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A B S T R A C T   

Corneal regeneration has always been a challenge due to its sophisticated structure and undesirable keratocyte- 
fibroblast transformation. Herein, we propose 3D printing of a biomimetic epithelium/stroma bilayer implant for 
corneal regeneration. Gelatin methacrylate (GelMA) and long-chain poly(ethylene glycol) diacrylate (PEGDA) 
are blended to form a two-component ink, which can be printed to different mechanically robust programmed 
PEGDA-GelMA objects by Digital Light Processing (DLP) printing technology, due to the toughening effect of 
crystalline crosslinks from long-chain PEGDA on GelMA hydrogel after photo-initiated copolymerization. The 
printed PEGDA-GelMA hydrogels support cell adhesion, proliferation, migration, meanwhile demonstrating a 
high light transmittance, and an appropriate swelling degree, nutrient permeation and degradation rate. A bi- 
layer dome-shaped corneal scaffold consisting of rabbit corneal epithelial cells (rCECs)-laden epithelia layer 
and rabbit adipose-derived mesenchymal stem cells (rASCs)-laden orthogonally aligned fibrous stroma layer can 
be printed out with a high fidelity and robustly surgical handling ability. This bi-layer cells-laden corneal scaffold 
is applied in a rabbit keratoplasty model. The post-operative outcome reveals efficient sealing of corneal defects, 
re-epithelialization and stromal regeneration. The concerted effects of microstructure of 3D printed corneal 
scaffold and precisely located cells in epithelia and stroma layer provide an optimal topographical and biological 
microenvironment for corneal regeneration.   

1. Introduction 

Cornea is a transparent, dome-shaped tissue covering the front of the 
eye, which protects the intraocular structures from the external envi
ronment, and plays a crucial role in light transmittance and refraction 
[1]. It consists of three main layers (i.e., the epithelium, stroma, and 
endothelium), among which corneal stroma constitutes 90% of the 
whole thickness. Stroma comprised of orthogonally aligned collagen 
nanofibrous lamellae is critical for both the mechanical and optical 
property of the cornea [2]. When the cornea is damaged, a large quantity 
of irregularly deposited collagenous matrices are secreted, which leads 

to light scattering and corneal scarring, consequently causing visual 
impairment or even blindness [3]. It is estimated that over 10 million 
patients with diverse corneal diseases are reported annually [4]. Despite 
success of human donor corneal transplantation and effort to construct 
bioinert corneal substitutes for clinical applications, donor shortage, 
disease transmission, high rate of severe complications, and life-time 
immune suppression limit their applications. These materials are 
generally utilized only in end-stage injured corneas [5–7]. To address 
these concerns, a variety of bioengineering approaches have been pro
posed to develop corneal scaffolds based on decellularized cornea [8], 
amniotic membrane [9], natural (e.g., gelatin methacrylate (GelMA) 
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[10,11], collagen [12–14], hyaluronate [15,16], alginate [17], etc) or 
synthetic (e.g., poly(ethylene glycol) (PEG) [18], poly(2-hydroxyethyl 
methacrylate) (PHEMA) [19], etc) polymers. Although these con
structs have exhibited similar properties to the natural cornea, only a 
few of them could manage to reach Phase I of clinical trials due to the 
complicated fabrication procedure, low transparency, insufficient me
chanical stability after application, and poor biointegration with tissues 
[20,21]. Currently, there is still no engineered corneal scaffold available 
for routine clinical use. Traditional fabrication of corneal scaffolds is 
casting. However, in this case, personalized molds with various pa
rameters need to be customized due to distinct geometrical features of 
patient’s cornea, which is time-consuming and costly [22]. Cornea has 
complex multi-layer structure and lamella are orthogonally aligned in its 
stroma. However, conventional fabrication methods frequently imitate 
only one layer of cornea and cannot realize the structural mimicry of 
native cornea. 

3D bioprinting, the emerging technology that enables digital fabri
cation of cell-laden three-dimensional engineered constructs by layer- 
by-layer deposition of cells and biomaterials, offers a promising op
portunity to customize individualized corneal scaffolds without resort
ing to molds [23–25]. In recent years, extrusion bioprinting has 
attracted significant attention to fabricating tissue engineering scaffolds 
[26,27]. However, to reach a high resolution, small nozzles (below 100 
μm diameter) are required, which unavoidably impairs the cell viability 
due to highly shear stress-induced damage to the cells [28]. Besides, 
extrusion bioprinting is time-consuming and cannot meet the 

requirements of corneas for curvature and smooth surface [29,30]. 
Digital Light Processing (DLP), as one of the light-assisted 3D printing 
technologies, is based on a local photopolymerization of liquid 
photo-initiated curable ink layer by layer [31]. DLP is superior to 
extrusion printing in terms of high cell viability during printing process, 
high resolution (about 1 μm), and rapid printing speed [32]. Thus, DLP 
is promising to achieve precise spatial organization of different cells in 
the same tissue engineering scaffold, thus realizing the recapitulation of 
multi-layer structure of native cornea. Nonetheless, developing a bioink 
with an appropriate printing rheological property, high transparency, 
preserved cell viability and robust mechanical strength is the premise for 
successful construction of a tissue engineering corneal scaffold. 

GelMA is one of the most widely used inks in 3D printing due to its 
photocrosslinkable property and good cell affinity [33]. However, the 
intrinsic brittleness of GelMA hydrogel limits its surgical handling. In 
this study, to develop a robust bioink for 3D printing corneal construct, 
we propose to design a two-component ink composed of GelMA and 
biocompatible long-chain poly(ethylene glycol) diacrylate (PEGDA) 
(Fig. 1A). The flexible PEGDA network is expected to toughen the GelMA 
hydrogel network owing to its energy dissipating mechanism (crystal
line domain). The physicochemical properties of corneal scaffolds are 
systematically assessed through mechanical, rheological, optical, 
swelling and degradation tests. The cytocompatibility of hydrogel 
including cell adhesion, proliferation and migration is examined by 
using rabbit corneal epithelial cells (rCECs). To study the printability of 
hydrogels, bioink loading rCECs will be 3D printed by DLP technology 

Fig. 1. (A) Components of ink and schematic illustration of network formation in PEGDA-GelMA hydrogel. (B) Description of the 3D bioprinting process and its 
application in a rabbit keratectomy model by using a bi-layer dome-shaped corneal scaffold consisting of rCECs-laden epithelia layer and rASCs-laden orthogonally 
aligned fibrous stroma layer. 
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into dome-shaped cornea and stroma-like orthogonally aligned fiber. In 
the animal study, a cell-laden bi-layer construct consisting of epithelium 
layer (loading rCECs) and orthogonally aligned fibrous stroma layer 
(loading rabbit adipose-derived mesenchymal stem cells (rASCs)) will be 
printed and used in a rabbit keratectomy model (Fig. 1B). Biocompati
bility in vivo and corneal wound healing effects of hydrogels will be 
measured through ophthalmic and histopathological tests. To the best of 
our knowledge, very few studies have realized the corneal printing with 
curvature emulation by using DLP and precisely printed different source 
of cells in distinct layers to regenerate both the stroma and epithelium in 
vivo. Our results demonstrate that the synergistic effects of microstruc
ture and precisely located cells can provide the most suitable topo
graphical and biological environment for boosting corneal regeneration. 

