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ARTICLE INFO ABSTRACT

Keywords: Corneal transplantation is a prevailing treatment to repair injured cornea and restore vision but faces the lim-
Injective implant itation of donor tissue shortage clinically. In addition, suturing-needed transplantation potentially causes post-
Suture free

operative complications. Herein, we design a PEG-Lysozyme injective hydrogel as a suture-free, shape self-
adaptive, bioactive implant for corneal stroma defect repair. This implant experiences a sol-gel phase transi-
tion via an in situ amidation reaction between 4-arm-PEG-NHS and lysozyme. The physicochemical properties of
PEG-Lysozyme can be tuned by the components ratio, which confers the implant mimetic corneal modulus and
provides tissue adhesion to endure increased intraocular pressure. In vitro tests prove that the implant is
beneficial to Human corneal epithelial cells growth and migration due to the bioactivity of lysozyme. Rabbit
lamellar keratoplasty experiment demonstrates that the hydrogel can be filled into defect to form a shape-
adaptive implant adhered to native stroma. The implant promotes epithelialization and stroma integrity,
recovering the topology of injured cornea to normal. A newly established animal forging behavior test prove a
rapid visual restoration of rabbits when use implant in a suture free manner. In general, this work provides a
promising preclinical practice by applicating a self-curing, shape self-adaptive and bioactive PEG-Lysozyme
implant for suture-free stroma repair.

Shape self-adaptive
Intraocular pressure endurance
Foraging behavioral test

1. Introduction anterior lamellar keratoplasty (ALK) to implant native corneal sub-

stitutes (e.g., human donor cornea, xenogeneic decellularized cornea)

Cornea is the outermost layer of the eye, and plays a crucial role in
visual system [1]. In terms of physiological function, cornea not only
protects the intraocular structure, but also refracts light to the retina to
produce vision. The corneal injury resulted from trauma and infections
is the second leading cause of blindness only to cataract [2]. The corneal
stroma may partially degrade in severe and progressive cases of corneal
stroma inflammation, compromising the structural integrity of cornea
and damaging its visual function. Penetrating keratoplasty (PK) or
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are efficient to treat corneal stroma defect and restore vision. However,
the shortage of human donors and the high expenditure on trans-
plantation surgery limit the application of this therapy, as a result, less
than 5% of patients in the world receive treatment each year [3].
Meanwhile, xenogeneic decellularized corneal donors face the risk of the
biosafety of sources and latent immunogenicity. It is urgent to develop
artificial corneal implants to alleviate donor tissue shortage clinically.
The ideal artificial corneal implants should have physicochemical
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properties similar to the native corneal tissue. For instance, high trans-
mittance and low haze in the visible light range [4], high water content
[5], similar modulus to native cornea [6], and three-dimensional ge-
ometries that match the shape of corneal defect precisely to restore the
corneal thickness and refractive ability [7]. And also, the corneal
implant should have appropriate biological functions to promote
reconstruction of corneal epithelium and integration with the native
corneal stroma [8]. In addition, adhesive implants are more promising
than corneal implants requiring suture, since they can avoid
suture-related complications including eye astigmatism [9], immune
rejection [10], excretory bleeding at the suture site [11] and additional
inflammation due to the prolonged operation time [12]. All these factors
directly affect the corneal repair and the vision recovery in the future.

An attractive strategy is to develop a self-curing hydrogel with
interfacial adhesion, shape self-adaption ability and bioactivity as arti-
ficial corneal implant. Hydrogel is a class of highly transmittable, highly
water-content soft materials composed of polymer chains that can mimic
physicochemical properties of native corneal stroma. Thus, hydrogel is a
potential implant candidate for corneal stroma repair. Recently, re-
searchers have synthesized a series of bioactive and injective hydrogel
with biomacromolecules such as gelatin [13-15], collagen [16-21],
hyaluronic acid [22], acellular matrix [23,24] for cornea repair.
Although these reported materials have shown the ability to promote
corneal epithelialization and stroma repair, reactions are often
photo-initiated to achieve the in-situ gelation. Particularly, widely used
ultraviolet light (UV)-initiated reactions are photochemically cytotoxic
or detrimental to DNA in cornea and retina [5]. Even if the usage of
visible light to cure implanted precursors is infeasible for patients with
keratitis in clinic.

In addition, some artificial corneal implants fail to provide interfacial
adhesion to native tissue, as thus cannot withstand the tension from
postoperative intraocular pressure. To impart artificial corneal implants
with tissue adhesion properties, photosensitive groups have been uti-
lized to produce aldehyde groups in situ to chemically bind to the tissue
surface. However, it still causes concerns about photo-toxicity towards
ocular tissue [25]. Some other works have employed dopamine moieties
to provide interfacial integrity function, while also introduced unwanted
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colors into the materials to interfere vision [26].

Multi-armed poly ethylene glycol (PEG) derivatives with N-hydroxy
succinimide (NHS) ester groups at each terminal have a high reactivity
with nucleophilic amine groups. They provide opportunities to yield
hydrogels rapidly with functional macromolecules, and also provide an
ideal linkage with tissue surface expose amine simultaneously. Previ-
ously, our group used lysozyme and 4-arm-PEG-NHS to form a self-
curing two-component hydrogel as an injectable glue to seal tissue
[27]. We unexpectedly found that this hydrogel material with an
appropriate PEG/Lysozyme ratio can well promote the adhesion and
proliferation of L929 fibroblast cells, which may be related to the pep-
tide segments (66-68) of lysozyme that is analogous to the integrin
binding RGD sequence [28]. And Lysozyme, as a component of tears,
serves as a bioactive component for corneal implants, which may pro-
vide better biocompatibility on the eye’s surface [29].

Inspired by the above findings, we propose a new strategy to repair
corneal stroma defect by exploring PEG-Lysozyme hydrogel as suture-
free, shape self-adaptive and bioactive implants. Scheme 1 (a) demon-
strates the formation mechanism of PEG-Lysozyme implant. Precursor
solutions of lysozyme and 4-arm-PEG-NHS are mixed and injected into
the defect to yield a self-curing implant via amide bond formation be-
tween these two components. Scheme 1 (b) highlights multiple functions
of the PEG-Lysozyme. First, the PEG-NHS component reacts with amino
groups on the native stroma to provide a firm interfacial connection to
cornea and avoid surgical suturing. Second, the 4-arm-PEG-NHS and
lysozyme mixture has a suitable fluidity before curing, therefore can fill
into the irregular defect and form a highly shape adaptive hydrogel
implant. Third, Lysozyme, as a major component in the implant, pro-
vides RGD-like peptides that might promote HCECs migration and
induce a rapid epithelialization over the PEG-Lysozyme implant.

