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Corneal endothelial keratoplasty has been the primary treatment method of endothelial decompensation, but it is
often limited in clinical practice due to global shortage of donor cornea. Here, we explored using an ultra-thin
allogeneic cornea-derived matrix (uUACM) films as a substrate for constructing bioengineered corneal endothe-
lial grafts. We evaluated the films’ optical, mechanical, and structural properties, and measured the composition
of the extracellular matrix. The uACM was an ultrathin and curved cornea-shaped film with favorable optical and
mechanical properties. The fabrication process efficiently preserved corneal extracellular matrix composition
and significantly decreased cellular components. Moreover, human corneal endothelial cells and rabbit corneal
endothelial cells (RCECs) can adhere and grow on the uACM films with a positive expression of the corneal
endothelial functional markers Na*/K*-ATPase and ZO-1. The successful transplantation of uACM with RCECs
grafts into the rabbit model of endothelial dysfunction via Descemet membrane endothelial keratoplasty resulted
in prompt restoration of corneal transparency and thickness. During the four-week follow-up period, the uACM
with RCECs implanted eyes exhibited comparable corneal transparency, central corneal thickness, and endo-
thelial cell count to that of the healthy rabbit. Histologic examination revealed that the grafts were successfully
attached and integrated onto the posterior surface of the corneal stroma. The uACM achieved biomimetic
reconstruction in terms of both composition and structure, and can be used to construct the bioengineered
corneal endothelial grafts. These results indicate that constructing bioengineered corneal endothelial grafts from
discarded human corneal tissues may pave the way for generating high-quality corneal endothelial grafts for
transplantation.

1. Introduction

The cornea is the transparent outmost layer of the eyeball. The
corneal endothelium, which resides on the inner surface of the cornea, is
responsible for maintaining corneal transparency through the pump and
barrier functions of human corneal endothelial cells (HCECs) [1]. The
density of HCECs gradually decreases at a rate of 0.3-0.6% per year with
normal aging. Due to the limited proliferative capacity in vivo, the cells
attempt to compensate by increasing the cell enlargement and migration

[2]. Various factors can lead to the loss of HCECs and corneal decom-
pensation, including degenerative aging, endothelial dystrophy, intra-
ocular surgery, and inflammation. When the endothelial cell numbers
are distinctly reduced, the cornea will lose its transparency, leading to
blindness [1,3].

Currently, corneal blindness is usually caused by endothelial
dysfunction and restored vision by corneal transplantation surgery [4,
5]. In the past two decades, significant progress has been achieved in
corneal endothelial transplantation. The surgical techniques of corneal
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trating keratoplasty; EK, endothelial keratoplasty; DMEK, Descemet membrane endothelial keratoplasty; ECM, extracellular matrix; LK, lamellar keratoplasty; ACM,
allogeneic cornea-derived matrix; OD, Optical density; SEM, scanning electron microscopy; TEM, transmission electron microscopy; AS-OCT, Anterior segment-
optical coherence tomography; CCT, central corneal thickness; SD, standard error; GO, Gene Ontology.
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endothelial dysfunction have evolved from penetrating keratoplasty
(PK) to endothelial keratoplasty (EK), which only replaces Descemet’s
membrane and endothelial cell layer instead of full-thickness cornea
[6-8]. Fuchs’ endothelial dystrophy is the main corneal transplantation
surgery indication, accounting for about 39% of the global corneal
transplantation surgery [9]. Descemet membrane endothelial kerato-
plasty (DMEK) has been the primary treatment method of endothelial
decompensation, but it is often limited in clinical practice due to the
global shortage of donor cornea [10-12]. Hence, there is an immediate
requirement for donor cornea substitutes that possess exceptional
endothelial function to adequately address clinical needs. Bioengineered
corneal endothelial grafts offer a potential solution to the scarcity issue
[13-16].