2. Materials and methods 

2.1. Materials 

Poly(ethylene glycol) (PEG, Mn = 8 kg/mol, 98%), type A porcine 
skin gelatin (300 bloom, 98%), type I collagenase (99%) were purchased 
from Sigma-Aldrich (Shanghai, China). Acryloyl chloride (97%), 
mechacrylic anhydride (97%) and triethylamine (99%) were obtained 
from Heowns Company (Tianjin, China). Photoinitiator lithium phenyl- 
2,4,6 trimethylbenzoyl phosphinate (LAP, 98%) and photoabsorber 
(orange food color, 98%) were purchased from EFL Company (Suzhou, 
China). L929 mouse fibroblast cells (L929), rabbit corneal epithelial 
cells (rCECs) and corresponding complete media were provided by BFB 
Company (Shanghai, China). Rabbit adipose-derived mesenchymal stem 
cells (rASCs) and complete medium were provided by Cyagen Company 
(Suzhou, China). Live/dead assay kit, 3-(4,5-dimethyl-2-thiazolyl)-2,5- 
diphenyl-2-H-tetrazolium bromide (MTT) and cell counting kit-8 (CCK- 
8) were obtained from Invitrogen Life Technologies (USA). All other 
chemicals and solvent were analytical reagents and used as received. 

2.2. Synthesis of GelMA 

GelMA was synthesized as previously described [34]. Briefly, 4 g 
gelatin was dissolved in 200 mL ultrapure water at 40 ◦C. Then, 132 mL 
dimethylformamide (DMF) was added to the solution. When a homo
geneous solution was formed, 582 μL methacrylic anhydride was added 
in two steps and the reaction proceeded for 2 h at 40 ◦C. Then, the 
resulting solution was precipitated in ethanol twice and dissolved in 
ultrapure water at 37 ◦C. The product was obtained by lyophilization. 

2.3. Synthesis of PEGDA 

10 g PEG was dissolved in 50 mL dichloromethane, followed by the 
addition of 1 mL triethylamine. After cooling to 0 ◦C in an ice bath, 0.6 
mL acryloyl chloride and 20 mL dichloromethane were added dropwise 
under stirring at 0 ◦C for about 1 h. Then the mixture was further stirred 
overnight at room temperature. After that, the mixture was precipitated 
with diethyl ether. The resultant PEGDA was obtained by filtration and 
drying in vacuo. 

2.4. DLP 3D printing of hydrogels 

The ink solution was prepared by mixing PEGDA + GelMA solution 
and photoinitator (LAP) + photoabsorber (orange food color) solution at 
37 ◦C. All the materials were filtered by 0.22 μm membrane for sterili
zation. Then, PEGDA was dissolved in phosphate buffered saline (PBS) 
with 10, 15, 20 wt% concentrations. GelMA was dissolved in PBS at 
37 ◦C with a 5 wt% concentration. Then, PEGDA and GelMA solutions 
were mixed together under an equal volume ratio. Subsequently, LAP 
and photoabsorber solutions were added to the PEGDA + GelMA 
mixture with a final concentration of 0.25 wt% and 0.05 wt%, respec
tively. The mixed solution was vortexed and incubated at 37 ◦C until 

clarification. 
A DLP apparatus (BP8600, EFL Company, China) was used to print 

the desired hydrogels. The prepared ink solution was transferred into the 
ink box placed below the build platform, onto which the cured hydrogel 
could attach. After inputting pre-designed 3D models and printing pa
rameters in computer (layer thickness and curing time), STereo
Lithography (STL) files were sliced programmatically in the Z direction 
and slices were projected for every layer to create the pre-designed 3D 
morphology. Printing was started by controlling the movement of ink 
box and images to the projector. The ink was exposed to blue light (405 
nm, 10 mW/cm2) during this process. When the printing was completed, 
the 3D constructed hydrogel was removed from the build platform and 
used for further measurement. Printing conditions were set as layer 
thickness of 50 μm and curing time of 20 s except for special instructions. 
The obtained hydrogel was named as PEGDA-GelMA-x-y, where x and y 
represented the initial polymer concentration of PEGDA and GelMA, 
respectively. 

2.5. Characterizations 

The chemical structures of PEG, PEGDA, gelatin, GelMA, and 
PEGDA-GelMA hydrogels were characterized by 1H NMR spectra on a 
nuclear magnetic resonance (NMR) spectrometer (AVANCE III, 400 
MHz, Bruker) using D2O as the solvent. The methacylation degree (MD) 
of GelMA was defined as the ratio between the number of methacrylated 
groups attached to gelatin and the number of amine groups (lysine, 
hydroxylysine) of unreacted gelatin prior to the reaction [35]. The MD 
was calculated by: 

MD=(1 −
Lysine integration signal of GelMA
Lysine integration signal of gelatin

) × 100% (1) 

Fourier transform infrared (FTIR) spectrometry (Nicolet 6700, 
ThermoFisher Scientific) was used to characterize the formation of 
PEGDA and GelMA. X-ray diffraction (XRD) patterns were collected by 
an X-ray diffractometer (D/Max2500, Rigaku) with a scanning speed of 
5◦/min and a scan range of 2θ from 4◦ to 40◦. The equilibrium water 
contents (EWCs) of the hydrogels were measured by a gravimetric 
method [36]. The light transmittance of hydrogel was determined using 
a UV/vis spectrophotometer (GENESYS 180, ThermoFisher Scientific) 
over a wavelength range from 400 to 800 nm using PBS as a blank. 

2.6. Measurement of mechanical properties 

The mechanical properties of the hydrogels were tested on Instron 
2344 Microtester at room temperature. Firstly, hydrogels were printed 
and immersed in PBS until swelling equilibrium. Then, dumbbell- (35 
mm × 2 mm, GB/T 528 standard) or cylindrical- (5 mm × 5 mm) shaped 
hydrogels were used in tensile and compressive tests, respectively. The 
tensile strength, elongation at break and compressive strength were 
obtained directly from the stress-strain curves, and tensile and 
compressive modulus were derived from the slope of linear region 
(10%–20% strain) of the stress-strain curves. The tensile and compres
sion rate were set at 10 mm/min. Six samples were tested per group. 

2.7. Swelling and degradation behavior of hydrogels 

Firstly, the samples were printed in a cylindrical (5 mm × 5 mm) 
shape. For swelling test, the hydrogels were immersed in PBS at 37 ◦C 
and weighed at the predetermined time to monitor the increased weight. 
The swelling degree (SD) of samples was calculated as follows: 

SD=
Wt − W0

W0
× 100% (2)  

where Wt was the sample weight at different time points and W0 was the 
initial weight of hydrogels. 
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For degradation evaluation, the hydrogels were incubated in type I 
collagenase (50 U/mL in PBS) at 37 ◦C. Initial weights (mt = 0) of the 
hydrogels were determined after lyophilization. The samples were then 
incubated in a collagenase solution at 37 ◦C for 4 weeks. At pre
determined time points (days 7, 14, 28), the samples were rinsed with 
ultrapure water, freeze dried and weighed again (mt). The percent 
remaining weight was determined according to the following equation: 

Remaining ⋅ weight⋅(%)⋅ = ⋅
mt

mt=0
× 100% (3) 

These two tests were conducted in triplicate and the average values 
were calculated. 

2.8. Measurement of rheological properties 

The rheological property of hydrogels was investigated using a 
rheometer (MCR302, Anton Paar) with a temperature-controlled Peltier 
plate system. A 25 mm flat plate was used and the working gap distance 
was set at 1 mm. Silicone oil was placed around the plate to prevent 
water evaporation. Before measurements, disc-shaped specimens with 
25 mm diameter and 1 mm thickness were printed and equilibrated in 
PBS. Firstly, oscillation strain sweep from 0.01 to 10% at a frequency of 
1 Hz was performed to determine the linear viscoelastic region and 1% 
strain was chosen. Then, frequency sweep test was conducted from 0.1 
to 10 Hz, and the storage modulus (G′) and loss modulus (G′′) were 
monitored. All tests were performed at 37 ◦C to simulate the physio
logical condition in vivo. 