A New Zealand white rabbit anterior lamellar keratoplasty is used to
evaluate the efficacy of PEG-Lysozyme implant on cornea stroma repair.
We create a novel intraocular pressure endurance index i.e. Corneal
endothelial bending angles (CEBA) to evaluate the tissue integration
ability of this suture-free implant more reliably. Moreover, we establish
a vision restoration assessment for the first time based on a foraging
behavioral test of the experimental animal after surgery, the index of

Scheme 1. The fabrication, functions and application
of PEG-Lysozyme implant as artificial cornea substi-
tute. (a) The PEG-Lysozyme implant is fabricated by
injecting 4-arm-PEG-NHS and lysozyme precursors
with an appropriate ratio and in situ curing via an
_ amidation reaction between them. (b) The PEG-
% | Lysozyme implant is endowed with multiple func-
tions, including stroma adhesive, shape self-adaptive,
epithelialization ~promotion. (¢) PEG-Lysozyme
implant can repair stroma defect and encourage
rapid vision restoration.
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which is critical to estimate the corneal function recovery under the
intervention of biomaterials. Our work demonstrates PEG-Lysozyme
injectable hydrogel functions as a suture free, shape self-adaptive and
bioactive artificial corneal implant, which can promote corneal epithe-
lialization and improve stromal construction, as thus represents a
promising artificial corneal implant that might provide advanced sur-
gical treatments for ocular clinical practice.

2. Material and methods
2.1. Materials

4-arm-poly (ethylene glycol) succinimidyl (4-arm-PEG-NHS, Mw =
10 kDa, Mw/Mn = 1.03) and 4-arm-PEG-NH,-10k was purchased from
SINOPEG, China. Hen egg-white lysozyme (20000 U mg™') was pur-
chased from Beijing Solarbio Science & Technology Co. BCA assay kit
was purchased from Beyotime. Sodium hyaluronate 0.1% eye drop so-
lution (Hylo®) was purchased from URSAPHARM Arzneimittel GmbH
(Germany). All cell culture-related reagents were purchased from Gibco
(Gibco, USA). Cell counting kit-8 (CCK-8) was purchased from Dojindo
(Japan). All other materials were purchased from Sigma-Aldrich unless
otherwise specified.

2.2. Fabrication of PEG-Lysozyme implant

Phosphate buffer (PB) solution (0.1 M, pH = 7.5) and borax buffer
solution (1 mg mlfl, pH = 9.0) were prepared. Precursor A was prepared
by dissolving lysozyme in borax buffer (150 mg ml~!, 200 mg ml~! and
225 mg ml~1). Precursor B was prepared by dissolving 4-arm-PEG-NHS
in PB buffer (150 mg ml~!, 100 mg ml~! and 75 mg ml~!). PEG-
Lysozyme implants were prepared in different ratios by mixing pre-
cursors A and B (PEG: lysozyme = 150:150 mg ml~'; 100:200 mg ml~};
75:225 mg ml~!). These implants were named P150-L150, P100-L200
and P75-L225.

2.3. Transmittance and haze

Mixed implant precursors (1 ml) were injected into the mold. After
gelation, samples (2 cm in diameter, 3.2 mm in height) were removed
from the mold, and three types of implants with different ratios were
obtained. The transmittance (%) was measured by UV-visible spectro-
photometer (Lambda 950, USA) at the wavelength of 350-800 nm and
haze (%) was calculated by the transmittance. (The incident luminous
flux is T;. The total transmitted luminous flux through the sample is T».
The instrument scattered luminous flux is T3. The scattered luminous
flux of instrument and sample is T4.) The transmittance and haze is
calculated as follows :

Transmittance (%) = T>/T; x 100%

Haze (%) = [(T4T>) - (T3/Tp)] x 100%. (n = 6) Equation 1

2.4. Swelling ratio

Cylinder-shaped (10 mm diameter and 2 mm height) PEG-Lysozyme
implants and native cornea with various solid contents were fabricated.
The wet weight (Wp) of the implants was measured. Then samples were
put into artificial tears (The main component is sodium hyaluronate)
and incubated in a thermostatic shaker at 37 °C to achieve swelling
balance. After 3 days, the weight (W;) samples were measured after the
water on the surface was removed. The swelling rate of implant is
calculated as follows:

Swelling ratio (%) = W;/Wy x 100%[30]. (n = 3) Equation 2
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2.5. Water content

After removing moisture on the surface of implants using filter paper,
the samples were weighted (Wp). Then, the samples were freeze-dried
and subsequently weighed (W;). The water content in implants was
calculated according to the formula:

Water content (%) = (Wp-W))/Wy x 100%[31]. (n = 3) Equation 3

2.6. Measurement of gelation time

The gelation time was determined by the vial tilting method. We
prepared implants with different ratios in sample vials at 37 °C, and the
gelation time was recorded until there was no flow upon inverting the
vial.

2.7. Rheological mechanics analysis

P150-L150, P100-L200 and P75-L225 implants were prepared into
thin sheets (2 cm diameter and 1 mm thickness). The viscoelastic be-
haviors of implants were measured by a Thermo Haake MARS rheometer
at 37 °C. During the measurement process, the amplitude sweep test was
first performed to define the linear viscoelastic region (LVR) in which
the storage modulus is independent of the strain amplitude. The
amplitude in LVR was selected for oscillation frequency sweep tests
within 0.1-10 Hz. The measured storage modulus (G") represents the
elastic properties of PEG-Lysozyme implants at this shear frequency, and
the loss modulus (G") represents viscous properties.

Besides, implant precursors were mixed and then injected into the
testing plate immediately for oscillatory time-sweep measurements
(strain 1%, frequency 1 Hz) conducted afterwards, which show the ki-
netics of reaction between PEG and lysozyme.

2.8. In vitro enzymatic degradation test

According to the above method, cylindrical P150-L150, P100-L200
and P75-L225 hydrogels with a radius of 10 mm and a height of 3 mm
were prepared. In addition, lysozyme was replaced with 4-arm-
PEG-NH>-10k to prepare pure PEG hydrogels of the same size (4-arm-
PEG-NH,-10k:4-arm-PEG-NHS = 100 mg ml~1:200 mg ml™!) as the
control group. After completely freeze-drying the sample, measure the
mass (Wp). Place the sample in 2 ml of 0.5 mg ml~! protease-K PBS
solution and incubate at 37 °C for 3, 6, 12, 24, 48, and 72 h before freeze-
drying to measure its weight (W7).

