biointegration but no interference with
adjacent tissues, 6) suppor for the physiobiological functions of ad-
jacent tissues, and 7) ease of application [5]. These features are heavily
dependent on both the nature of the polymers and the crosslinking
method involved.

An in situ-forming hydrogel that can be applied to a corneal defect
to form a stromal tissue substitute could attend to these requirements
without the need for sutures or even incisions. In this work, we describe
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a novel hydrogel that flows into corneal defects and crosslinks within
minutes to form a solid gel. The hydrogel is composed of collagen and
hyaluronate, both of which are naturally derived polymers. Collagen is
the main component of native corneal stromal tissue [6]. A crosslinked
recombinant human collagen type III-based implant (RHCIII-MPC) has
been reported to improve the vision of patients with scarred or ul-
cerated corneas from severe infection [1]. Sani et al. have developed a
bio-adhesive hydrogel for sutureless repair of corneal wounds based on
gelatin (a derivative of collagen) photo-crosslinked with visible light
[7]. This hydrogel showed comparable physical properties to cornea
and promoted stromal regeneration and re-epithelization. Li et al. also
reported on a gelatin-based, photochemically cured gel with similar
results [8]. Previously, our lab developed a collagen-based hydrogel
which could bio-orthogonally crosslink and form in situ [9]. This col-
lagen gel could encapsulate keratocytes and support the growth of
corneal epithelial cells. Hyaluronate is a sodium salt of hyaluronic acid
(HA), which is a naturally mucoadhesive polysaccharide commonly
existing in human connective tissues. HA has been reported to promote
corneal epithelial wound healing, decrease the expression of in-
flammatory cytokines, and increase the expression of trophic factors
[10,11]. In prior work, we reported on the development of a bio-
compatible hyaluronate hydrogel crosslinked via visible light-induced
thiol-ene reaction [12].

Although photocrosslinking is efficient and highly controllable, its
application for in situ gel formation on the cornea poses certain lim-
itations, including the need for an external light energy source, the
requirement of a photo-initiator, and the presence of reactive side
products. Here, we used the bio-orthogonal strain-promoted azide-al-
kyne cycloaddition (SPAAC) reaction to crosslink hyaluronate and
collagen under ambient conditions without the need for light, heat,
photo-initiators, or any other chemical initiators or catalysts. This dual
component hydrogel integrates the cell-adhesive nature of collagen and
the growth-promoting properties of HA. We systematically studied the
crosslinking parameters that yield a highly transparent HA-collagen
hydrogel with physical and optical properties comparable to those of
corneal stroma. To study the hydrogel's corneal stromal wound healing
effects in vivo, we used a keratectomy model in rabbits using a custom
vacuum trephine. Our results demonstrate that the in situ-forming, bio-
orthogonally crosslinked HA-collagen hydrogel is a promising repair
matrix for the wounded cornea..

2. Materials and methods

2.1. Materials

Dibenzocyclooctyne‐sulfo‐N‐hydroxysuccinimidyl ester (DBCO‐sul
fo‐NHS), dimethyl sulfoxide (DMSO), sodium hydro
xide solution (1.0 n), agar, insulin, Triton‐X, trypan blue solution,
hyaluronidase type VI-S, collagenase type I, and resazurin based in vitro
toxicology assay kit were purchased from Sigma‐Aldrich (St. Louis, MO,
USA). Phosphate‐buffered saline (PBS) pH 7.4, 10 × PBS, Slide‐A‐Lyzer
dialysis kit (3.5 k MWCO), collagen I bovine protein solution (5 mg/
mL), epidermal growth factor (EGF) recombinant human protein, fetal
bovine serum (FBS), keratinocyte‐serum free media (KSFM), bovine
pyruvate extract (BPE), ITS Premix Universal Culture Supplement,
trypsin, live/dead viability/cytotoxicity staining kit, paraformaldehyde
(PFA), 5% normal goat serum, Alexa Fluor Phalloidin 488, Alexa Fluor
647‐N‐hydroxysuccinimidyl ester, and Alexa Fluor 546 secondary an-
tibody were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Azido‐poly (ethylene glycol)5‐N‐hydroxysuccinimidyl ester
(azido-PEG5-NHS) was purchased from BroadPharm (San Diego, CA,
USA). Hyaluronate amine (40–50% degree of substitute) was purchased
from Creative PEGWorks (Durham, NC, USA).