2.9. Cytocompatibility of hydrogels in vitro 

L929 mouse fibroblast cells (L929), rabbit corneal epithelial cells 
(rCECs) and rabbit adipose-derived mesenchymal stem cells (rASCs) 
were used to test the cytocompatibility of hydrogels in vitro. 

2.9.1. Cell culture 
L929 cells were cultured in Dulbecco’s Modified Eagle Media with 

10% fetal bovine serum albumin and 1% penicillin/streptomycin. rCECs 
and rASCs were cultured in complete media provided by their corre
sponding company (BFB and Cyagen Company, China). All cells were 
cultured in a high humidity at 37 ◦C and 5% CO2 on tissue culture 
polystyrene surface (TCPS). The cells were passaged and used for the 
cytocompatibility tests at 80% confluency by trypsin/EDTA solution. 

2.9.2. MTT assay 
The metabolic activity of cells co-cultured with hydrogels was 

investigated using the MTT assay. Approximately, the cells were seeded 
into 96-well plates with a density of 2 × 104 cells/well, incubated in 200 
μL complete medium for 24 h, and then replaced with fresh media 
containing 50 μL sterilized hydrogels. After co-incubation for pre
determined time, the media and hydrogels were discarded and refreshed 
with 180 μL complete media and 20 μL MTT solution (5 mg/mL). After 4 
h, dimethyl sulfoxide (DMSO) was added into each well and the absor
bance at 570 nm was recorded by a microplate reader (Infinite M200 
PRO, Tecan, Switzerland). The cells without hydrogel were used as 
controls. Six parallel experiments were set up for each group of samples. 
The relative cell viability (%) was calculated with the reported protocol 
[37]. 

2.9.3. Live/dead (Calcein AM/PI) assay 
To directly observe the viability of cells, the samples were stained 

using live/dead assay kit following manufacturer’s protocol. The stained 
samples were observed using a fluorescence microscope (EVOS M5000, 
ThermoFisher Scientific) and images of live and dead cells stained with 
green and red respectively were captured. 

2.9.4. 2D scratch assay 
The scratch assay was performed according to previous reports [38, 

39]. 5 × 104 cells were seeded on a 24-well plate and incubated until 
80% confluency. Then, a scratch was made by a sterilized 200 μL pipette 
tip, and the sterilized hydrogel was added to the upper compartment. 
The cells without hydrogel treatment were used as controls. After 1 and 
3 days, the cells were assessed by live/dead staining and the relative cell 
density within the scratched area was analyzed with Image J software. 

2.9.5. Determination of cell adhesion 
To assess the adhesion ability of the cells cultured on the hydrogels, 

the cells were seeded on the sterilized hydrogel in a 24-well plate and 
incubated for 2, 4, 6 days. At each time point, live/dead assay was 
conducted and CCK-8 was used to analyze cell proliferation on the 
surface of hydrogels. 50 μL CCK-8 and 450 μL complete media were 
added to each well and the cells were incubated in the dark for 4 h at 
37 ◦C. After incubation, culture media were transferred to a new 96-well 
plate, and the absorbance at 450 nm was immediately read. Three 
samples were tested for each group. 

2.9.6. 3D bioprinting and immunofluorescence staining 
At an 80% confluency, the cells were passaged and uniformly sus

pended in the prepared ink solution under sterilized condition to yield a 
final concentration of 1 × 106 cells/mL. Then, the cell-laden precursor 
solution was transferred into ink box of DLP apparatus. Bioprinting 
conditions were set as layer thickness of 50 μm and curing time of 40 s. 
At 7 days after printing, the cell viability in hydrogel was determined via 
live/dead staining and analyzed by Image J software with the average 
number fraction of live cells reported. In addition, immunofluorescence 
staining was performed to verify the metabolic activity of cells in 
hydrogel. For rCECs, at 7 days after incubation, the 3D cell-laden con
structs were fixed with a solution of 4% paraformaldehyde at room 
temperature for 2 h, rinsed with PBS and subsequently permeabilized in 
0.5% Triton X-100 for 20 min and incubated with 2% bovine serum 
albumin for 15 min to block non-specific binding. The constructs were 
then incubated overnight at 4 ◦C with the primary antibody against 
cytokeratin 3 (CK3) (1:200, Bioss) and collagen type I (1:200, Bioss), and 
then incubated for 1 h in FITC-labelled secondary antibody (1:150, 
Bioss). Finally, the samples were co-stained with DAPI (Solarbio) and 
observed by a laser scanning confocal microscope (FV1200, Olympus). 
For rASCs, after 7 days incubation, the constructs were stained with 
collagen type I and phalloidin (Solarbio) as described above. 

2.10. Nutrient diffusion tests 

The nutrient permeability of hydrogel was carried out at 37 ◦C using 
a self-designed two-chamber device (Fig. S11). This device was 
composed of two symmetrical 8 mL diffusion chambers (donor and re
ceptor) with an inner diameter of 18 mm. The donor and receptor 
chamber were filled with test solution and PBS, respectively. The 
equilibrated PEGDA-GelMA-20-5 hydrogel (thickness = 1 mm) was 
placed between the two chambers and fixed by the clamps on both sides. 
Firstly, the donor chamber was filled with methylene blue solution (1 
mg/mL in PBS), a biological stain, to preliminarily investigate the 
diffusion ability of hydrogel. Photographs after 0, 0.5, 1, 1.5, 2, 24 h 
incubation were taken. Then, glucose (10 mg/mL in PBS) and bovine 
serum albumin (BSA, 10 mg/mL in PBS) solutions were respectively 
used to determine the nutrient permeability of the hydrogel. After 
glucose and BSA had diffused through the hydrogel for different time 
points, the solution in receptor chamber was homogeneously mixed by a 
syringe and a very small amount of solution was extracted to be used as 
samples. The glucose and BSA concentrations of samples were detected 
by a glucose content detection kit (Boxbio Biotechnology Co., Ltd) and a 
BCA protein assay kit (Boster Biotechnology Co., Ltd), respectively. The 
glucose and BSA solutions with different concentrations were used as the 
standard sample to prepare the calibration curves for quantification. The 
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test was conducted in triplicate and average values were calculated. 

2.11. Printability of hydrogels 

To verify the printability of PEGDA-GelMA hydrogels, different 
models including rabbit, crown, perforated disc, were printed and then 
photographed. The printing conditions were set as layer thickness of 50 
μm and curing time of 20 s. To print cornea-shaped hydrogel, the con
centration of photoabsorber and curing time were adjusted in the range 
of 0.05–0.15 wt%, and 10–80 s, respectively. Furthermore, to emulate 
the native structure of corneal stroma, the rCECs-laden hydrogel was 
printed into orthogonally aligned fibrous structure, photographed and 
evaluated by live/dead assay at 2 days post-printing. In order to evaluate 
the effect of photoabsorber on the printing fidelity, the ink in the pres
ence of or absence of photoabsorber was prepared and the correspond
ing printed constructs were photographed. 

2.12. In vivo assessment of hydrogel in a rabbit anterior lamellar 
keratoplasty (ALK) model 

All the animal experiments were carried out according to the 
guidelines of the Tianjin Medical Experimental Animal Care, and animal 
protocols were approved by the Institutional Animal Care and Use 
Committee of Yi Shengyuan Gene Technology (Tianjin) Co., Ltd. (No. 
YSY-DWLL-2021010). 