Residual mass = W;/W, x 100% Equation 4

2.9. Invitro adhesive strength test

Fresh porcine corneas were used to evaluate the tissue adhesion
ability of PEG-Lysozyme implants. First, the corneal anterior lamellar of
the porcine cornea was removed. Subsequently, two pieces of porcine
corneas were fixed on the glass plate (2.5 cm x 7.5 cm) with cyanoac-
rylate implant (gold elephant 508) to overcome the curvature of the
porcine corneas. Mixed implant precursors were injected into the gap
between two pieces of the porcine cornea, which were then adhered
together, known as a “sandwich” model. After 60 min, glass sheets were
clamped and stretched by a mechanical stretching machine (SANS
CMT2503) with a stretching rate 5 mm min~!. The maximum value
measured during the stretching process is the adhesive strength of the
implant in the cornea. (n = 3)
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2.10. In vitro assessment of hydrogel endurance in high intraocular
pressure

Anterior lamellar keratoplasty was carried out on fresh porcine
eyeballs with a 3 mm surgical trephine to create an injury (3 mm
diameter and about 200 pm depth). The porcine eyes were divided into
three groups, including the healthy cornea group, PEG-Lysozyme groups
and No Implants group. The ocular perfusion was conducted by using an
infusion system with a flow regulator and an infusion bottle filled with
balanced salt solution (BSS, Alcon Laboratories, Inc.). A 30-gauge needle
attached to the infusion system was entered into the peripheral anterior
chamber at the corneoscleral limbus. The intraocular pressures were
artificially elevated by controlling height of the infusion bottle. Intra-
ocular pressure of 0 mmHg, 25 mmHg and 50 mmHg were applied
respectively. Fourier-domain AS-OCT imaging system (RTVue, Optovue,
Inc.) and Image J software were used to photograph and measure the
bulge angle (The bulge angles of the endothelial layer under 0 mmHg
and 50 mmHg intraocular pressure were ap and a;, respectively) of the
endothelial layer at the defect. Quantitative analysis was obtained ac-
cording to the following formula:

CEBA decrease (degree) = 0tp-0t; Equation 5

2.11. Released lysozyme

P150-L150, P100-L200 and P75-L225 implants were prepared ac-
cording to the methods described above. The initial weight (Wy) of
lysozyme is the weight of lysozyme in precursor solution. Then the
samples were put into PBS solution and incubated in a thermostatic
shaker at 37 °C for 1 day to achieve lysozyme releasing balance. The OD
values of BCA standards at different concentrations were measured. And
EXCEL was used to get the standard curve and standard equation (Y =
—0.6182X%+1.1632X2+1.0839X+0.0034). The OD value of release
lysozyme as X was substituted into the equation to calculate the con-
centration of lysozyme released. The concentration of lysozyme in PBS
solution was measured by BCA assay kit, based on which the final weight
(W1) of lysozyme in PBS solution was calculated. Quantitative analysis
was obtained according to the following formula:

Release lysozyme = W;/Wy x 100% Equation 6

2.12. Cell culture

Human corneal epithelial cells (HCEC) and keratocytes were pur-
chased from the American Type Culture Collection (ATCC,VA,USA).
HCECs and keratocytes were used to evaluate the effects of three groups
of PEG-Lysozyme implants on cell activity, and the cell attachment of
PEG-protein implant. And the influence of PEG-Lysozyme implants on
HCECs migration rate was studied. Experimentally, HCECs and kerato-
cytes were evenly dispersed in DMEM medium containing 10% fetal
bovine serum, penicillin (100 U ml~ Y and streptomycin (100 pg ml™ .
Then HCECs and keratocytes were put into the 37 °C cell incubator (5%
COy) for cultivation.

2.13. Cell attachment on implants

To study the cell attachment characteristics of PEG-Lysozyme
hydrogel, PEG-BSA was regarded as negative control group according
to analogous methods. PEG-Lysozyme and PEG-BSA (PEG: protein =
100 mg m1~!: 200 mg ml1~1) implants were fabricated in 24-well plates.
After complete gelation, the HCECs and keratocytes were seeded on
samples (5 x 10*/well). After 12 h, the morphology of HCECs and
keratocytes was observed by an inverted fluorescence microscope (DMi8
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manual, Leica, Germany).

Next, we performed a cell attachment inhibition experiment. Spe-
cifically, HCECs and keratocytes were seeded on the substrate of PEG-
Lysozyme implant in the condition of normal DMEM medium, serum
free DMED medium, or medium containing antibodies against integrin
B1 (Abcam, ab95623), integrin p3 (Abcam, ab210515) (1: 200 dilution
in DMEM). The HCECs and keratocytes were seeded on samples (5 x
10*/well) and cultured for 12 h. After cells were fixed in 4% para-
formaldehyde solution for 15 min and rinsed twice with PBS solution.
Then, samples were treated with Triton X-100 (0.1%, v/v) solution for
10 min to increase cell permeability. Besides, samples were blocked with
BSA (5% (w/v) in PBS) solution for 60 min to shield non-specific protein
adhesion sites on cell surface. And samples were then rinsed and incu-
bated with the primary antibody for the focal adhesion protein vinculin
(1: 200 dilution in 5% BSA), followed by incubating with Alexa Fluor
568 goat anti mouse IgG (1:500 dilution, in 5% BSA Molecular Probes)
before a final rinse in PBS [28]. In addition, samples were attained with
5 ug ml~! of FITC-phalloidin (45 min) and 5 pg ml~* of DAPI (45 min)
for cytoskeleton and nuclei staining, respectively. Cells were observed
by confocal laser scanning microscopy (CLSM, Nikon, Japan). Cell
average spreading area was evaluated by randomly photographing cells
on ten places of different samples and calculated using Image J software.
n=23)

2.14. Cell proliferation and 2D cell scratch test

1 ml PEG-Lysozyme implants precursor with three different ratios
were injected into 24-well plate. After complete gelation, HCECs and
keratocytes were seeded on samples and cell culture plate (5 x 10%/
well), maintained at 37 °C and 5% CO». After 1,3,5 days incubation, the
cell morphologies were observed by an inverted microscope. The cell
viability was evaluated by CCK-8 assays (DOJINDO) at 1,3 and 5 days
post culture. The medium containing fetal bovine serum (FBS) was
removed at each predetermined time, and a fresh medium containing
10% CCK-8 was added for 2 h of incubation. The incubation solution was
then transferred to a 96-well plate, and the absorbance was measured
using a microplate reader at 450 nm. The OD value of PEG-Lysozyme
was OD; and the OD value of TCP and DMEM was OD, and ODyThe
formula is as follows:

cell viability (%) = (OD;-ODg)/(OD5-0Dy) x 100% Equation 7

After 48 h incubation, HCECs layers on the surface of the implants
were scratched using 200 pl pipette tips. At 0, 2 and 3 days after the
scratch, the healing of the scratch was observed with an inverted fluo-
rescence microscope. The Image J plus was used to quantitatively
analyze the scratch area of day 0, 2, and 3, where the area of HCECs
migrating to the scratch area was A; and the area of the initial scratch
area was Ay, and the cell migration area (%) on 2 and 3 days was
calculated. (n = 3)