2.2. Hyaluronate-collagen hydrogel synthesis

First, to make HA-azide, 20 mg/mL hyaluronate amine in distilled
deionized water was pH neutralized using a neutralization solution at a
1:10 ratio. The neutralization solution was 10X PBS containing 50 mM
sodium hydroxide. Next, we made 1000 mg/mL azido-PEG5-NHS with
DMSO and added 20.52 μL into 1 mL neutralized HA-amine solution.
The mixture was rotated for 2 h at 4 °C. To make fluorescent hydrogel
for better visualization in vivo, Alexa Fluor 647 was conjugated to the
azide-conjugated hyaluronate amine. Specifically, Alexa Fluor
647‐N‐hydroxysuccinimidyl ester was added into 1 mL azide-con-
jugated hyaluronate amine and incubated for 2 h at 4 °C. Last, azide- or
both azide- and 647-conjugated hyaluronate amine was dialyzed using
a Slide‐A‐Lyzer dialysis kit overnight at 4 °C in PBS and then lyophi-
lized.

For Col-DBCO conjugation, type I bovine collagen was pH neu-
tralized using a solution of 1.0 M sodium hydroxide solution, distilled
deionized water, and 10X PBS in a 3:57:20 ratio. The 5 mg/mL collagen
solution was mixed with the neutralization solution in 3:2 ratio so that
the final concentration of collagen was 3 mg/mL. Then, 2 mg
DBCO‐sulfo‐NHS was dissolved in 20 μL PBS, and quickly mixed 8.52 μL
DBCO‐sulfo‐NHS solution with 1 mL neutralized collagen. The mixture
was incubated for 2 h at 4 °C. DBCO‐conjugated collagen was used fresh
and without dialysis unless specified.

To make varying concentrations of hyaluronate-collagen hydrogels
via SPAAC click reaction, lyophilized HA-azide or HA-azide-647 were
dissolved in PBS at 10, 30, or 50 mg/mL, and the Col-DBCO were di-
luted to 2 or 1 mg/mL with PBS. HA-azide was then mixed with Col-
DBCO at a 1:1 ratio via pipetting and formed a hydrogel at ambient
temperature.

2.3. Hydrogel characterization

The conjugated DBCO and azide groups were quantified by UV–vis
absorbance spectra from 270 nm to 350 nm (Tecan Microplate Reader)
as DBCO groups resulted in characteristic intense absorbance peaks at
approximately 290 and 310 nm, and azide groups resulted in a char-
acteristic absorbance peak at around 285 nm [13]. DBCO‐sulfo‐NHS
and azido-PEG5-NHS were dissolved in PBS at known concentrations
and used as standards. Neutralized collagen and hyaluronate amine
were used as controls.

The transmittance of the hydrogel was calculated based on the
measured absorbance. First, 100 μL of hydrogels were formed within
the wells of a 96-well plate. Absorbance of the hydrogels was measured
between 200 nm and 1000 nm (Tecan Microplate Reader) and the blank
used was PBS. The transmittance was calculated using the relationship
T (%) = 1/10A × 100, where A is the absorbance.

The refractive index of hydrogels was measured with a digital re-
fractometer (HI96800, Hanna Instruments). The machine was cali-
brated with double distilled water. Surface focal power (Ds) of the
hydrogels was calculated with the formula Ds = (n-1)/r, where n is the
measured refractive index and r is the radius of curvature which is
8 mm for human.

The storage and loss moduli of the collagen gels were evaluated
using an ARES‐G2 rheometer (TA Instruments, New Castle, DE, USA).
For in situ measurements, 50 μL HA-azide and 50 μL Col-DBCO were
added and mixed on the stage, and a 25-mm parallel plate was used. To
measure storage and loss moduli of cornea buttons, rabbit cornea but-
tons were created with an 8-mm biopsy punch, and then the epithelium
and endothelium layers were removed. A wound was created with a
3.5-mm biopsy punch and spatula. The wound was either filled with
PBS or 5 μL hydrogel. An 8-mm parallel plate was used for the cornea
buttons. Time sweeps were performed at 25 °C for 1 h at 1% strain and
1 Hz oscillatory frequency. Frequency sweeps were performed from 0.1
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to 10 Hz with a fixed 1% strain.
In vitro degradation of hydrogel was performed in the presence of 10

U/mL of collagenase, 10 U/mL of hyaluronidase, or a combination of 10
U/mL of collagenase and 10 U/mL of hyaluronidase in PBS at 37 °C on
an orbital shaker [14]. Hydrogels (200 μL each) were preswollen in PBS
(pH 7.4) overnight. At desired timepoints, the gel was removed from
the degradation buffer, blotted dry, and weighed. The percent of de-
graded gels was determined by the following formula: degraded
(%) = 100 – Wt/W0 (W0 and Wt are the initial weight and weight at
time t). Gels soaked in PBS were used as the negative control.

Scanning electron microscope (SEM) imaging was used to examine
the morphology and interface between the gel and corneal stroma. The
samples were flattened on silicon wafers, flash frozen with liquid ni-
trogen, and then lyophilized to remove the water. The lyophilized
samples were fixed on top of the sample holder with silver paste and
then coated with Au/Pd (60:40 ratio). The samples were imaged with
an Apreo S LoVac SEM (Thermo Fisher Scientific) at 2–5 kV and
13–50 pA.