The optimal corneal endothelial graft should exhibit excellent
physiochemical properties, biocompatibility, endothelial function, and
the ability to withstand the in vivo EK surgical procedure. In previous
studies, the corneal endothelial scaffold can be classified into natural,
synthetic, and composite materials. Natural materials mainly include
amniotic membrane, Descemet’s membrane, anterior lens capsule,
acellular corneal stroma, and silk fibroin membrane, which contain a
variety of cytokines and have good biocompatibility. Despite those
significant advantages, there are clear disadvantages associated with
poor optical and mechanical properties, and the scarcity of donor
cornea. Synthetic materials have a wide range of sources, and the
fabrication process can control the physicochemical properties. Still,
they are often limited by their poor biocompatibility and the unknown
metabolic process in vivo. The natural corneal stromal layer has a
unique extracellular matrix (ECM) composition in the microenviron-
ment of corneal cell growth. Using ECM as a raw material to reconstruct
bioengineered corneal endothelial scaffolds has incomparable advan-
tages over other materials from the perspective of composition bionics.
In the clinic, a large amount of residual donor corneal tissue after allo-
geneic keratoplasty is clinically discarded, including the residual pe-
ripheral corneal portion after PK, the remanent posterior lamellar tissue
after lamellar keratoplasty (LK), and the remaining anterior lamellar
tissue after EK. Our previous research has provided evidence supporting
the feasibility and potential of utilizing discarded human corneal tissues
to create allogeneic cornea-derived matrix (ACM) scaffolds for corneal
stromal implants. The ACM scaffolds displayed favorable optical prop-
erties and structural strength, featuring ECM components similar to
those of human corneal stroma [17]. Thus, we considered the prospect
of developing bioengineered corneal endothelial grafts using ACM,
aiming to closely mimic the composition and structure of the human
corneal endothelium and thereby restore the original tissue’s
functionality.

We explored the use of residual corneal tissue discarded after allo-
geneic corneal transplantation to construct the ultra-thin allogeneic
cornea-derived matrix (uUACM) films, and then cultured HCECs and
RCECs on the surface of the films to fabricate bioengineered corneal
endothelial grafts. Furthermore, the endothelial grafts were surgically
implanted using DMEK surgery in a rabbit model of corneal endothelial
decompensation to assess their biocompatibility in vivo. The objective of
the present study was to develop and implement a novel and effective
alternative corneal endothelial graft for the treatment of corneal endo-
thelial keratopathy.

2. Materials and methods
2.1. Preparation of uACM films

The study followed the tenets of the Declaration of Helsinki. The
human corneal tissue was provided by the Eye Bank of Guangdong
Province, China. The decellularized human corneal tissue suspension
was fabricated according to our previously described method [17]. We
collected discarded human corneal tissues from allogeneic corneal
transplantation surgery and then repeated freeze-thaw three times to
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achieve the human corneal tissue suspension. The decellularization
process was applied and immediately freeze-dried to achieve the
lyophilized powder that was blended with ultrapure water at a con-
centration of 5 mg/mL using a homogenizer. About 200 pL of the ho-
mogenized corneal tissue suspension was added to the spherical mold
with a curvature radius of 8 mm and then air-dried at a constant tem-
perature (26 °C) and humidity (75-85%) to form the uACM films.

2.2. Optical analysis

The dry and pre-wet films (immersed in PBS solution for 24 h) were
positioned on the surface of a transparent ruler to facilitate transparency
observation and photographic documentation.

2.3. Mechanical testing

The uACM film was cut into dumbbell-shaped sample strips with a
length of 4 mm and a width of 5 mm. Tensile strength, elongation at
break, and elastic modulus of the dry and pre-wetted uACM films were
subjected to tensile tests using a Model 3342 tensile testing machine
(Instron, USA) with a tensile rate of 0.1 mm/s. The thickness of the
samples was measured with a digital thickness gauge, with an accuracy
of 1 pm.

2.4. Histochemistry

The normal donor cornea and uACM films were paraformaldehyde-
fixed and embedded in paraffin. Sections (5-pm-thick) were stained
with H&E for the global structure, Picrosirius red for global collagens,
Periodic acid-Schiff kit for global glycoproteins, and Alcian blue for
global glycosaminoglycans.