The formula is as follows:

cell migration area (%) = (A;/Ap) x 100% Equation 8

2.15. Rabbit corneal surgeries

Adult New Zealand white rabbits were used in this study. The New
Zealand white rabbits in the experiment were provided by the EYE and
ENT Hospital of Fudan University. All procedures have been approved
by the Animal Research Committee. The animal ethics approval number
is IACUC-DWZX-2021-022. General anesthesia was performed by oxy-
buprocaine hydrochloride eye drops. Under sterile conditions, a surgical
trephine ( Suzhou Xiehe Medical Device Company ) with a diameter of
3 mm was used to produce a defect with 200 pm by rotating the knob
once. And lamellar keratectomy was performed at the same depth with a
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45° corneal scalpel (Sharpoint, American). According to the defect
diameter and depth, the volume of the defect can be calculated. The
mixed solution of PEG and lysozyme was injected semi-quantitatively
into the defect as experimental groups. And stroma defect treated with
PEG-Lysozyme and two interrupted sutures were regarded as a negative
control. The group without gel injection was used as the blank group.
Both eyes of each rabbit have surgery in the same group. The number of
rabbits for each group is 6, a total of 18 rabbits is used in animal ex-
periments. The visual field of rabbit is close to 360°, due to their lateral
positioning in the skull [32]. Therefore, the two eyes of one rabbit need
to be treated in the same way.

At time points of 0, 3, 5, 14 and 90 days after operation, the ocular
examination was performed by slit-lamp biomicroscopy under general
anesthesia. The transmittance of cornea and implanted samples was
observed. The corneal epithelial defects were visualized with 0.1%
fluorescein sodium staining under cobalt blue light. For evaluation of
the epithelial and stroma, AS-OCT scan images were obtained by AS-
OCT system at 0, 3, 5, 14 and 90 days after the operation.

Rabbits were euthanized 90 days postoperatively. The eyeball was

(b)
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fixed with 4% (v/v) paraformaldehyde (PFA) overnight, and then the
tissue was dehydrated, embedded and sliced. Then H&E staining was
performed with hematoxylin and eosin Kit (Sigma Aldrich), and then
samples were under observation. The a-SMA/DAPI, ZO-1/DAPI and
Masson were stained according to operation steps, and observed by
fluorescence microscope.

The foraging behaviors of rabbits in the P100-L200 group, P100-
L200-+Suture group, No Implants group and healthy rabbits were esti-
mated 14 days after operation, to evaluate the degree of postoperative
visual restoration. Before the experiment, animals were fed with special
dried Timothy Hay for 3 days to build cognition, and then treated with
hunger and thirst for 24 h. At the beginning of the experiment, in order
to avoid rabbits using smell rather than vision to find food, the photos of
Timothy Hay were used as false food, and the non food pictures were
used as the interference group to test the time and road length of rabbits
from the starting point to find the food pictures. (n = 6 )
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Fig. 1. In vitro characterization of PEG-Lysozyme implants. (a) Visual evidence indicates that the PEG-Lysozyme implant can be molded to defect shape in situ. (b)
Gelation time, (c) dynamic time sweep curves, (d) macroscopic transparency, (e) transmittance, (f) haze, (g) water content, (h) swelling ratio, (i) dynamic frequency
sweep curves of PEG-Lysozyme implants with different ratios. The results indicate PEG-Lysozyme has an appropriate gelation time about 1~3 min to form a shape
self-adaptive implant with excellent optical properties, high water content, low swelling ratio, and adjustable modulus to meet the requirement of ocular implant. (P

> 0.05 was considered to be statistically non-significant (N.S.); n = 3).
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2.16. Statistical analysis

All data were expressed with mean standard deviation (SD) and
analyzed using one-way ANOVA with post hoc tests. Significance was set
at p < 0.05 (***p < 0.001, **p < 0.01, *p < 0.05), while p > 0.05 was
considered to be statistically nonsignificant (N.S.).

3. Results and discussion

3.1. The gelation of PEG-Lysozyme implant and physicochemical
characteristics

PEG-Lysozyme implant is fabricated by the amidation reaction of 4-
arm-PEG-NHS and Lysozyme. Fig. 1 systematically evaluates the phys-
icochemical performance of implants with different ratios of 4-arm-PEG-
NHS to lysozyme. Specifically, the implant is named Px-Ly, where x
refers to the mass concentration (w/v) of 4-arm-PEG-NHS in precursor A
and y refers to the mass concentration of lysozyme in precursor B.

The prepolymer solution mixed with precursor A and B remained
flowing for a while, allowing it to be injected easily and filled into defect
rapidly to match the geometries. Subsequently, the implant experienced
self-gelation to form a corneal implant. Fig. 1 (a) provides a visual evi-
dence to indicate that the PEG-Lysozyme implant adapts to the shapes of
defect on rabbit cornea and switches into a transparent gel. Gelation
time of implants directly affects its shape adaptability and surgical
operability. The gelation time is recorded when there is no flow upon
inverting a vital containing the mixture of precursor solutions as shown
in Fig. 1 (b). The gelation time of P150-L150, P100-L200, P75-L225 was
measured as 85 + 2.1 s, 118 + 3.5s, 198 + 6.7 s respectively. Rheo-
logical oscillatory time-sweep measurements demonstrate that the in-
crease of elastic modulus (G, full line) of PEG-Lysozyme is time-
dependent as shown in Fig. 1 (c). Within the 1-3 min after reaction
begins, curves representing G in different groups intersected with the
ones that representing the loss modulus (G, dot line). The intersections
suggest that the PEG and lysozyme mixture gelled at the corresponding
time point, and this time point can also reflect the gelation time, which is
consistent with the result of Fig. 1 (b). The shape self-adaptive region
marked with light blue indicates that when G’ < G’, the PEG-Lysozyme is
in a flowing state favoring shape adaption to the defect site. Notably,
PEG-Lysozyme has a suitable time window for implantation and curing.

PEG-Lysozyme implants with different ratios show high transparent
appearances, as shown in Fig. 1 (d) and Fig. S1 (a). Quantitative trans-
mittance and haze tests further prove the PEG-Lysozyme implants have
high transmittance (close to 90%) and low haze (less than 25%) in the
wavelength range of visible light, as shown in Fig. 1 (e-f). While the light
transmittance of native corneal is 78% at 600 nm [30].