2.4. Corneal epithelial cell culture

Corneal epithelial cells (ATCC® CRL-11135™) were used to test the
hydrogels’ cytocompatibility. Cells were cultured in Keratinocyte-
Serum Free Medium supplemented with 0.05 mg/mL bovine pituitary
extract, 5 ng/mL epidermal growth factor, 500 ng/mL hydrocortisone,
and 5 μg/mL insulin. Cells were incubated under standard conditions
and the medium was refreshed every other day. Cells were passaged at
80% confluency with Trypsin-EDTA solution.

2.5. Cytocompatibility

Cytocompatibility of HA-azide and Col-DBCO was evaluated with
corneal epithelial cells via a Resazurin based cytotoxicity assay
(Sigma‐Aldrich). Corneal epithelial cells were seeded into 96 well plates
at a density of 10,000 cells/well and incubated overnight. The old cell
medium was then replaced with fresh medium containing the in-
dividual hydrogel components (either HA-azide of 25, 12.5, 1.25, and
0.125 mg/mL or Col-DBCO of 1.5 mg/mL). After 4 h incubation, the
medium was aspirated, and resazurin solution was added to cell
medium at a ratio of 1:10. After 4 h, the fluorescence was read at an
excitation wavelength of 545 nm and emission wavelength of 590 nm.

Additionally, we tested the cytocompatibility of the formed hy-
drogel with a Calcein AM/Ethidium homodimer-I live/dead assay
(ThermoFisher). Hydrogel were formed on a glass slide and then placed
inside a 12-well plate. Then, 150,000 corneal epithelial cells were
added into the 12-well plate to cover the gel. Cells were imaged on days
0, 1, 2, and 4. For day 0, cells were allowed 3 h to adhere to the surface
of the gel. Calcein AM was added at a 1:1000 ratio, and Ethidium
homodimer-1 was added at a 1:500 ratio to cell media and added to the
cells. Cells were incubated for 45 min after adding the dyes, and ima-
ging was done under the conditions of 37 °C and 5% CO2. Live/dead
counts were analyzed using the ImageJ counter feature.

2.6. Organ culture

Fresh rabbit eyes were obtained from Vision Technologies (Glen
Burnie, MD). Keratectomy was performed using a customized 3.5-mm
vacuum trephine to make a circular cut. The stromal tissue in the
wound area was then removed with a spatula. Next, the entire cornea
with an approximately 1-mm scleral rim on the edge was removed from
the globe. The cornea was sterilized in beta-iodine and 1X PBS con-
taining 1% penicillin/streptomycin. The cornea was immediately
transferred onto preformed agar plugs to maintain normal culture and
nutritional support. Agar plugs were made of a 1:1 mixture of serum‐-
free medium containing double strength antibiotics and 2% agar in
distilled water. The agar plugs were made in polydimethylsiloxane

(PDMS) molds. The culture medium used was DMEM/F‐12 containing
120 μg/mL penicillin G, 200 μg/mL streptomycin sulfate, and ITS
premix universal culture supplement. Samples were incubated at 37 °C
in 5% CO2, and the medium was changed every 2 days. At day 4,
corneas were fixed in 4% PFA and cryosectioned for immuno-
fluorescence staining or in 10% formalin and sectioned for histo-
chemical staining.

2.7. In vivo lamellar keratectomy studies

Adult New Zealand white rabbits were used in this study. Animal
experiments were designed to conform with the ARVO statement for the
Use of Animals in Ophthalmic and Vision Research and were reviewed
and approved by the Stanford University Institutional Animal Care and
Use Committee. All anesthesia techniques were performed by the ve-
terinary service center (VSC) at Stanford University. Prior to surgery,
one drop of proparacaine hydrochloride ophthalmic solution was added
to the eye receiving treatment. Lamellar keratectomy was performed on
the right eye using a 3.5-mm customized vacuum trephine to create a
deep circular cut and a spatula to remove the collagen fibril layers. 5 μL
of premixed HA-azide and Col-DBCO was applied to the wounded site
and allowed to gel in situ. A contact lens was applied to protect the
hydrogel from scratching. A tarsorrhaphy was then performed to pre-
vent agitation by the animal and to help keep the contact lens and gel in
place. Ofloxacin ophthalmic solution was applied daily to prevent in-
fection and to retain moisture of the eye. On days 4 and 7, the tarsor-
rhaphy was removed for eye examination: photograph with a Paxos
smartphone-based ophthalmic camera adapter [15] and optical co-
herence tomography (OCT). On day 7, the rabbits’ eyes were en-
ucleated, fixed in 4% PFA, and cryosectioned for imaging.

2.8. Statistical analysis

All data are expressed as the mean ± standard deviation. Each
experiment was repeated at least 3 times. A two-tailed Student's t-test
was used for significance, and p values < 0.05 were considered sig-
nificant. Data means, standard deviations, and p values were calculated
in Microsoft Excel 2016.