2.5. Mass spectrometry-based proteomics

Protein extraction and iTRAQ experiments were performed using a
modification of a previously standard proteomics methods [18]. Briefly,
four paired samples (10 mg dry weight each) of donor cornea and uACM
films were prepared and used for a phenol protein extraction procedure,
and the protein concentrations were determined using the Bradford
colorimetric method. Total protein (100 pg) underwent acetone pre-
cipitation, followed by re-dissolution in 500 mM triethylammonium
bicarbonate and the addition of 5 pg trypsin (Beijing Hualishi Tech-
nology, China). The resulting digested peptides were incubated at 37 °C
for 4 h, desalted, and freeze-dried. The peptides were labeled with 8-plex
iTRAQ reagents (Applied Biosystems, USA) in accordance with the
manufacturer’s instructions. After labeling, the samples were combined
and lyophilized. The iTRAQ-labeled peptides that had been dried were
subjected to prefractionation through offline Strong Cation Exchange
chromatography, utilizing the LC-20AB HPLC Pump system (Shimadzu,
Japan). The reconstituted dried peptide fractions were then subjected to
analysis using LC-MS/MS on the UltiMate 3000 UHPLC system (Thermo,
USA). Following liquid phase separation, the peptides were ionized
using a nanoESI source and subsequently introduced into the Q Exactive
HF-X tandem mass spectrometer (Thermo, USA) for detection through
data-dependent acquisition. The raw mass spectrometry data were then
searched for identification by comparing them to the Swissprot database
with the Mascot software (version 2.3.02). Quality control analysis was
also performed to determine whether the data were acceptable. Quan-
titative analysis of the iTRAQ data was performed using the IQuant
software (BGI, Shenzhen, China) [19]. The final differential proteins
were screened with fold change >1.2 and P-value <0.05.

2.6. DNA quantification

The normal donor cornea and uACM films were lyophilized and
weighed. DNA micro-extraction kit (QIAGEN, Germany) was used
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according to the instructions to extract DNA, and then the DNA content
was determined using the NanoDrop One micro-ultraviolet spectro-
photometer (Thermo, USA).

2.7. Scanning electron microscopy and transmission electron microscopy
imaging

For scanning electron microscopy (SEM), uACM films were fixed in
2.5% glutaraldehyde at 4 °C for 4 h, followed by post-fixation in 1%
osmium tetroxide in 0.1 M phosphate buffer. Samples were dehydrated
with a graded ethanol series and placed in isoamyl acetate, then moved
to a critical point dryer. Observation of films’ surface morphology and
fiber morphology under U8010 scanning electron microscope (HITA-
CHI, Japan). For transmission electron microscopy (TEM), uACM films
and donor cornea were fixed in 2.5% glutaraldehyde at 4 °C for 4 h,
followed by post-fixation in 1% osmium tetroxide in 0.1 M phosphate
buffer. Samples were dehydrated with a graded series of ethanol and
embedded in epoxy resin. The 60-80 nm sections were stained with
uranyl acetate and lead citrate. Observations were carried out by
HT7700 transmission electron microscope (HITACHI, Japan). The mean
fiber diameter was determined using twenty fibers randomly observed
on the TEM images and calculated by ImageJ 1.52 software.

2.8. Isolation and culturing of corneal endothelial cells

HCECs and rabbit corneal endothelial cells (RCECs) were achieved
according to previous studies [20,21]. Briefly, CECs clusters were iso-
lated through 1 mg/mL Collagenase A for 2-4 h and then treated with
TrypLE Express for 5-10 min to create a single-cell suspension. Isolated
CECs were seeded onto the FNC coating mix (AthenaES, USA) pre-coated
plates at a density of 1.0 x 10 cells/cm? and cultured on stabilization
medium (Human Endothelial-SFM supplemented with 5% serum)
overnight. Subsequently, CECs were cultured in the proliferative me-
dium (Ham’s F12/M199 supplemented with 5 % serum, 20 pg/mL
ascorbic acid, 1x ITS, and 10 ng/mL HrFGF) to promote the proliferation
of the attached CECs for seven to fourteen days until cells reached 90%
confluence. CECs were re-cultured in the stabilization medium for two
days before being sub-cultured via single-cell dissociation using TrypLE
Express. Isolated CECs were sub-cultured at a density of 1.0 x 10*
cells/cm? on the precoated plate for further expansion.

2.9. Preparation of bioengineered corneal endothelial graft

Primary HCECs and RCECs from three passages were seeded onto the
posterior surface of uACM films at a density of 3000 cells/cm?. These
cells were then maintained in the stabilization medium for a duration of
7 days to generate bioengineered human and rabbit corneal endothelial
grafts. Subsequently, the grafts were preserved in a Corneal storage
medium (Alchimia, Italy) for a short-term until further experiments.