The water content of PEG-Lysozyme implants is more than that of
native cornea (about 80% [33]), as shown in Fig. 1 (g). In addition, these
implants show similar and less obvious swelling at about 120% when
immersed in artificial tears, as shown in Fig. 1 (h) and Fig. S1 (b). The
swelling ratio of native cornea is close to 200%. And the native cornea
turns white after swelling. The cornea swelling can be related to the
Donnan osmotic pressure stemming from proteoglycans of stroma [34].
And corneal stroma swelling increase interlamellar spacing resulting in
light scattering and stroma whitening [35]. Finally, the rheological
mechanical characteristics of PEG-Lysozyme implants with different
ratios were explored, as shown in Fig. 1 (i). With the decrease of PEG and
lysozyme ratio, the G’ of corresponding sample decreases. It is mainly
because the shortage of 4-arm-PEG-NHS might reduce the crosslinking
density of the resultant polymer network. Among them, the P100-L200
implant has a similar G’ to native cornea (7150 + 30 Pa) [36].

As shown in Fig. S2, PEG-Lysozyme implants can be degraded rapidly
in 3 days, because protease-K can preferentially break the carboxyl
terminal peptide bonds of sulfur-containing amino acids (cysteine, as
one of the amino acids composed of lysozyme, is a sulfur-containing
amino acid) to hydrolyze lysozyme into peptide segments [37].
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However, PEG-PEG hydrogel is stable in protease-K solution due to the
lack of active site for protease degradation, and it hardly degrades in 3
days. The results proved that the addition of lysozyme can not only
endow the hydrogel with bio-activity, but also improve the biodegrad-
ability of PEG hydrogel in vivo.

Generally, these results in Fig. 1 indicate that the PEG-Lysozyme can
be implanted by injection. Additionally, it provides appropriate gelation
time to form a shape self-adaptive implant with excellent optical prop-
erties, high water content, low swelling ratio, and adjustable modulus to
meet the requirement of ocular implant.

3.2. Corneal adhesion and intraocular pressure endurance of PEG-
Lysozyme implants

The adhesion performance of PEG-Lysozyme implants on native
stroma is evaluated by the lap-shear adhesion test. Experimentally, the
epithelial layer of the fresh porcine cornea was firstly cut off. Then, two
pieces of porcine corneas with the exposed stroma were adhered
together by administration of the PEG-Lysozyme implant, and the ad-
hesive strength of stromal layers was tested after the implant was in
complete gelation, as shown in Fig. 2 (a). Fig. 2 (b) quantitatively shows
the adhesive strength of PEG-Lysozyme implants with different ratios.
The adhesive strength of P100-L200 (28.5 + 1.4 kPa) is equivalent to
that of P150-L150 (31.7 + 2.1 kPa), which is significantly higher than
that of P75-L225 (16 + 3.6 kPa) and the fibrin glue (BeiXiu™, 14 + 1.2
kPa). The adhesive strength of PEG-Lysozyme implant is weakened
when the ratio of 4-am-PEG-NHS decreases in implant. It is presumably
because the adhesion of PEG-Lysozyme implant on corneal stroma
mainly depends on the formation of amide bond at the contacted
interface, and the reduction of 4-arm-PEG-NHS ratio reduces the density
of formed amide bonds.

In addition, one-third of patients suffer from elevated IOP (generally
higher than 35 mmHg) after corneal transplantation due to increased
anterior chamber fluid aqueous especially in glaucoma patients [38],
and excessive IOP potentially leads to severe deformation of corneal
implants and wounds cracking. PEG-Lysozyme with tunable storage
modulus allows to mimic the stiffness of native corneal tissue. Therefore,
PEG-Lysozyme implant may be able to withstand high IOP after im-
plantation in the defect site. We employed an in vitro simulated intra-
ocular pressure elevation model in Fig. 2 (c) to evaluate the IOP
endurance of PEG-Lysozyme implants. Specifically, the anterior cham-
ber of porcine eyeballs was infused with balanced salt solution to
simulate different IOP conditions (Note: the simulated IOP can be con-
verted according to the height of the bottle, 0.733 mmHg cm ! [39D).
PEG-Lysozyme implants with various ratios were applied to the corneal
defect (diameter: 3 mm, depth: 300 pm) of fresh porcine eyeballs. After
complete gelation, intraocular pressure was increased from 0 to 50
mmHg. The high intraocular pressure of patients usually as high as
21-50 mmHg (Human eye pressure ranges from 11 to 21 mmHg)
[40-42]. Thus, IOP endurance of the hydrogel was investigated from
0 to 50 mmHg meeting clinical most needs.

The IOP endurance of implants in each group was semi-
quantitatively evaluated according to the corneal endothelial bending
angles (CEBA) that was calculated by AS-OCT images. The healthy
cornea and defected cornea without implantation were set as positive
and negative control groups, respectively. Fig. 2 (d) shows the CEBA in
different groups under varying IOP. And Fig. 2 (e) summarized the
quantitative CEBA decrease at the IOP 50 mmHg. The results indicate
that with the increase of intraocular pressure, CEBA of healthy cornea
remains at about 165° without significant decrease. And the CEBAs
decrease in all PEG-Lysozyme groups show different level. The P150-
L150 group (about 10 + 2.3°) and P100-L200 group (about 8 + 6.9°)
have slightly lower CEBA decrease compared with that in P75-L225
implant treated group (about 14 + 7.3°), and significantly lower CEBA
decrease was found in the defected cornea with no implant protection
(about 24 + 3.5°). It indicates the application of PEG-Lysozyme
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Fig. 2. In vitro adhesive performance of PEG-Lysozyme implants with different ratios using porcine cornea and eyeballs. (a) Schematic of the modified test for lap
shear strength measurements and (b) average adhesive strengths of PEG-Lysozyme implants. (c¢) Schematic of ex vivo IOP endurance test, including an injection
needle connected with the hanging bottle, an altimeter, and AS-OCT imaging system (AS-OCT). (d) AS-OCT imaging carried out in cadaveric porcine eyeballs under
varying IOP. (f) Corneal endothelial bending angle (CEBA) decrease under 50 mmHg IOP. The results demonstrate PEG-Lysozyme implant provides tissue adhesion
that allows suture-free implantation and endurance to high postoperative intraocular pressure. (*p < 0.05 and **p < 0.01; n = 3).

implants enables cornea stroma to withstand higher intraocular pres-
sure, as thus avoid the deformation of postoperative cornea.

In short, the above results demonstrate that PEG-Lysozyme implant
provides tissue adhesion that allows suture-free implantation into the
defected corneal stroma [43]. In addition, the implant can endure high
intraocular pressure and maintain the normal cornea, which potentially
provide a stable mechanical environment favoring corneal stroma
repair.