3. Results and discussion

3.1. Synthetic strategy for highly transparent hyaluronate-collagen
hydrogels

To make the hyaluronate-collagen network via SPAAC reaction,
there are two possible modification strategies: modify hyaluronate with
azide (abbreviated as HA-azide hereafter) and collagen with DBCO
(abbreviated as Col-DBCO hereafter) or the opposite. We found that the
first strategy was superior to the second one due to significant differ-
ences in transparency of their products. DBCO-modified hyaluronate
(HA-DBCO, 20 mg/mL), one of the mid-products of the second strategy,
was translucent when the initial molar ratio of DBCO to amine was 1:4,
and it became completely opaque when this ratio increased to 1:2 (Fig.
S1a). When HA-DBCO was mixed with collagen-azide in varying ratios,
the transmittance of the resulting hydrogels decreased as the amount of
HA-DBCO was increased (Fig. S1b).

On the other hand, both HA-azide (20 mg/mL) and Col-DBCO
(10 mg/mL) were transparent, resulting in a more transparent hydrogel
than HA-DBCO and Col-azide (Fig. S1b). Hence, we chose this strategy
to make hyaluronate-collagen hydrogel (Fig. 1). Specifically, the ami-
dated hyaluronate and collagen were modified with azide and DBCO
respectively via N-hydroxysuccinimidyl ester assisted amide reaction
(Fig. 1 a, b). Conjugation of DBCO and azide were quantified using
absorbance spectra. DBCO has intense absorbance peaks at approxi-
mately 290 and 310 nm, while collagen does not (Fig. S2a) [13]. As
shown in Fig. S2b, there was a linear relationship between the DBCO
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concentration and its absorbance at 306 nm. We calculated the con-
jugated DBCO on Col-DBCO and found that there were
12.5 ± 7.1 nmol conjugated DBCO per mg of Col-DBCO. The primary
amine groups per collagen was calculated to be approximately
269 nmol/mg collagen [9]. Therefore, the degree of substitution of
DBCO was 4.63%. Similarly, the azide has a featured absorbance peak
at around 285 nm, and it is linearly dependent on the azide con-
centration (Fig. S2c, d). There were 19.6 ± 2.5 nmol conjugated azide
per mg of HA-azide and the degree of substitution of azido was 1.66%.

The dialyzed HA-azide was then mixed with Col-DBCO, crosslinked
through SPAAC reaction, and produced the hyaluronate-collagen hy-
drogel (Fig. 1c). The absorbance at 310 nm dropped dramatically upon
mixing of HA-azide and Col-DBCO (Fig. S2e), which was likely due to
the crosslinking between DBCO and azide [13]. This result indicated
that the SPAAC reaction was initiated as soon as the gel components
were mixed. Further analysis of the absorbance changes showed that
17%, 48%, 50%, and 54% of DBCO crosslinked within 0, 10, 30, and
60 min, respectively (Fig. S2f).

3.2. Physical and optical properties of hydrogels

We studied the mechanical properties of hydrogels with different
polymer concentrations by mixing 10, 30, or 50 mg/mL HA-azide with
1, 2, or 3 mg/mL Col-DBCO at 1:1 vol ratio. The highest initial Col-
DBCO concentration was set at 3 mg/mL, which led to a final collagen
concentration of 1.5 mg/mL, because according to our previous study, a
collagen concentration of 1.5 mg/mL resulted in improved re-epithe-
lialization on cornea than higher concentrations did [9]. When the Col-
DBCO was kept at 3 mg/mL, storage and loss moduli of hydrogels in-
creased as the HA-azide increased from 10 to 50 mg/mL (Fig. 2a). Si-
milarly, both moduli also increased when the Col-DBCO content in-
creased from 1 to 3 mg/mL while the HA-azide concentration was kept
constant at 50 mg/mL (Fig. 2b).

Noticeably, the hydrogel with 15 mg/mL HA-azide and 1.5 mg/mL
Col-DBCO (HA30-Col 3) showed higher storage and loss moduli than
hydrogel with 25 mg/mL HA-azide and 0.5 mg/mL Col-DBCO (HA50-
Col1), even though the first hydrogel had a lower polymer concentra-
tion (Fig. 2c). Because the azide-DBCO coupling reaction occurs with an
exact 1 to 1 stoichiometry, the maximum ideal amount of network
crosslinking will occur when the azide-to-DBCO ratio is 1:1, while
having a large excess of either azide or DBCO will result in less efficient
network crosslinking. Absorbance spectra showed that HA30-Col3 had

295 nmol azide and 385 nmol DBCO per mL of total hydrogel solution
(the azide-to-DBCO ratio was 0.77); and HA50-Col1 had 491 nmol azide
and 128 nmol DBCO per mL of total hydrogel solution (the azide-to-
DBCO ratio was 3.84) (Fig. S2 a, b). This indicated that HA30-Col3 had
more efficient crosslinking than HA50-Col1 resulting in a more net-
worked structure. Therefore, as expected, the hydrogels' moduli de-
pended not only on the polymer concentration but also on the density of
crosslinks within the network.