2.10. Immunocytochemistry

2.10.1. Immunocytochemistry staining

The human corneal endothelium, rabbit corneal endothelium,
human corneal endothelial grafts, and rabbit corneal endothelial grafts
were fixed in pre-cooled 100% methanol for a duration of 10 min at a
temperature of —20 °C. Subsequently, permeabilization was carried out
using 0.3% Triton X-100 for a period of 15 min at room temperature.
Following this, the samples underwent three consecutive 5-min rinses
with PBS. The samples were then exposed to a blocking buffer consisting
of PBS with 10% donkey serum and 0.3% Triton X-100 for a duration of
1 h at room temperature. After overnight incubation at 4 °C with anti-
Na®/K"-ATPase (Santa cruz, USA) and anti-ZO-1 (Thermo, USA), the
samples were washed with PBS and incubated in the corresponding
secondary antibodies (1:300, Jackson) for 1 h at room temperature.
Nuclei were stained with DAPI and washed twice with PBS for 5 min

Materials Today Bio 25 (2024) 101003

each. The expression of Na'/K"-ATPase and ZO-1 on the surface of the
samples was observed under a laser scanning confocal microscope and
photographed.

2.10.2. Live-dead viability assay

The rabbit corneal endothelial grafts were removed from the corneal
storage medium, rinsed with sterile PBS, and flattened under a dissect-
ing microscope for corneal spreading. The LIVE/DEAD Viability/Cyto-
toxicity Assay Kit (Thermo, USA) was prepared into 4 mM calcein AM
and 2 mM ethidium homodimer (EthD-1) with PBS solution and incu-
bated in the dark for 30 min for live-dead cell staining. Cells were
observed simultaneously under a laser-scanning confocal microscope.

2.11. EK surgical procedure

All animal operations were performed according to the requirements
of the Association for Research in Vision and Ophthalmology (ARVO)
Statement, and were approved by the Animal Ethics Committee of
Zhongshan Ophthalmology Center of Sun Yat-sen University. New
Zealand white rabbits of either gender weighing 2-3 kg were randomly
divided into three groups: uUACM with RCECs transplantation group (the
rabbit corneal endothelial grafts were transplanted after stripping the
Descemet’s membrane, n = 5), uACM without RCECs transplantation
group (uUACM films were transplanted after stripping the Descemet’s
membrane, n = 5), Descemetorhexis group (stripping the Descemet’s
membrane without transplantation, n = 5). One operator performed all
operations. The right eye of all experimental animals was selected as the
surgical eye. General anesthesia was performed by intramuscular in-
jection of 3% sodium pentobarbital. The 10-mm diameter Descemet’s
membrane and the endothelial layer of the rabbit cornea were dissected
to establish the corneal endothelial dysfunction animal model. Trypan
blue staining was used to show the peeled area, and then the filtered air
was injected into the anterior chamber. The uACM with RCECs grafts
were stained with Trypan blue, cut with an 8-mm diameter corneal
trephine, and curled autonomously into the DMEK injector. The grafts
were implanted into the anterior chamber by a DMEK injector through a
corneal incision and adjusted to achieve the endothelial surface face
down and in the central cornea. Finally, the grafts were fixed to the
posterior surface of the rabbit corneal stroma by air injection into the
anterior chamber. After the operation, the surgical animal was placed in
a warm and quiet place, and the surgery eye was placed on the upper
side for half an hour until it woke up. Tobramycin eye ointment three
times a day during the first week and tobramycin dexamethasone eye
drops three times a day during the second to fourth weeks.

2.12. Post-transplantation examination

Corneal imaging and measurements were performed at 1 day, 4 days,
1 week, 2 weeks, 3 weeks, and 4 weeks postoperatively. Slit-lamp
photographs were used to evaluate corneal transparency, graft adhe-
sion, and anterior chamber inflammatory reaction. The corneal trans-
parency score of the implanted cornea was performed according to the
previous article [22]. To assess the graft’s adherence to the posterior
corneal stroma and measure the central corneal thickness, Anterior
segment-optical coherence tomography (AS-OCT; Heidelberg, Ger-
many) was employed. The central corneal thickness (CCT) was averaged
at the three positions of center (0 mm), +1.0 mm, and —1.0 mm on both
sides of the center. In cases where the central corneal thickness sur-
passed the maximum measurable depth, rendering its calculation un-
feasible, a value of 1900 ym was recorded. The corneal endothelial
count was counted by a specular microscope SP-3000P (TOPCON,
Japan), and enface corneal thickness was measured by a corneal
topography (Allegro Oculyzer, Germany). Four weeks after surgery, the
corneas were harvested and rinsed with PBS solution. HE staining was
performed to show the adhesion of the grafts to the transplanted rabbit
corneas. Immunohistochemical staining with an antibody against
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Na'/K"-ATPase, ZO-1, and N-Cadherin was used to identify character-
istic markers of CECs in the transplanted rabbit corneas. SEM imaging
was conducted to evaluate the microscopic morphology of CECs on the
transplanted rabbit corneas.