Hydrogel preparation: To imitate the natural structure of cornea, 
the PEGDA-GelMA-20-5 hydrogel was printed into two layers, including 
an epithelia layer (50 μm thick, 20 mm diameter) and an orthogonally 
aligned fibrous stroma layer (150 μm thick, 15 mm length of side). 
Printing conditions were set as layer thickness of 25 μm and curing time 
of 20 s. For cell-laden group, rCECs and rASCs were respectively 
encapsulated in the epithelia layer and stroma layer with the concen
tration of 1 × 106 cells/mL. Subsequently, the cell-laden and cell-free 
constructs were incubated in complete media at 37 ◦C and 5% CO2 at
mosphere, and PBS at room temperature, respectively. Media were 
refreshed every other day. At 4 days after printing, the bi-layer corneal 
scaffolds were used for the animal study. All the experimental proced
ures were performed under sterilized environment. 

Surgical procedure: Twenty-one adult male rabbits (weighing 
about 2.5 kg) were randomly divided into three groups (seven rabbits 
per group), including cell-laden, cell-free hydrogel and control group 
(blank). All surgeries were performed on the right eyes of rabbits, and 
the left eyes were served as the normal group. The rabbits were firstly 
anesthetized through intramuscular injection of xylazine hydrochloride 
(0.2–0.3 mL) into thighs. Anterior lamellar keratoplasty was performed 
using a 3.5-mm customized vacuum trephine to cut a certain part of 
corneal epithelium-stroma and the collagen fibril layers were removed 
by a spatula. Then, the cell-laden or cell-free corneal scaffolds were 
punched with a trephine and carefully put on the corneal defect area 
with the printed epithelia layer facing upwards. Considering the risk of 
tearing the corneal scaffold by suturing, the construct was fixed with two 
8-shaped overlying 10-0 sutures as previously reported method [40]. In 
the control group, only corneal defect was created and no hydrogel was 
placed. After surgery, a solution of floxacin was applied daily to prevent 
infection and to maintain moisture of the eye. The rabbits with free 
access to food and water were housed individually and kept under 
controlled temperature and humidity. 

2.13. Slit-lamp biomicroscopy 

Slit lamp (SLM-7E, Yimu Medical Technology Co., Ltd) was used to 
monitor the anterior ocular tissue at the predetermined time post- 
operation. With a × 16 magnification, using broad beam, the trans
parency of the hydrogel and surrounding cornea was evaluated. To 
assess the migration of the corneal epithelium over hydrogel and defect, 
cobalt blue slit lamp photography with fluorescein staining was 

performed. 

2.14. Histological assessment 

After explantation of the rabbit eyeballs, the samples were fixed in 
4% (v/v) paraformaldehyde. Then, the sutures were gently removed and 
corneas were embedded in paraffin. The sections were stained with 
hematoxylin and eosin (H&E) for histological analysis. For immuno
fluorescence staining, paraffin sections (2–4 μm) were deparaffinized, 
rehydrated in ethanol and rinsed in PBS. Then 3% H2O2 was added and 
tissues were incubated at room temperature for 10 min. Nonspecific 
binding was blocked by incubation with goat serum for 10 min at 37 ◦C. 
The tissues were then incubated with primary antibody against cyto
keratin 3 (CK3) (1:200, Bioss), collagen type I (Col I, 1:200, Bioss), 
lumican (LUM, 1:200, bioss) and alpha smooth muscle actin (SMA, 
1:200, bioss) at 4 ◦C overnight. Detection was achieved by subsequent 
incubation with Alexa Fluor 488-conjugated secondary antibody 
(Solarbio) for 30 min at 37 ◦C. Then, the tissues were dehydrated, 
immersed in xylene, and scanned by a panoramic scanner (3DHISTECH 
P250 FLASH, 3DHISTECH). 

2.15. Gene expression 

To investigate the differentiation potential of implanted rASCs in the 
rabbit cornea, at 28 days post-surgery, 50 mg of wounded cornea was 
put into 1 mL Trizol (ThermoFisher Scientific) and homogenized thor
oughly in a tissue grinder (KZ-III-F, Servicebio). Then, RNA from the 
samples was isolated by adding chloroform and centrifugation. The 
upper phase was collected and isopropanol was added, followed by 
centrifugation. The supernatant was discarded, and the RNA pellet was 
eluted into 75% ethanol, and then centrifugated. After removing the 
supernatant, the remaining pellet was air-dried, eluted, and quantitated 
using a Nanodrop 2000 (ThermoFisher Scientific). Enough RNA was 
obtained and transcribed to cDNA by using a quantitative reverse 
transcription kit (Takara) according to the manufacturer’s protocol. The 
primers for the studied gene (Table S5) were added to sample cDNA and 
a real-time quantitative polymerase chain reaction (PCR) instrument 
(QuantStudio 1, ThermoFisher Scientific) was used with 40 amplifica
tion cycles. Normal cornea was defined as a reference for comparison. 
The relative fold change of gene expression was analyzed using the 
2− ΔΔCt method [10,16]. 

2.16. Statistical analysis 

Data are expressed as the mean ± standard deviation. Statistical 
analysis was performed using two population student’s t-test to evaluate 
the mechanical properties, cell migration, corneal thickness and PCR 
results. A value of p < 0.05 was considered statistically significant, and 
ns, *, **, ***, **** represent p > 0.05, p < 0.05, p < 0.01, p < 0.001, p <
0.0001, respectively. GraphPad Prism 8.0 Software was used to analyze 
the data. 

3. Results and discussion 

3.1. Preparation and characterizations of PEGDA-GelMA hydrogel 

GelMA has been extensively studied for biomedical applications due 
to its conveniently photo-initiated gelling ability and biological activ
ities to promote cellular attachment and growth [33]. Nevertheless, 
GelMA hydrogel is too brittle to be applied in corneal regeneration field. 
PEG is a kind of FDA-approved biocompatible polymers [41]. Herein, a 
long-chain PEGDA (Mn = 8 kg/mol) was copolymerized with GelMA to 
toughen the hydrogel system owing to the energy dissipating mecha
nism [42]. As shown in the 1H nuclear magnetic resonance (NMR) 
spectra of PEGDA (Fig. S1) and GelMA (Fig. S2), new peaks appearing at 
5.4–6.5 ppm were attributed to the grafted vinyl group. The 
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methacylation degree (MD) of GelMA was calculated as 75% through 
comparing the integrated areas of lysine methylene signals (3.0 ppm) in 
gelatin and GelMA spectra [35]. In the FTIR spectra of PEGDA and 
GelMA (Fig. S3), GelMA exhibited characteristic bands around 1229 
cm− 1 related to N-H deformation (amide III), 1542 cm− 1 for N-H 
deformation (amide II), 1649 cm− 1 for C=O stretching (amide I), 2933, 
2863 cm− 1 related to C-H stretching, and broad peak at 3285 cm− 1 

assigned to peptide bonds (mainly N-H stretching) and the stretching of 
the hydrogen bonded O-H [19,43]. The PEGDA showed the feature 
bands around 2879 cm− 1 and 1734 cm− 1 associated with C-H and C=O 
stretching, respectively. All these results confirmed the desired chemical 
structure of PEGDA and GelMA. 

In this study, through DLP printing, we fixed the concentration of 
GelMA (5 wt%) and varied the PEGDA concentrations (i.e., 10, 15, and 
20 wt%) to form hydrogels, and the resultant hydrogels were named as 
PEGDA-GelMA-10-5, PEGDA-GelMA-15-5, PEGDA-GelMA-20-5, 
respectively. The 1H NMR spectra indicated that all characteristic 
peaks of vinyl group disappeared in hydrogels, proving the high effi
ciency of photoinitiated polymerization (Fig. S4). Next, the mechanical 
and other physical properties of hydrogels were assessed in vitro to 
determine the optimal concentration for producing a corneal scaffold 
with properties resembling most closely the native corneal tissue. All the 
samples were printed by DLP printer in the following measurement. 