The stiffest hydrogel (HA50-Col3) contained final concentrations of
25 mg/mL HA-azide and 1.5 mg/mL Col-DBCO, which equaled to
2.65% (w/v) polymer and 97.35% water (Fig. 2c). Its azide-to-DBCO
ratio was approximately 1.3. The excess azide relative to DBCO likely
speeds up the SPAAC reaction [16]. This hydrogel is significantly stiffer
and more closely mimics corneal stroma compared to our previously
reported SPAAC-crosslinked collagen-only hydrogel [9]. In situ
rheology studies indicated that the hydrogel started to form before the
beginning of the rheology measurements, because the measured storage
modulus was already higher than the loss modulus [16]. The storage
modulus reached half maximum in approximately 3 min and plateaued
in approximately 40 min (Fig. 2d). This duration is suitable for an in-situ
gel application procedure.

We also directly measured the mechanical properties of the stiffest
hydrogel HA50-Col3 in conjunction with rabbit corneal buttons as a
defect-filling matrix. To exclude the negative effect of broken collagen
fibrils [17], we used intact cornea buttons (red circled) and wounded
cornea buttons (blue circled) as positive and negative controls, as
shown in Fig. 2e (inset). The storage and loss moduli of all samples
increased as frequency increased (Fig. 2e). Both the storage and loss
moduli of wounded cornea buttons were around 20% of the intact
cornea button. After filling with the stiffest hydrogel (HA50-Col3), the
moduli increased to around 55% of the intact cornea button (Fig. 2f).

The hyaluronate-collagen hydrogels also showed excellent optical
properties, making them suitable as corneal stromal substitutes. First,
higher transparency is desired to let more light pass through the treated
cornea and enter the patient's eye. According to literature, the human
cornea has a transmittance over 95% in the spectral range from 380 to
800 nm, which is due to the highly ordered assembly of collagen fibrils
[18]. The hydrogels we developed in this work had high transparency
that was comparable to the cornea: all the hyaluronate-collagen hy-
drogels with different polymer contents showed a transmittance over
94% from 380 nm to 410 nm and over 95% between 410 nm and
800 nm (Fig. 3a). As a control, the mixture of 25 mg/mL hyaluronate-

Fig. 1. Hyaluronate-collagen hydrogel crosslinked via strain-promoted azide-alkyne cycloaddition (SPAAC). (a–c) Reaction scheme of the hydrogel formation. (a)
Primary amine groups on collagen react with dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester to form collagen-DBCO (Col-DBCO). (b) Amidated hyaluronate
react with azido-PEG5-NHS and formed hyaluronate-azide (HA-azide). (c) The SPAAC reaction between DBCO and azide groups formed hyaluronate-collagen
networks without producing any byproducts.
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azide and 1.5 mg/mL collagen without DBCO had a much lower
transmittance, lower than 80% between 380 nm and 410 nm (Fig. 3a).
Hence, the high transparency of hyaluronate-collagen hydrogel was due
to the SPAAC crosslinking between hyaluronate and collagen, which
presumably disrupts the aggregation of distinct hyaluronate and col-
lagen gel microdomains that can scatter visible light. These data are

consistent with other crosslinked hydrogel networks that form through
the covalent bonding of two dissimilar polymers [19].

Another crucial optical property of a corneal substitute is its focal
power, which is defined as the reciprocal of focal length and indicates
the degree to which the cornea substitutes converge light. The average
total corneal power of normal human eyes is around 43 m−1 [20]. The

Fig. 2. Mechanical properties of hyaluronate-collagen hydrogels. (a & b) Storage and loss moduli of hydrogels increased as the frequency increased. The samples had
different hyaluronate (HA) and collagen (Col) content, numbers are the polymer concentration (mg/mL) prior to mixing at a 1:1 vol ratio. G′ is storage modulus and
G″ is loss modulus. (c) Hydrogel with a final concentration of 25 mg/mL hyaluronate and 1.5 mg/mL collagen (HA50-Col3) showed the highest storage and loss
moduli at a frequency 10 Hz. (d) Moduli of hydrogel HA50-Col3 as a function of time at the beginning of gelation. (e) Storage and loss moduli of intact and wounded
cornea buttons as well as wounded cornea buttons with the stiffest hydrogel from (c). (f) The hydrogel HA50-Col3 increased the storage and loss moduli of wounded
cornea buttons.