2.13. Statistical analysis

The data were expressed as mean + standard error (SD). GraphPad
Prism software (Version 8.2.0, GraphPad Software, Inc.) was used for
statistical analysis and data processing. One-way ANOVA was used for
comparison among them. P < 0.05 was considered statistically signifi-
cant (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results
3.1. Physical characterization

Fig. 1A shows the appearance of the uACM films. The transparency of
the dry films was poor, while the pre-wet films had excellent trans-
parency. The Young’s modulus, elongation at break, and ultimate
strength were calculated by the stress-strain curve (Fig. 1B). As can be
seen from Table 1, all indexes of the films under different hydration
states showed statistical differences (P < 0.05). The thickness of the dry
film was 7.27 + 1.20 pm, and the pre-wet film was 20.20 + 2.52 pm.
The tensile strength of the dry film (14.44 + 0.96 MPa) was higher than
that of the wet film (0.17 £+ 0.03 MPa). The hydration of the films
increased the elongation at break, with average values of 6.18 + 0.92%
and 9.04 + 0.88% for the dry and wet uACM films, respectively. The
Young’s modulus of the uACM film after saturated water absorption
decreased from 319.93 + 17.74 MPa to 2.59 + 0.13 MPa.

3.2. Extracellular matrix composition preservation

H&E staining showed that the uACM film had a complete and
continuous structure, and no cells remained. PAS staining, Alcian blue
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Table 1
Mechanical properties of the uACM films.
Thickness Tensile Elongation at Young’s
(pm) strength break (%) modulus
(MPa ) (MPa)
Dry Films 7.27 + 14.44 + 6.18 + 0.92 319.93 +
1.20 0.96 17.74
Prewet Films 20.20 + 0.17 + 0.03 9.04 + 0.88 2.59 +£0.13
2.52
Descemet’s 0.3 +£0.01 1.7 £0.2 2.6 £ 0.4
membrane
[23]

staining, and Sirius red staining showed that the donor corneal extra-
cellular matrix’s glycoprotein, glycosaminoglycan, and collagen com-
ponents were successfully retained in the uACM (Fig. 2A). Mass
spectrometry iTRAQ was used to detect the relative expression of pro-
teins in the donor cornea and uACM film. By Gene Ontology (GO) sub-
cellular localization analysis of the significantly down-regulated
differential proteins, it was found that most (97.2%) proteins removed in
this study belonged to cellular components (Fig. 2B), while various types
of collagens, fibronectin, and laminin in the extracellular matrix was
preserved (Fig. 2C). The DNA content in the donor cornea was 166.49 +
32.65 ng/mg, and in the uACM film was 5.83 + 0.56 ng/mg, and there
was a statistically significant difference between the two groups.

3.3. Microstructural characterization

Scanning electron microscope showed that the microstructures of the
anterior and posterior surfaces of the uACM film were diffusely
distributed collagen fibrous structures and connected densely. The
stromal layer of the donor cornea (after femtosecond laser ablation)
showed loosely distributed fibrous structures with a regular shape
(Fig. 3A). Under the transmission electron microscope observation, the
collagen fiber structure in the cross-section of the uACM film was clear,

Stress (MPa)
=
1

Strain

0.20+

Stress (MPa)

Strain

Fig. 1. Optical transparency and mechanical properties of the uACM. (A) Gross view of the dry and pre-wet uACM films. (B) Stress curve of dry and pre-wet

UACM films.
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Fig. 2. Composition of the uACM. (A) Histochemical staining of donor corneas and uACM films. Scale bar = 20 pm. (B, C) Proteomic analysis of donor corneas and
UACM films. (B) Subcellular localization of significantly reduced proteins after the fabrication process based on GO analysis. Percentage is shown as gene hits against
total component hits. (C) The major ECM proteins like collagens and fibronectin were largely unaffected by the fabrication process.

and the fiber arrangement was similar to that of the donor corneal
stroma (Fig. 3B). There was no significant difference in the diameter of
collagen fibers between the two groups calculated by the software,
which was 24.83 + 2.87 nm for the uACM film and 26.30 + 2.93 nm for
the donor cornea (Fig. 3C).