3.3. In vitro biological evaluation of PEG-Lysozyme implants

Corneal injury is usually accompanied by the apoptosis of corneal
epithelial cells. Once corneal epithelium is damaged, the surrounding
epithelial cells is recruited to the damaged area and reconstruct an
epithelial layer [44,45]. Thus, the ideal corneal implants should be able
to facilitate the migration of corneal epithelial cells rather than hinder
[46]. Besides, keratocytes are important component of the corneal
stroma layer. When the cornea stroma is damaged or inflamed, kerato-
cytes are activated into fibroblasts and ultimately transformed into
myofibroblasts, which can secrete collagen fibers and remodel the

extracellular matrix [47-49]. So corneal implants should have cyto-
compatibility with keratocytes.

Specifically, HCECs and keratocytes were used to evaluate the cell
adhesion, proliferation, and migration on PEG-Lysozyme implants.
Fig. 3 (a) illustrates that lysozyme can promote cell attachment because
its 66-68 peptide segments contain tripeptide DGR that is similar to RGD
[50]. Fig. 3 (b) shows the cell morphology of HCECs and keratocytes
cultured on different groups of hydrogel materials for 24 h.
PEG-Lysozyme group was represented by P100-L200. PEG-BSA hydrogel
is prepared by cross linking PEG-NHS individually with bovine serum
albumin (BSA), and the material serve as control groups (Note: the
PEG/BSA ratio is 100 and 200 mg ml~?, the same as P100-L200). The
results show that HCECs and keratocytes adhered to the surface of
PEG-Lysozyme with a spreading morphology. However, HCECs and
keratocytes accumulated on the concave area of PEG-BSA, and exhibited
spherical shapes. These results indicate the special molecular structure
of lysozyme is presumably responsible for good cell affinity in
PEG-Lysozyme implant. To verify that lysozyme mediates cell adhesion
via integrin, we performed cell attachment inhibition experiment. The
integrin antibodies in cell DMEM medium can inhibits the attachment of
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Fig. 3. Cell attachment study of PEG-Lysozyme implants. (a) The schematic illustrates that lysozyme has the ability to promote cell attachment because its peptide
(66-68) contains tripeptide DGR. (b) Comparison of the spreading morphology of HCECs and keratocytes seeded on PEG-Lysozyme and PEG-BSA at 12 h post-seeding
(scale bars, 200 pm). (c) Immunofluorescence staining of cells seeded on the surfaces of cell culture plate, PEG-Lysozyme, PEG-Lysozyme (serum free) and PEG-

Lysozyme (+Integrin antibody) (scale bars, 40 pm). (n = 3).

cells. And immunofluorescence staining was performed to visualize
actin cytoskeleton and integrin-mediated focal adhesion respectively. As
shown in Fig. 3 (c), actin networks with significant outstretched filo-
podia extensions, lamellipodia protrusions (green) and pronounced
focal adhesions (red) are observed in PEG-Lysozyme group.
PEG-Lysozyme (serum free) group shows that serum has no effect on
promoting cell attachment. However, under the action of integrin anti-
bodies, the binding sites of integrin are blocked and the connection
between cells and material surface is suppressed, thus the cell appears
ellipsoidal with poorly defined stress fibers and focal adhesions. By
calculating the average surface area of each cell, cells seeded on the
PEG-Lysozyme in the normal medium adopted the highest average
surface area similar to cell seeded on the culture plate in Fig. S3. The
addition of integrin antibodies obviously reduces the average spread of
cells on the PEG-Lysozyme surface. These results suggest that
PEG-Lysozyme implant can provide cell adhesion sites to improve
corneal repair.

The proliferation of HCECs and keratocytes was assessed by cell
observation and CCK-8 assay respectively at the predetermined time
points. HCECs and keratocytes cultured on PEG-Lysozyme with different
ratios were compared. Fig. 4 (a) reveals the HCECs and keratocytes

proliferated continuously on all the PEG-Lysozyme implants. The results
of CCK-8 test in Fig. 4 (b) reveal that with the incubation time
increasing, the cell viability on the PEG-Lysozyme hydrogel with three
different component ratios are all close or over 100%, indicating the
good biocompatibility of the materials and the P100-L200 and P75-L225
groups have comparable cell viability that is slightly higher than cell
viability of P150-L150.

The migration of HCECs on PEG-Lysozyme implants with different
ratios was investigated by an in vitro scratch test, as shown in Fig. 4 (c).
HCECs seeded on PEG-Lysozyme implants show different migration
rates, and the P100-L200 group shows the fastest migration rate and has
filled the scratch area (about 600 pm width) at 3 days. Fig. 4 (d)
quantifies the migration rate of HCECs on different substrates, the per-
centage of the cell migration areas (cells migrated to the scratched area
accounted for the initial scratch area) at predetermined time points is
calculated by Image J software. The results show that cell migration rate
on the P100-L200 implant is significantly higher than on P150-L150 and
P75-L225 implants after scratching, indicating that P100-L200 group
facilitates HCECs movement.

Lysozyme is the critical component to endow implants with biolog-
ical activity. However, the P75-L225 group with highest lysozyme ratio
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Fig. 4. In vitro biocompatibility and cell migration characterization of PEG-Lysozyme implants. (a) HCECs and (b) keratocytes proliferation on PEG-Lysozyme
implants for different time (scale bars, 400 pm). (c¢) Quantification of HCECs and keratocytes cell viability on PEG-Lysozyme implants on day 1, day 3 and day 5
that was normalized by TCP data. (c) Scratch assay images of HCECs migration into the scratched area of PEG-Lysozyme implants at day 0, day 2 and day 3 (scale
bars, 800 pm). (d) Quantification of cell migration area. (*p < 0.05 and ***p < 0.001; n = 3).

did not support the fastest cell migration compared to the P100-L200.
This is presumably because the lower PEG in P75-L225 could not pro-
vide enough chemical cross-linking sites to bind all the lysozyme
compared with P100-L200. As shown in Fig. S4, the lysozyme release
(%) in the P225-L75 group is significantly higher than that in the P100-
L200 group. Thus, the unbound lysozyme in P75-L225 is gradually
released from the hydrogel, leading to the reduced bioactivity.

Overall, the results in Fig. 1 show the PEG-Lysozyme hydrogel with
different ratios has similar transmittance, haze, water content and
swelling ratio. Thus, the cell viability and cell migration speed are used
as the parameters for selecting corneal implants. The results in Figs. 3
and 4 reveal that PEG-Lysozyme implants favor cells attachment, pro-
liferation and migration. The P100-L200 group shows the best perfor-
mances, so it is selected for the subsequent in vivo test.