Fig. 3. Optical properties of hyaluronate-collagen hydrogels. (a) Transmittance of SPAAC crosslinked hyaluronate-collagen hydrogels were much higher than non-
crosslinked hydrogel (HA50 & Neut. Col 3). (b) Refractive index, surface focal power, and surface focal length of the hydrogels and human cornea for comparison.
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corneal surface power was determined by the corneal curvature radius
and refractive index [21]. The average refractive index of the human
cornea is reported to be 1.376. The refractive index of the hyaluronate-
collagen hydrogel ranges from 1.340 to 1.343 (Fig. 3b). The surface
focal power of the hydrogels was calculated using 8 mm as the radius of
curvature. Results showed that the focal power of hydrogels was
slightly lower than the human cornea, and the focal length difference
between the hydrogels and human cornea was around 2 mm. (Fig. 3b).

The focal power or focal length can be matched to naïve cornea by
changing the radius curvature. Ex vivo optical coherence tomography
(OCT) showed that the curvature of the central cornea could be ad-
justed by changing the volume of the applied hydrogel (Fig. S3). The
decreased radius curvature could compensate the slightly lower re-
fractive index of the hydrogel to achieve the same focal length. More-
over, given that the gel can be used in conjunction with a contact lens,
this underpowering can be overcome with either a higher power con-
tact lens (e.g. 1.0–5.0 diopters) or by a modified base curve of the
contact lens to form a steeper or flatter curvature to the gel as it is
formed. Furthermore, additives can be included in the gel to increase its
refractive index; if that additive is stromal cells (e.g. keratocytes), then
the refractive index of the gel may increase over time as certain bio-
molecules are produced by those cells, such as the corneal crystallin
aldehyde dehydrogenase 3A1 (ALDH3A1) [22].

3.3. Degradation of hydrogel HA50-Col3

The mechanical and optical properties of the hydrogels indicated
the stiffest hydrogel had 1.5 mg/mL collagen, which was also the col-
lagen concentration that most optimally promoted cornea re-epithe-
lialization in a different, previously reported hydrogel formulation [9].
Therefore, we focused on this HA50-Col3 hydrogel for all the other
tests. First, we studied the in vitro degradation profiles of the HA50-Col3
in the presence of collagenase, hyaluronidase, or both enzymes (Fig. 4).
Both collagenase and hyaluronidase exist naturally in the body. The
percentage of degraded gel was plotted against the degradation time.
The HA50-Col3 gel degraded most rapidly in the presence of col-
lagenase and hyaluronidase: approximately 30%, 90%, and 100% of the
gel degraded in 10 U/mL of collagenase, 10 U/mL of hyaluronidase,
and a combination of 10 U/mL of each enzyme after 24 h, respectively
(Fig. 4). The degradation rate was lower in the presence of hyalur-
onidase alone and collagenase alone, with hyaluronidase resulting in
faster degradation than collagenase. These results together indicate that
the hydrogel network is held together by a combination of collagen and
HA, rather than just one of the two macromers. The HA50-Col3 gel did
not degrade in PBS at 37 °C over 24 h, demonstrating gel stability in the

absence of enzymes.

3.4. Cytocompatibility, bio-integration, and re-epithelialization capacity of
hydrogel HA50-Col3

Next, we studied the cytocompatibility of the hydrogel with corneal
epithelial cells. Although hyaluronate and collagen are non-toxic to
humans, the conjugated functional groups might be less well tolerated
[23]. A resazurin based viability assay showed that collagen-DBCO at
1.5 mg/mL was tolerated by cells, while the hyaluronate-azide at
25 mg/mL decreased the cell viability to 80%. The HA-azide at lower
concentrations, however, did not show any significant toxicity (Fig. 5a).
The decreased cytocompatibility of 25 mg/mL HA-azide is likely due to
the extremely high dose of the dangling azide (490 μmol/L) [24]. The
biocompatibility of 25 mg/mL HA-azide should be increased dramati-
cally once the azide groups have crosslinked with DBCO.

To verify our hypothesis, we tested the cytocompatibility of HA50-
Col3 with Calcein AM/Ethidium homodimer-I live/dead assay on dif-
ferent days. Of note, HA50-Col3 gels have a theoretical azide-to-DBCO
ratio of 26.1, leading to many unreacted azide groups, even if all DBCO
groups were reacted. To prevent potential toxicity due to this excess
azide, unconjugated DBCO from the original Col-DBCO conjugation
reaction was simply mixed with HA-azide to yield a final theoretical
azide-to-DBCO ratio of 1.3 We hypothesized this addition of un-
conjugated DBCO would quench the dangling azide groups that might
cause toxicity [24]. Very few dead cells were seen after the corneal
epithelial cells were incubated on the hydrogel for 4 days, and the
living cells were spreading on the top of the gel (Fig. 5b). The survival
of corneal epithelial cells on the hydrogel was 93.3% ± 3.7%,
91.3% ± 8.1%, 96.4% ± 4.6%, and 96.3% ± 5.5% on days 0, 1, 2,
and 4, respectively (Fig. 5c). There was no significant decrease of sur-
vival over this period, indicating excellent cytocompatibility of HA50-
Col3.