Firstly, the tensile and compressive tests were performed and results 
were exhibited in Fig. 2 and Table S1. As the concentration of PEGDA 
increased, the tensile strength and tensile modulus both showed an 
upward trend. In particular, the corresponding values of PEGDA-GelMA- 
20-5 hydrogel can respectively reach 82.2 kPa and 77.2 kPa, which were 

close to those of hydrogels applied in corneal regeneration, and favor
able for cell encapsulation [44,45]. Besides, for the compressive test, 
although the addition of PEGDA had little effect on the improvement of 
modulus in comparison with the GelMA and PEGDA-GelMA hydrogels, it 
increased the toughness of GelMA hydrogel. When compressed by the 
mechanical test machine to 70% strain, the PEGDA-GelMA-20-5 
hydrogel could keep the shape without breaking, but the GelMA 
hydrogel was broken during the compression process. Besides, the 
printed GelMA hydrogel with rough surface could not be picked up by a 
tweezer, whereas the PEGDA-GelMA-20-5 hydrogel demonstrated a 
high printing fidelity and could be easily handled with the tweezer. 
Comparatively, the compressive modulus of PEGDA-GelMA-20-5 (100.7 
kPa) was close to that of the native cornea (115.3 kPa, Table S1) [44], 
which was crucial for resisting intraocular pressure in the native corneal 
environment and long-term tissue/biomaterial integration and 
remodeling. 

To investigate the mechanism of mechanical improvement, X-ray 
diffraction (XRD) was performed. As shown in Fig. S5, the PEGDA and 
PEGDA-GelMA-20-5 hydrogel showed the characteristic peaks at 19◦

and 23◦, which were in accordance with the previous report [46], 
whereas no peak appeared in the XRD pattern of GelMA at the corre
sponding angle. Thus, we considered that the physical crosslinks from 
crystalline domain of PEGDA resulted in the enhancement of toughness 
and strength [42]. Herein, we also examined the effect of the molecular 
weight of PEGDA on the mechanical strengths. We printed hydrogels 
with the PEGDA molecular weights of 3, 8, 10 and 20 kg/mol. It is noted 
that the 3D printed PEGDA(3k)-GelMA-20-5 hydrogel was easily broken 
when it was removed from the build platform, so the mechanical 

Fig. 2. Mechanical properties of GelMA and PEGDA-GelMA hydrogels. (A1) Representative tensile stress-strain curves and their corresponding (A2) tensile stress, 
(A3) elongation at break, and (A4) tensile modulus. (B1) Representative compressive stress-strain curves and their corresponding (B2) stress-strain curves before 50% 
strain, (B3) compressive stress, and (B4) compressive modulus. (C) Compressive process of GelMA-5 and PEGDA-GelMA-20-5 hydrogel by using a mechanical test 
machine. (D) Printed GelMA-5 and PEGDA-GelMA-20-5 hydrogel discs. 
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property of this hydrogel could not be measured on the testing machine. 
The reason is that the crosslinks from shorter PEGDA chains led to a 
fragile network. While the PEGDA(8k)-GelMA-20-5 achieved the highest 
tensile strength, modulus and an appropriate breaking strain. Never
theless, further increasing molecular weight of PEGDA, the mechanical 
strengths dropped dramatically though the hydrogels maintained larger 
elongations at break (Fig. S6). The crosslinking with excessively longer 
PEGDA chains resulted in looser network; in this case, the formed 
hydrogel was too soft to support its own weight. Hence, 8 kg/mol mo
lecular weight of PEGDA was selected to prepare PEGDA-GelMA 
hydrogel in the following test on account of its better comprehensive 
mechanical properties in terms of robustness and toughness. 

The swelling behavior of hydrogels can indicate the degree of hy
drophilicity and is an essential feature of the cornea. Phosphate buffered 
saline (PBS) was used here to simulate the in vivo physiological condi
tion. Swelling experiment demonstrated that three proportions of 
hydrogels could reach equilibrium within 1 day, and obvious change of 
mass was not observed in the following two weeks. Besides, as the 
concentration of PEGDA increased, the swelling degree decreased, 
which was due to the formation of denser network and lower water 
permeability (Fig. 3A). In addition, in terms of application in 

keratoplasty, an implant with a stable swelling behavior can reduce the 
postoperative corneal deformation and pressure exerted by implant on 
the eyeball [45]. The water content of the cornea is closely related to its 
transparency and penetration capacity. Table S2 showed that the equi
librium water contents (EWCs) of hydrogels were in the range of 
96–99%, well meeting the requirement of natural cornea (85%) [47]. 

A biomaterial used in the treatment of corneal defects is exposed to 
hydrolysis from matrix degrading enzymes produced by corneal kera
tocytes that participate in collagen fibril remodeling [48]. Hence, a 
tissue engineering scaffold needs to be biodegraded in a controlled 
manner. Next, type I collagenase (50 U/mL) was chosen to investigate 
the in vitro degradation profile of PEGDA-GelMA hydrogels. As depicted 
in Fig. 3B, all the hydrogels underwent different degrees of mass 
reduction. Only 41% PEGDA-GelMA-20-5 hydrogel was remained at 28 
days. However, since the hydrogels became too soft and it was difficult 
to be separated with surrounding medium after immersing in collage
nase solution, the degradation data of PEGDA-GelMA-10-5 hydrogel was 
only measured for 7 days. Nonetheless, the results suggested that the 
PEGDA-GelMA hydrogel could be degraded in collagenase solution, and 
a higher concentration of PEGDA led to a slower degradation rate since 
denser network inhibited penetration of collagenase. Thus, the 

Fig. 3. Characterizations of PEGDA-GelMA 
hydrogels. (A) The swelling degree of the 
hydrogels after 14 days incubation in PBS at 
37 ◦C. (B) Degradation curve of the hydro
gels in the presence of collagenase (50 U/ 
mL) in PBS at 37 ◦C. (C) Optical trans
mittance of hydrogels and natural cornea 
between 400 and 800 nm. (D) Photographs 
showing transparency of native cornea, 
printed cornea and printed disc. (E) Fre
quency sweep curves of hydrogels at a fre
quency range from 0.1 to 10 Hz. (F) 
Averaged storage modulus (G′) and loss 
modulus (G′′) calculated from (E).   
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PEGDA-GelMA hydrogel could be applied as a tissue engineering scaf
fold, which would be gradually degraded to induce tissue integration 
and achieve the new corneal tissue regeneration. 

Transparency is an important factor that should be taken into ac
count for designing a corneal tissue scaffold. The light transmittance of 
the PEGDA-GelMA hydrogel and native cornea was determined at the 
visible light wavelength ranging from 400 to 800 nm. The PEGDA- 
GelMA hydrogel exhibited a higher transparency than native cornea in 
the visible region (Fig. 3C), and PEGDA-GelMA-10-5, PEGDA-GelMA- 
15-5, PEGDA-GelMA-20-5 hydrogel possessed 90.7%, 86.3%, 82.5% 
light transmittance at 600 nm, respectively, larger than that of native 
cornea (77.9%, Table S2). The reduced transparency of hydrogel with 
the increment of PEGDA concentration was possibly due to the light 
scattering resulted from emulsification when excessive PEGDA was 
mixed with GelMA. Fig. 3D displayed the photographs of native cornea, 
printed corneal scaffold, and printed disc. Letters below the printed 
constructs were clearly visible, proving the superior transparency of the 
PEGDA-GelMA hydrogel. 