3.4. In vivo epithelialization and integrity of PEG-Lysozyme implant

To further evaluate the potential of PEG-Lysozyme implant for
repairing the defected cornea, in vivo studies were conducted by using a
lamellar keratectomy corneal wound model. As illustrated in Fig. 5(a
and b), an anterior lamellar corneal defect (3 mm diameter and about
200 pm depth) was created in New Zealand white rabbits, then P100-
L200 implant was injected into the defect without suturing. To further
elucidate the advantages of suture-free treatment supported by PEG-
Lysozyme implant, a wound treated with PEG-Lysozyme implanting
followed by two-point suturing was set as a control group, denoted as
P100-L200-+Suture. The wound without treatment was used as a nega-
tive control (in all group, n = 6).

Fig. 5 (c) shows the tissue response and epithelialization progress
after different treatments. The regular optical and fluorescein staining of
rabbits were performed by slit lamp at different time points within 90

days after operation. In the P100-L200 group, a clear boundary between
implant and host tissue is observed at 0 day. After 3 days, the boundary
became blurred and difficult to be clearly distinguished, which poten-
tially suggests the integration between implants and tissues at the
interface. In the long-term experiment, cornea treated with P100-L200
has kept clear, transparent and unvascularized. In contrast, in the
P100-L200+Suture group, white ocular secretions are easily stranded on
the suture point during the repairing process, which delayed the
epithelialization. Besides, symptoms such as redness and edema
appeared at the suture sites. And obvious neovascularization appeared
near the suture in the P100-L200+Suture group at Day 90 of follow-up.
In the No Implants group, no abnormal tissue response was observed and
the cornea remained highly transparent, but the defect boundary of
corneal stromal layer was still clearly observed at Day 14 post-
operatively. Fluorescence images were taken under slit lamps with co-
balt blue filters at different time points. The epithelial defects in green
give information about the maturation of epithelialization in different
groups. The results show that the size of corneal epithelial defect
gradually decreases in all groups along time. At Day 5 postoperative,
both the No Implants group and the P100-L200 group were completely
epithelialized. While the P100-L200+Suture group did not complete
epithelialized regeneration 14 days after operation. Interestingly,
epithelial cells preferentially migrated from the non-sutured area to the
defect center, referring the polarized fluorescent area in P100-
L200+Suture group at Day 14, which implies that sutures may hinder
epithelial migration and slow down the epithelialization. The quanti-
tative epithelialization ratio in Fig. 5 (d) (calculated by comparing the
area of green staining in corneal center with that at 0 day) further
confirms that the epithelialization speed in P100-L200 group is faster
than that in the P100-L200+Suture group. More details of the slit lamp
in Fig. S5 show the smooth joint interface between the implant and the
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Fig. 5. The defect corneal epithelialization after in vivo application of P100-L200, P100-L200+Suture, and No Implants groups. (a) Scheme and (b) representative
images for creating a corneal stromal defect with 200 pm in depth and 3 mm in diameter on rabbit eye. PEG-Lysozyme prepolymer solution was filled into corneal
defect and match the shape of corneal defect precisely. (c) Representative slit lamp photographs and cobalt blue with fluorescein staining after in vivo application of
P100-L200, P100-L200+Suture to rabbit cornea at different time points. (d) Epithelialization ratio analysis. The results imply that P100-L200 has the ability to
promote cornea epithelialization, but the use of suture may hinder epithelial migration and slow down this process.

native cornea tissue in the P100-L200 group, while No Implants group
still has obvious defect boundary at Day 14.

The cornea defects at different predetermined time points after sur-
gery are recorded by the anterior segment optical coherence tomogra-
phy (AS-OCT) in Fig. 6 (a). P100-L200 implant filled into the defect and
adapted to the curvature of native tissue very well. Besides, a thin white
tissue membrane was observed on the outer surface of the P100-L200
implant at Day 3 postoperatively ( blue arrow marked ), which in-
dicates the formation of the epithelium layer is consistent with the
observation of fluorescence staining. The implanted materials are rela-
tively intact in the initial stage (i.e., less than 14 days), and they grad-
ually degrade with the prolonging implanted time. After 90 days
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surgery, implanted materials almost cannot be observed (marked with
blue dotted box), and are replaced by the newly formed corneal stroma
tissue. In contrast, the epithelialization degree in the P100-L200+Suture
group was significantly lower than that of the P100-L200 group at the
same time point. In the No implants group, the damaged corneal stroma
was not restored to normal even at Day 90 (purple arrow marked).
The thickness recovery of defected cornea is evaluated by corneal
topography after 90 days. Fig. 6 (b) shows the corneal topography maps
of healthy cornea and the postoperative corneas with different treat-
ments after 14 days and 90 days. The quantitative corneal central
thickness after 90 days operation is summarized in Fig. 6 (c). A healthy
rabbit cornea has a thickness about 470 pm. The defected cornea
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Fig. 6. (a) Anterior segment optical coherence tomography (AS-OCT) images and (b) corneal topography of P100-L200, P100-L200-+Suture, No Implants groups. (c)
Quantitative corneal thickness of different groups at 90 days post-operation. The P100-L200 shows the ability to quickly recover the thickness of injured cornea and
promotes epithelialization after implantation. (**p < 0.01; n = 6).

intervened with implant materials basically recovered to the normal group and No Implants group express a lower level of ZO-1.

corneal thickness, which are 439 + 34 pm for P100-L200 and 510 + 43 a-SMA, known as a-smooth muscle actin, is stained to analyze the
pm for P100-L200+Suture group. And the control group without ma- presence of myofibroblasts and corneal scarring. Persistent myofibro-
terials is about 290 + 19 pm. The corneal topography of P100- blast activity can lead to scarring fibrosis of the cornea. The second-row
L200+Suture group is not so smooth as the suture free group, and there images in Fig. 7 (a) show that a-SMA is hardly expressed in P100-L200
are obvious protrusions in some areas, as indicated by the green color. and P100-L200+Suture groups, but slightly expressed in the No Im-
The topographic maps of the postoperative cornea defect at different plants group. The results suggest that P100-L200 might have low pos-
time points are shown in Fig. S6. In summary, the P100-L200 shows the sibility to activate scar related cells.

ability to quickly recover the thickness of injured cornea and promotes H&E staining of corneal tissue samples further shows the recovery of

epithelialization after implantation. And Fig. S7 shows that at day 14 corneal epithelia and stroma from Day 0 to Day 90. As shown in Fig. S9,
after operation, P100-L200 group has basically repaired its thickness P100-L200 (marked by blank arrow) is well integrated with cornea

and curvature to provide refractive power and promote rapid vision stroma at Day 0. Complete epithelialization in P100-L200 group was
restoration. The semi-quantitative injection and surface tension of observed at Day 14. After 90 days implantation, the defect is observed to
hydrogel precursor solution may be the reason for maintaining adaptive be almost completely occupied by new tissue. Masson staining in
thickness and curvature. Fig. S10 also proved that a large amount of regenerated cornea stroma

(circled by a red line) is observed at Day 90, and no material can be
found any more. These results demonstrate the gradual degradation
ability of P100-L200 and its improvement for corneal stroma regener-
ation and reepithelization.