The HA50-Col3 hydrogel was found to be able to support the re-
epithelialization of wounded corneas in an ex vivo organ culture study.
We performed an anterior lamellar keratectomy on enucleated rabbit
eyes and filled the defects with the gels, forming them in situ on the
wound bed. We studied the integration of this hydrogel with corneal
stromal tissues. SEM images showed that the hydrogel filled the corneal
wound without any detectable fissures at the hydrogel-stromal interface
on a 5,000× magnified view (Fig. 5d and e), which bodes well for the
hydrogel's potential for biointegration with corneal stroma.

Then, we tested the ex vivo re-epithelialization capacity of the gels
placed within the defects in the corneal stroma. The epithelium on the
keratectomy area was completely removed, and a superficial layer of

Fig. 4. In vitro degradation of HA50-Col3 in presence of collagenase and hyaluronidase. The HA50-Col3 degraded the fastest and most when both enzymes were
present. No degradation of the gel was detected in PBS only within 24 h.
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stroma was removed. Then, the wound was filled with the hydrogel
HA50-Col3 immediately after mixing the HA-azide 50 mg/mL and Col-
DBCO 3 mg/mL at a 1:1 vol ratio. To better visualize the hydrogel, we
modified the HA-azide with a fluorophore (Alexa Fluor 647). Epithelial
cell coverage was imaged from a top view of wounded corneas, both
with and without hydrogel treatment (Fig. 5f). The hydrogel was almost
completely covered by cells after four days of incubation, while mul-
tiple gaps were seen on the wounded cornea without the hydrogel
(Fig. 5f). Cell migration from the adjacent epithelium over the surface
of the HA50-Col3 gel was observed, indicating excellent cell adhesion
over the collagen-HA gel. In previous reports, while collagen gels have
been shown to support epithelial adhesion, HA-only gels have not.
Thus, our collagen-HA gel combines the known cell adhesion properties
of collagen with the mechanical and proliferation-promoting benefits of
HA [9,12].

3.5. In vivo assessment of HA50-Col3 hydrogel in a rabbit anterior lamellar
keratoplasty model

To further understand the potential for the HA-Col hydrogel to
promote corneal wound healing, in vivo studies were performed using a
lamellar keratectomy corneal wound model (Fig. 6a). First, the cornea
was wounded with a customized 3.5-mm vacuum trephine on the
central cornea (Fig. 6b). The wound depth was controlled to be ap-
proximately 60% ± 9% (n = 11) of the corneal central thickness.
Then, the hydrogel HA50-Col3 was added into the wound immediately
after mixing the HA-azide and Col-DBCO. We added 5 μL of the mixture
to the wound, because ex vivo optical coherence tomography (OCT)
showed that the corneal curvature could be restored with approxi-
mately 5 μL of hydrogel (Fig. S3). No swelling or contraction of the
hydrogel on the rabbit cornea was seen following in situ gel formation

Fig. 5. Cytocompatibility, bio-integration, and re-epithelialization capacity of HA50-Col3 hydrogel to corneal epithelial cells. (a) Cell viability assay showed that
collagen-DBCO 1.5 mg/mL was cytocompatible. The HA-azide at low concentrations were cytocompatible, but HA-azide at 25 mg/mL decreased the cell viability to
80%. The decrease is significant when compared to the cell only group. (*p < 0.05, ***p < 0.005, 2-tail homoscedastic t-test). The error bars represent standard
deviation of four replicates. (b) In vitro live/dead assay showed that corneal epithelial cells could grow on top of the HA50-Col3 with a high survival. The hydrogel
was modified with Alexa Fluor 647 (blue). Green and red showed live and dead cells, respectively. (c) Quantification of cell survival on top of HA50-Col3 hydrogel on
different days based on the live/dead assay. Error bars represent standard deviations of at least five fields of views from different replicates. (d) SEM image of HA50-
Col3 filling the keratectomy defect on corneal stroma. The red line roughly indicates the interface between the hydrogel and the corneal stroma. (e) Higher magnified
SEM image showing the dotted area in (d). There is no detectable gap or separation between the hydrogel and the adjacent cornea, which indicates good physical
apposition between the gel and the corneal stroma. (f) Top view of wounded cornea treated with and without HA50-Col3 hydrogel in an ex vivo organ culture-based
keratectomy wound model. HA50-Col3 promoted the re-epithelialization. The hydrogel was modified with Alexa Fluor 647 and is shown in red. Green and blue
showed the F-actin and nuclei, respectively. The white arrows point to gaps in the epithelial layer on the wounded cornea without hydrogel treatment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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or during the wound healing over 7 days. The gel was remained clear on
the wounded cornea 7 days after gel application (Fig. 6b).