Rheological tests were then performed to examine the viscoelastic 
properties of PEGDA-GelMA hydrogels (Fig. 3E and F and Table S2). 

Firstly, the hydrogels were subjected to strain sweep to determine the 
linear viscoelastic region (Fig. S7), and 1% strain was chosen for the 
following frequency sweep examination from 0.1 to 10 Hz. The PEGDA- 
GelMA-10-5, PEGDA-GelMA-15-5, PEGDA-GelMA-20-5 hydrogel 
showed averaged storage modulus (G′) of 1.5, 2.8, 3.1 kPa, respectively, 
among which the value of PEGDA-GelMA-20-5 hydrogel was close to 
that of native cornea (~4 kPa) [15]. Throughout the screened frequency 
range, the G′ was consistently higher than the loss modulus (G′′), sug
gesting that all hydrogels were stable and maintained gel state. The tanδ, 
which represented the ratio of loss modulus to storage modulus, was 
found to be significantly less than 1 (0.02–0.05), suggesting the elastic 
character of PEGDA-GelMA hydrogel required for designing a corneal 
scaffold (tanδ = 0.25) [15]. 

3.2. Cytocompatibility and nutrient permeability of PEGDA-GelMA 
hydrogel 

To evaluate the cytocompatibility of PEGDA-GelMA hydrogels, L929 
mouse fibroblast cells (L929), the prevalent cell line employed in cyto
toxicity assay, were preliminarily used. As shown in Fig. S8, after co- 

Fig. 4. In vitro cytocompatibility of PEGDA-GelMA-20-5 hydrogel. (A) Representative live/dead images of rCECs in 2D scratch assay. (B) Quantification of relative 
cell density in the scratched area in the hydrogel and control samples. (C) Representative live/dead images of rCECs seeded on the surface of PEGDA-GelMA-20-5 
hydrogel. (D) CCK-8 results of the cell proliferation on the hydrogel. (E) Representative live/dead image of rCECs encapsulated in the hydrogel at 7 days after 
bioprinting. (F) Transparency change of the rCECs-loaded hydrogels between 400 and 800 nm at 1, 3, 5, 7 days after bioprinting. Scale bars in live/dead images: 
300 μm. 
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incubation of hydrogels with L929 for 1, 3 days, the cell viabilities of all 
groups could reach 90% and cells maintained normal morphology and 
proliferation capability. After 2 days culture, the PEGDA-GelMA-20-5 
hydrogel supported L929 adhesion, and almost all the cells were flat
tened with a spread morphology and protrusion, which was typical 
morphology of attached cells. Live/dead images further demonstrated 
the high viability of L929 cells on the surface of hydrogel. 

To explore its application in corneal regeneration, we next mainly 
focused on the evaluation of cytocompatibility with rabbit corneal 
epithelial cells (rCECs), including cytotoxicity, cell migration, adhesion, 
proliferation, and cell viability after bioprinting. Firstly, the cytotoxicity 
test was performed using MTT and live/dead assay. Fig. S9 showed that 
above 90% cell viability was observed over 5 days incubation. The rCECs 
maintained normal proliferation capability in the presence of hydrogels. 
As discussed above, the PEGDA-GelMA-20-5 hydrogel possessed suffi
cient mechanical strength, printing shape fidelity, high light trans
mittance, suitable swelling degree and degradation rate, which all met 
the requirement of the corneal scaffold. Hence, the PEGDA-GelMA-20-5 
hydrogel was chosen for the following measurements. 

Cell migration ability is important in wound healing process. The in 
vitro scratch assay revealed that the rCECs on the surface of tissue cul
ture polystyrene surface (TCPS) and PEGDA-GelMA-20-5 hydrogel could 
migrate to the scratched area (300–600 μm distance) over 3 days 
(Fig. 4A). To quantify the migration degree to the wounded area, the 
relative cell density in the scratched area was calculated, and the cor
responding values for TCPS and PEGDA-GelMA-20-5 group were 
respectively 52% and 73% after 3 days incubation, demonstrating that 
the cells on the surface of hydrogel showed a higher migration ability 
than those on the TCPS (Fig. 4B). This was attributable to the porous 
structure of hydrogel, which not only promoted the transportation of 
nutrients and metabolites, but also provided large space for cell prolif
eration and migration. 

The ability of a scaffold to support cell adhesion is also vital for tissue 
regeneration. In the following experiment, the rCECs were seeded on the 
surface of PEGDA-GelMA-20-5 hydrogel, followed by the live/dead and 
CCK-8 assay. As shown in Fig. 4C and D, the cells exhibited a higher 
adhesion and proliferation ability, which was resulted from the bioac
tivity of GelMA. After 6 days, the cell number on the hydrogel surface 
was 4.7-fold as that at 2 days. 

To examine the influence of printing on cell viability, the rCECs were 
encapsulated in the gel precursor solution at 1 × 106 cells/mL concen
tration to form a bioink, which was printed and then incubated in the 
rCECs culture medium for 7 days. The cell viability was estimated using 
the live/dead assay (Fig. 4E). There was negligible cell death during the 
printing process, and the viability of rCECs in the printed construct was 
found to be 90% using the Image J software. The cells were distributed 
uniformly and not aggregated in the printed hydrogel. Thus, the bioink 
and printing did not affect the viability of the encapsulated cells. After 
culturing for 7 days, the expressions of type I collagen (Col I, the main 
component of corneal extracellular matrix (ECM)) [49] and cytokeratin 
3 (CK3, corneal epithelial-specific protein) [50] within hydrogel were 
investigated by immunofluorescence (IF) staining and confocal micro
scopy. As shown in Fig. S10, the Col I and CK3 were noticeably expressed 
in the hydrogel, indicating that the rCECs retained their phenotype and 
metabolic activity. 

According to the previous report, the existence of cells would cause 
light scattering, thus reducing the transmittance of hydrogels [35]. So, 
optical transmittance of cell-loaded hydrogel after 1, 3, 5, 7 days incu
bation was measured in the following tests (Fig. 4F). It is observed that 
the transmittance increased within 7 days (77.8%, 84,7%, 86.5%, 88.9% 
at 600 nm for 1, 3, 5, 7 days, respectively), which was possibly due to the 
exudation of photoabsorber during the incubation process. It is worth 
noting that although the cells were encapsulated and the hydrogels were 
immersed in the culture medium, the transparency of the constructs still 
met the requirement of corneal scaffold. 

Nutrient transport throughout tissue engineering scaffold is critical 

for cell survival and proper function. Here, nutrient penetration ability 
of PEGDA-GelMA-20-5 hydrogel was investigated. Methylene blue so
lution was used to preliminarily examine the diffusion property. The 
results showed that after 24 h incubation at 37 ◦C, blue color in the 
receptor chamber became deeper, indicating the successful penetration 
of methylene blue through the hydrogel film (Fig. S11A). Thereafter, 
glucose and BSA were used as the representative nutrients to examine 
the nutrient diffusion ability of hydrogel. On the basis of Fick’s law of 
diffusion, calibration curves (Figs. S11B and C) and permeation curves 
(Fig. S11D), the diffusion coefficients of PEGDA-GelMA-20-5 hydrogel 
for glucose and BSA were calculated as 2.97 × 10− 6 cm2/s and 1.46 ×
10− 6 cm2/s (see SI), respectively, which were close to those of human 
cornea (3.00 × 10− 6 cm2/s, and 1.10 × 10− 6 cm2/s, respectively) [51, 
52]. The results indicated that the PEGDA-GelMA-20-5 hydrogel 
possessed similar permeation property to native cornea, which was 
conductive to corneal regeneration. 