The regenerated epithelial tissue is similar in shape and thickness to
healthy cornea. In addition, there are no inflammatory cells or new
blood vessels found in the P100-L200 implant, indicating a good ocular
histocompatibility. Incomplete epithelialization was observed in the
tight junction protein in the epithelial monolayer [51]. Fig. S8 show P100-L200+Suture group in Fig. S7 (b). The No Implants group failed to
short-term (14 days) tissue slice data. And Fig. 7 demonstrate long-term restore the normal corneal epithelial thickness, and the regenerated
(90 days) cornea repair. Fig. 7 (a) shows that the epithelialization of corneal epithelial layer is significantly thicker than that of healthy
P100-L200 group is multi-layered, which exhibits excellent tight junc- cornea (epithelial hyperplasia). Fig. 7 (d) and Fig. S7 (d) semi-

tion ZO-1 (red) formation similar to that seen in normal corneal quantitatively summarizes the thickness of regenerative epithelium in
epithelium. The quantified fluorescence staining area shown in Fig. 7 (c) each group.

indicates with the treatment of P100-L200 implant, the expression of In order to evaluate the recovery of visual acuity in rabbits, the
Z0-1 is comparable to health cornea. In contrast, the P100-L200-+Suture

3.5. In vivo histological evaluations and foraging behavior test

Histological analysis based on immunofluorescence staining (ZO-1/
DAPI and a-SMA/DAPI), Masson and hematoxylin eosin (H&E) staining
of the cornea tissue specimens further supported the result of intra-
operative observations (AS-OCT and slit-lamp biomicroscopy). ZO-1 is a

11
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Fig. 7. Histological analysis of a rabbit corneal stromal defect at Day 90 post-operation. (a) Fluorescence staining images of smooth muscle actin (a-SMA) and tight
junction protein (ZO-1) of cornea (scale bars, 40 pm and 100 pm). (b) H&E staining of healthy rabbit cornea and the injured rabbit cornea after different treatments
90 days after surgery (scale bars: 100 pm and 200 pm). (c) Quantitative fluorescence staining area of ZO-1 expression obtained from fluorescence staining images. (d)
Thickness of epithelial layer for healthy cornea, P100-L200 and P100-L200+Suture treated, and untreated cornea obtained from histological images. (*p < 0.05, **p

< 0.01 and ***p < 0.001; n = 6).

foraging behavioral test was performed. Fig. 8 (a) shows that before this
test, animals were fed with special Timothy Hay for 3 days in advance to
build cognition, and then treated with hunger and thirst for 24 h to
construct addiction. The rabbit forages through the cooperation of
vision and smell. And the blocking of olfactory sensation will not affect
visual function [52,53]. Thus, the Timothy Hay photo was used as false
food to eliminate the interference of food smell, and the non food photo
was used as interference in the experiment. Although herbivore, such as
rabbit and cattle, is farsighted and color blind, they can distinguish

12

green grass within 3 m [54,55]. They were posted side by side on the
wall of a confined space. All the animals started from a fixed starting
point individually, and their foraging process was recorded. Exchanging
the position of Timothy Hay photo and distraction photo to avoid rabbits
accidently finding.

Fig. 8 (b) shows representative foraging images and paths of each
group at the end of test, which indicate a fast food locating of the P100-
L200 group and healthy group, while the animals in sham group and
suture group are still in a confused search. Fig. 8 (c) and (d) reveal the
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Fig. 8. Foraging behavior test of New Zealand white rabbits at day 14 after operation. (a) Before this test, animals were fed with special Timothy Hay for 3 days to
build cognition and addiction, and then treated with hunger and thirst for 24 h. The Timothy Hay photo was used as false food to eliminate the interference of food
smell, and the distraction photo was used as interference. And the parallel tests were also performed by changing the position of Timothy Hay photo and distraction
photo to avoid rabbits accidently finding. The foraging behavior of the animals of different groups were recorded, (b) representative foraging image and paths (c)
average time (d) average path length of successful foraging among groups including Healthy cornea, P100-L200, P100-L200+Suture, No Implants. The results reveal
a more rapid foraging speed of P100-L200 group that can be comparable to the healthy group, implying a well postoperative visual acuity recovery was achieved by
this suture-free and epithelialization promoted PEG-Lysozyme implant. (*p < 0.05 and ***p < 0.001; n = 6).

average time spent and average path length travelled when all the ani-
mals successfully find food photo, which provide quantitative evidence
to indicate a more rapid foraging speed of P100-L200 group that can be
comparable to the healthy group. This could be explained by the
different central corneal thickness among groups at 14th post-surgery
shown in Fig. 5 (d), where sham group still lack a large stroma tissue
while suture group developed an excessive corneal thickness increase
compared to the healthy cornea, both leading to abnormal refraction.
The findings demonstrate the postoperative visual acuity recovery was
well improved by this suture-free, epithelialization promoted and fit-to-
shape PEG-Lysozyme implant. Rabbit behavior video can be obtained at
Movie S1, Supporting Information.

4. Conclusion

In this study, we report a dual component implant containing 4-arm-

13

PEG-NHS and lysozyme can be injected into the defected cornea to form
a bioactive artificial cornea substitute for corneal stroma repair. Spe-
cifically, this implant experienced a sol-gel phase transition via an in situ
amidation reaction when exposed to the cornea defect, as thus can self-
adapt to the unregular defect very well. And also, the 4-arm-PEG-NHS
component provided binding sites with the interfacial tissue, which
enables the implant to firmly adhere to native stroma and realize a su-
ture free treatment. In vitro intraocular pressure endurance test dem-
onstrates that the implant can resist a high IOP and maintain the normal
geometry of the damaged cornea. Moreover, the lysozyme component
endows the implant with bioactivity. In vitro studies demonstrate that
the implant exhibits good cell affinity, supporting the attachment, pro-
liferation and migration of HCECs. An in vivo model of anterior lamellar
keratoplasty in New Zealand rabbits further demonstrate that PEG-
Lysozyme implant can promote rapid epithelialization and integrate
well with the stroma with no obvious scarring or immune response.
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Finally, the animal foraging behavior test demonstrates PEG-Lysozyme
implant improved a postoperative visual acuity recovery compared to
the suture group and no implant group. In all, our studies suggest PEG-
Lysozyme is a very promising bioactive material for corneal stroma
repair. Its injectability and suture-free characteristics may bring changes
to the current ophthalmic surgery methods.
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