In vivo OCT showed that the wounded cornea applied with HA50-
Col3 had a smooth transition between the keratectomy area and ad-
jacent normal cornea, and the corneal curvature was completely re-
stored after one week (Fig. 6c). The average gel thickness was ap-
proximately 56 and 50 μm on days 4 and 7, respectively. On the
contrary, without gel application, the keratectomy area was thinner

than the adjacent cornea and showed a dip in the central cornea
(Fig. 6c). Noticeably, there were two layers (approximately 30 and
90 μm) on the central corneal stroma on day 7 for the cornea treated
with HA50-Col3. However, for the wounded cornea without hydrogel
application, a thin layer (approximately 50 μm) was seen on top of the
central cornea on day 4 and it was found to be thickened (to approxi-
mately 100 μm) by day 7 (Fig. 6c).

Immunofluorescence staining of the cornea section showed that the

Fig. 6. Application of hydrogel for sutureless repair of corneal wounds. (a) Scheme of the disease model and treatment. The corneal wound was created by anterior
lamellar keratectomy using a customized 3.5-mm vacuum trephine. (b) Follow up photos of the rabbit eyes after in vivo keratectomy and gel application. (c) Follow-
up examination of rabbit eyes with in vivo OCT. A contact lens (indicated by the green arrow) was used to protect the hydrogel (blue arrows) from scratching by the
animal. The hydrogel HA50-Col3 restored the central corneal curvature. Regenerated epithelium (indicated by the yellow arrows) was seen over the keratectomy
area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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two layers on the corneas treated with HA50-Col3 were regenerated
epithelium and the hydrogel respectively (Fig. 7a) and that the layer on
the cornea without hydrogel application was hyperplastic epithelium
alone (Fig. 7b). On day 7, the hydrogel (modified with fluorophore) was
observed under the epithelial cell layers. There were 5–8 layers of
epithelial cells, among which the lower layer showed cuboidal basal
cells, and the upper layer showed flattened superficial cells (Fig. 7a),
which is characteristic of normal epithelium (Fig. 7c) [25]. Without the
hydrogel, epithelial hyperplasia was observed, where the epithelium
was much thicker than normal and showed 15–20 layers of epithelial
cells (Fig. 7b). This is the expected physiological wound healing re-
sponse to a keratectomy wound or ulcer in vivo [26].

Meanwhile, the keratocytes in the keratectomy area were more
activated than they were in the normal cornea and wounded cornea
treated with the hydrogel. Immunofluorescence staining of alpha
smooth muscle actin (α-SMA, ACAT2) showed that the wounded cornea
without hydrogel treatment had much more α-SMA expressed at the
wound edge than the HA50-Col3 treated cornea (Fig. 7d&e). It is likely
that keratocytes close to the wound surface were activated and differ-
entiated into α-SMA-positive myofibroblasts in the wounded cornea
[27]. However, HA50-Col3 significantly decreased the expression of α-
SMA, which is ideal for avoiding myofibroblast formation and corneal
scarring [26]. Immunofluorescence staining of zonula occludens-1 (ZO-
1), a tight junction protein in epithelial monolayers, showed compar-
able expression of ZO-1 in the HA50-Col3 treated cornea and the
normal cornea control (Fig. 7f-g) [28]. These images suggest that HA50-
Col3 does not cause significant myofibroblast activation and can sup-
port tight junction formation within the regenerated epithelial cell
layer, which are promising attributes for a corneal stroma substitute
candidate material.

4. Conclusion

Here, we report on the development of a bio-orthogonally cross-
linked hyaluronate-collagen hydrogel and its in vitro and in vivo per-
formance as an in situ-forming substitute for corneal stroma. The hy-
drogel consisted of 97% water and was highly transparent. The material
exhibited significantly improved mechanical properties compared to
our previously reported SPAAC-crosslinked collagen-only hydrogel [9].
The hyaluronate-collagen hydrogel has a refractive index lower than
that of the native cornea, although there are several possible ap-
proaches to achieve a synthetic cornea stroma with similar focal power
to the native cornea. The hydrogel has potential to improve vision due
to the clear, smooth anterior curvature that it forms on corneal wound
beds as well as the ability to modulate that curvature during gelation.
Its gelation time, which is on the order of minutes, is suitable for
therapeutic uses including both point-of-care situations as well as in the
operating room. The material crosslinks under ambient, aqueous con-
ditions, requires no light irradiation or any other type of trigger or
initiator, and fills stromal defects without the need for sutures. This
hydrogel demonstrated excellent cytocompatibility and support for
epithelialization in vitro and in vivo. Future studies are merited to un-
derstand the material's capacity to provide functional vision in the
treatment of vision-threatening corneal defects.
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