3.3. Printability evaluation of PEGDA-GelMA hydrogel 

In order to investigate the applicability of PEGDA-GelMA-20-5 pre
cursor solution as 3D printing bioink, the DLP printer and different kinds 
of models were utilized. As depicted in Fig. 5, after layer-by-layer pho
tocuring, rabbit (Fig. 5A2), perforated disc (Fig. 5B1), and crowns with 
hollow structure (Fig. 5C2) were successfully printed out. Although 
yellow color post-printing was observed due to the presence of photo
absorber, the objects became colorless and transparent after immersion 
in PBS (Fig. 5C3 and C4). Additionally, the holes in the perforated disc 
under a microscope were uniform (Fig. 5B2), and the printed crown was 
mechanically strong enough to keep the hollow structure from 
collapsing (Fig. 5C3 and C4), indicating its high fidelity. Next, to 
simulate the structure of native corneal stroma, orthogonally aligned 
fibrous model was established and printed constructs displayed 
orthogonal stripes whether in macro- or microscale (Fig. 5D2 and D3). 
At 2 days after bioprinting, the rCECs encapsulated in the hydrogels 
were evenly distributed and showed high viability (Fig. 5D4), and the 
cells-loaded hydrogels could be picked up by a tweezer without 
collapsing after immersing in the culture medium (Fig. 5E). To inspect 
the influence of photoabsorber on printing fidelity, the ink with or 
without photoabsorber was printed, and corresponding constructs were 
shown in Fig. 5F1 and F2. It is noticed that the hydrogels containing 
photoabsorber exhibited clear border and smooth surface, whereas 
coarse surface was displayed in the printed hydrogel in the absence of 
photoabsorber, indicating overexposure happened when the photo
absorber was not included in the ink system. 

Cornea has dome-shaped structure, which is difficult to be printed. 
We next explored the feasibility of using rCECs-laden PEGDA-GelMA-20- 
5 precursor solution as bioink to print cornea-shaped structure. The 
programmed 3D geometry of rabbit’s cornea was sliced to generate a 
stack of cross-section images, so the dome-shaped cornea led to the 
projection of a disc and a series of annulus slices. In our study, the layer 
thickness was fixed at 50 μm, and curing time and photoabsorber con
centration were optimized to print constructs with the highest fidelity. 
Tables S3 and S4 and Fig. 5G showed the printing parameters and results 
of cell-free and rCECs-laden printed constructs. It can be summarized as 
follows: (1) curing time should be long enough to solidify bioink 
(Table S3, serial number 1 and 2, serial number 3 and 4); (2) photo
absorber concentration influenced the printing fidelity. When it was too 
low, overexposure happened (Table S4, serial number 1), and in 
contrast, when it was too high, solidification was incomplete (Table S4, 
serial number 2); (3) encapsulated rCECs exerted a contraction force on 
the construct (Table S4, serial number 3, 4, 5); (4) the most appropriate 
printing parameters were 40 s curing time, 0.15 wt% photoabsorber 
concentration, and 80 s curing time, 0.1 wt% photoabsorber concen
tration for cell-free and rCECs-laden corneal constructs, respectively. 

The above results demonstrated that it was feasible to bioprint dome- 
shaped rCECs-loaded 3D corneal scaffold without additional supporting 
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apparatus. The DLP printing provided a robust strategy that allowed for 
printing tissue scaffolds with complex geometries using cell-friendly 
bioinks and avoiding the need for additional curing steps post- 
printing. In clinic, the curvature and thickness can also be regulated 
and customized with 3D printing technology to fabricate a patient- 
specific artificial cornea, indicating the great application potential of 
this bioink system in corneal regeneration. 

3.4. In vivo assessment of 3D printed bi-layer cornea scaffold in a rabbit 
anterior lamellar keratoplasty (ALK) model 

When cornea is damaged, it is vital to accelerate the regeneration of 
both corneal epithelium and stroma. Based on the desired comprehen
sive properties discussed above, next, a bi-layer corneal scaffold was 
used in the New Zealand rabbit model of corneal lamellar transplant in 
the following animal experiment, and its biocompatibility and bio
integration for repair and sealing of corneal defects were evaluated. In 
our study, the rCECs and rabbit adipose-derived mesenchymal stem cells 
(rASCs) were chosen as cell sources for repair of epithelium and stroma 
layer, respectively. The rCECs were used to treat potential limbal stem 
cells (LSC) deficiency disease, and rASCs were used taking into account 
its ability to mitigate inflammation and differentiate into corneal stro
mal cells in situ [53]. Firstly, the cytocompatibility of 
PEGDA-GelMA-20-5 hydrogel with rASCs was examined by performing 
MTT assay, live/dead staining and immunofluorescence staining. As 
depicted in Fig. S12, the rASCs showed high viability after co-culturing 
with hydrogel. After 7 days of culturing, elongation and spreading of 
encapsulated rASCs were observed, and the rASCs secreted Col I nor
mally. In the animal study, to emulate the natural structure of cornea, a 
bi-layer construct consisting of rCECs-laden epithelium layer and a 
rASCs-laden orthogonally aligned fibrous stroma layer was printed. The 

orthogonally aligned fibrous structure was printed to recapitulate 
fibrous structure of the native corneal stroma, which would provide the 
hierarchical and morphological cues to facilitate the growth and dif
ferentiation of the loaded cells [10,54]. Fig. 6A exhibited that the cornea 
was wounded with a customized 3.5-mm vacuum trephine, and then 3D 
printed cell-laden or cell-free PEGDA-GelMA-20-5 hydrogel was put on 
the wounded area. Finally, two 8-shaped overlying sutures were used to 
hold the scaffold in place as reported previously [40]. During the whole 
implantation process, the scaffold was robust enough to be handled 
without collapse. As a control, only corneal defect was created and no 
hydrogel was implanted onto the recipient bed. 

Slit lamp examination was then conducted at the predetermined time 
points after surgery and results were exhibited in Fig. 6B. The implanted 
hydrogel remained transparent during the whole 28 days in the cell- 
laden and cell-free groups, and no obvious inflammation and neo
vascularization was observed. The cornea preserved a smooth surface 
and complete curve, demonstrating that all implants remained in place 
during the whole observation period, and there was no visible scar on 
the cornea. Additionally, cobalt blue slit lamp photographing with 
fluorescein staining was performed to investigate whether there was 
migration of the epithelium over the hydrogel or wounded area. The 
results showed that corneal epithelial defect (green area) underwent 
progressive reduction, suggesting the successful epithelization. In the 
cell-laden and cell-free group, the corneal epithelial defect was 
completely healed within 7 days, whereas 14–21 days were needed for 
control group to epithelization, indicating an efficient therapeutic effect 
of hydrogel in promoting corneal wound healing. During the observa
tion period, the graft was firmly held without dislocation, demonstrating 
the efficacy of overlying suture method and biointegration of implanted 
scaffold with native tissue. 

Histological H&E staining and immunofluorescence staining are 

Fig. 5. Printability evaluation of 
PEGDA-GelMA-20-5 hydrogel. (A1) 3D 
model and (A2) digital photo of printed 
rabbit. (B1) Digital photo and (B2) 
micrograph of printed perforated disc. 
(C1) 3D model and (C2) digital photo of 
printed crown. (C3) Top view and (C4) 
side view of crown after immersion in 
PBS. (D1) 3D model, (D2) digital photo 
and (D3) micrograph of printed 
orthogonally aligned fibrous structure. 
(D4) Evaluation of live/dead rCECs 
viability in orthogonally aligned fibrous 
object after culturing for 2 days. (E) 
Printed hydrogel after immersion in cell 
culture medium for 2 days. Printed 
hydrogel disc (F1) with and (F2) 
without photoabsorber. White circle 
denoted the predetermined printing 
area. (G) Printed corneal scaffold. Scale 
bars: 300 μm.   
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shown in Fig. 7. At 1 day post-surgery (Fig. 7A), stroma hyperplasia was 
observed in H&E staining of cell-laden, cell-free and control groups, 
which probably resulted from inflammation or infection after kerato
plasty. Similar to normal group, the remaining stroma still exhibited 
fibrous collagen type I structure. The epithelium layer of cornea was 
verified to be dissected according to the CK3 staining results. It is worth 
noting that the hydrogel was not observed in the histological results 
possibly due to its detachment from the wounds during manipulation of 
the corneas for fixation and histological analysis. It is evident that at this 
time the hydrogel was not completely integrated with the recipient bed 
at 1 day. After 28 days, the thicknesses of total, epithelium and stroma 
layer of cornea in cell-laden, cell-free and control groups (Fig. 7B1 and 
C) were comparable to those of native cornea except for the epithelium 
thickness in control group, indicating that stroma hyperplasia had been 
alleviated and the epithelial layer in untreated samples could not be 
regenerated completely. Additionally, the implanted scaffold was not 
discernible owing to biodegradation. In this case, the scaffold was 
entirely replaced by dense stromal tissue, suggesting that the bi-layer 
corneal scaffold was seamlessly integrated with the recipient corneal 
bed. Col I and CK3 immunostaining (Fig. 7B2 and B3) both revealed that 
the cell-laden and cell-free scaffold could induce the regeneration of the 
epithelium and stroma better than the control group. The aligned fibrous 
collagen and CK3 were produced in the cell-laden and cell-free group. 
The stroma in the operated area appeared normal. The inflammatory cell 
infiltration or apparent scarring was not observed in histological images. 

The corneal epithelium over the graft was well stratified, which was 
similar to that in the normal cornea. However, incomplete epithelization 
and stroma regeneration were detected in control group (denoted by red 
arrows and rectangles), and disordered collagen fibrous structure was 
present in the regenerated stroma region, demonstrating the printed 
orthogonally aligned fibrous structure can help induce the specific 
growth of ECM [55,56]. Based on the previous report [3], damaged 
cornea led to the activation of quiescent keratocytes that transformed 
into fibroblasts and myofibroblasts, eliciting secretion of large amount 
of randomly organized collagen fibers to repair the wound. As a result, 
the randomly organized fibers caused light scattering and thus deteri
oration of vision. Hence, lumican (LUM, aiding in ECM organization, 
abundantly expressed by corneal keratocyte) and α-smooth muscle actin 
(SMA, producing abnormal ECM and inducing tissue contraction, scar 
formation and corneal opacity) immunofluorescence stainings (Fig. 7B4 
and B5) were conducted to investigate the keratocyte phenotype in 
wounded area [16,57]. It is demonstrated that LUM was abundantly 
expressed in corneas implanted with bilayer scaffold, which was similar 
to the normal cornea, whereas lower fluorescence intensity was 
observed in control group (denoted by red rectangle). In comparison, 
more expression of LUM was detected in cell-laden group compared with 
cell-free group, indicating that the encapsulated rASCs differentiated 
into keratocyte in the corneal microenvironment. Moreover, more SMA 
was expressed in the wounded area without hydrogel treatment, sug
gesting that the keratocytes close to the wounded area were activated 

Fig. 6. In vivo evaluation of the 3D printed bi-layer corneal scaffold in a rabbit model of ALK. (A) Surgical procedures of keratoplasty, including removing a certain 
part of corneal epithelium-stroma by a trephine and spatula, implantation of the hydrogel, and overlying suture. (B) Representative slit lamp and cobalt blue 
photographs after in vivo application of hydrogel to rabbit cornea at different time points. Progressive reduction in the size of corneal epithelial defect (green area in 
the central cornea) implicated epithelial migration over hydrogel and defect. 
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and differentiated into SMA-positive myofibroblasts. However, the 
bi-layer corneal scaffold significantly restrained the expression of SMA, 
which was conductive to avoiding myofibroblast formation and corneal 
scarring. 

To further verify the differentiation potential of the encapsulated 
rASCs in the hydrogel after keratoplasty, the gene expressions of the 
keratocytes specific markers keratocan (KERA), ALDH3A1 (ALDH) and 
aquaporin (AQP1) were assessed by polymerase chain reaction (PCR) 

technology (the corresponding primer sequences were shown in 
Table S5) [10]. From the results shown in Fig. 7D, the expressions of the 
three genes in cell-laden group were comparable to those in normal 
group. There was no statistical difference in the expressions of KERA and 
AQP1 between the two groups. However, lower expression was observed 
in cell-free and control group, which indicated that keratocyte-related 
gene expression was restricted, further proving that the encapsulated 
rASCs differentiated into keratocyte in the corneal microenvironment 

Fig. 7. Histological and gene expression analysis after application of the 3D printed bi-layer corneal scaffold in a rabbit model of ALK. (A1) H&E staining and 
immunostaining with (A2) Col I and (A3) CK3 antibodies (green) of the corneas at 1 day post-surgery. (B1) H&E staining and immunostaining with (B2) Col I, (B3) 
CK3, (B4) LUM, and (B5) SMA antibodies (green) at 28 days post-surgery. The red arrows and rectangles denoted the uncompleted epithelium and stroma region, 
respectively. In all images, nuclei were co-stained with DAPI (blue). The scale bars were 200 μm. Thickness of (C1) total, (C2) epithelium, and (C3) stroma layer of 
cornea at 28 days post-surgery obtained from H&E images. The relative gene expressions of (D1) KERA, (D2) ALDH, (D3) AQP1 in corneas, which were quantified by 
PCR at 28 days post-surgery. Values reflected fold change in mRNA expression over normal cornea. 
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and these stem cells could facilitate the corneal regeneration. Taken 
together, the synergistic effects of orthogonally aligned fibrous structure 
and encapsulated stem cells could provide an appropriate topographical 
and biological microenvironment for guiding the correct corneal 
regeneration pathway. 

4. Conclusions 

We developed a two-component ink composed of GelMA and long- 
chain PEGDA. Copolymerization of long-chain PEGDA with GelMA 
could contribute to formation of a robust PEGDA-GelMA hydrogel, 
resolving the intrinsic brittleness of GelMA hydrogel, owing to the 
toughening effect from the crystalline crosslinking of PEGDA chain. 
Diverse objects of PEGDA-GelMA hydrogels could be customized by DLP 
printing technology. The 3D printed PEGDA-GelMA hydrogels were 
shown to be cytocompatible and meet the requirements of corneal 
implant in terms of supporting cell adhesion, proliferation, and migra
tion, as well as a high light transmittance, an appropriate swelling de
gree, nutrient permeation and degradation rate. We printed a bi-layer 
dome-shaped corneal implant consisting of epithelia layer bearing rab
bit corneal epithelial cells (rCECs) and orthogonally aligned fibrous 
stroma layer loading rabbit adipose-derived mesenchymal stem cells 
(rASCs), recapitulating microstructure and microenvironment of natural 
cornea. This bi-layer cells-laden corneal construct was applied in a 
rabbit anterior lamellar keratoplasty (ALK) model. We demonstrated 
that the 3D printed biomimetic epithelium/stroma bilayer hydrogel 
implant could facilitate the corneal regeneration with efficient re- 
epithelialization and stromal regeneration. In the future, suture resis
tance of this hydrogel needs to be further improved. Clinically, bio
mimetic endothelium layer construction should also be taken into 
account to realize the whole corneal regeneration. 
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