3.4. In vitro biological properties

The scanning electron microscopy showed that the subcultured
HCECs could adhere and grow on the surface of the uACM film, but
compared with the normal human corneal endothelial surface, the vol-
ume increased, the shape changed to fibroblast-like, and the intercel-
lular connection was not tight enough. The subcultured RCECs can
adhere and grow healthy on the surface of the uACM film and have a
hexagonal shape and volume similar to that of the normal rabbit corneal
endothelial surface (Fig. 4A). Immunofluorescence staining showed that
the endothelial pump functional protein Na'/K'-ATPase and tight
junction protein ZO-1 were positively expressed on the surface of human
corneal endothelial grafts and rabbit corneal endothelial grafts (Fig. 4B).

3.5. Transplantation of uACM films into rabbit corneas

To evaluate whether the corneal endothelial graft constructed with
UuACM film can play a role in treating corneal endothelial dysfunction in
vivo, we implanted the three groups into the rabbit corneal endothelial
dysfunction model through DMEK surgery (Fig. 5A). The main steps of
the surgical procedure are shown in Fig. 5B. Live-dead staining of the
uACM with RCECs grafts showed that no cell growth was seen at the O-
ring location and linear folds, and a small clump of dead cells was seen at
the microscopic forceps contact. More importantly, RCECs were seen to
be viable and evenly distributed in the uACM film (Fig. 5C). Under the
slit-lamp observation of the uACM with RCECs transplanted eyes, the
corneal transparency was decreased on day 4, while increased on week 1
and nearly recovered on week 2. The transparent corneal area corre-
sponded to the endothelial graft area, and the opacity haze was seen on
the border of the endothelial graft and the peripheral residual cornea.
Throughout the follow-up, the uACM with RCECs endothelial implants
adhered well to the posterior surface of the stroma, and no corneal
neovascularization or anterior chamber inflammatory reaction was
observed (Fig. 6A, left column). However, the uACM without RCECs
transplanted eyes and the Descemetorhexis eyes have persistent corneal
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Fig. 3. Microstructural Characterization of the uACM. (A) Scanning electron microscopy of uACM films and donor corneal stromal layer. Scale bar = 5 pm. (B) The
collagen fiber structure of uUACM films and donor corneal stroma in transmission electron microscopy. Scale bar = 1 pm. (C) Comparison of collagen fibers diameter

between uACM films and donor corneal stroma.
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Fig. 4. Monolayer formation of HCECs and RCECs on the uACM. (A) Scanning electron microscopy of the human corneal endothelium, HCECs on uACM, rabbit
corneal endothelium, and RCECs on uACM. (B) Immunofluorescence staining of HCECs on uACM, and RCECs on uACM. Na'/K*-ATPase, green; ZO-1, red.

edema and haze (Fig. 6A, center and right column). The corneal clarity
score was presented in Fig. 6B. The changing trend of CCT determined
by AS-OCT was consistent with the transparency score, and the CCT had
recovered to the preoperative level in 4th week postoperatively (Fig. 7).
Moreover, there was no significant difference in the central corneal
endothelial cell density between the uACM with RCECs transplanted
eyes and the normal contralateral eyes (Fig. 8A). Corneal topography of
the uACM with RCECs transplanted eyes and their normal contralateral
eyes at postoperative week 4 showed that the corneal thickness of the
uACM with RCECs transplanted area was significantly lower than the
peripheral area, and was similar to that of their normal contralateral
eyes (Fig. 8B). Histological staining showed that the uACM with RCECs
graft adhered well to the posterior surface of the rabbit corneal stroma,
and no inflammatory reaction was observed between the uACM film and
surrounding tissues. Endothelial cells grow as a monolayer on the

posterior surface of uACM film and express ion pump functional protein
Na'/K'-ATPase, tight junction protein ZO-1, and N-Cadherin. RCECs
grew uniformly on the surface of uACM film and maintained their
normal morphology and function in vivo. In addition, no endothelial cell
was observed in the uACM without RCECs transplanted eyes and the
Descemetorhexis eyes (Fig. 9A). Diffuse fibroblastic cell was seen in the
junction area of the uACM with RCECs transplantation area and the
residual endothelium of the peripheral recipient cornea, whereas
endothelial cells with regular morphology were uniformly distributed in
the uACM with RCECs transplantation area and the peripheral residual
cornea (Fig. 9B).

4. Discussion

Corneal disease is one of the leading blinding diseases and is often
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‘ Calcein AM EthD-1 Merge

Fig. 5. In vivo experiments of uUACM with RCECs graft implantation in the rabbit corneal endothelial dysfunction model through DMEK surgery. (A) Schematics of
the in-vitro construction and in-vivo animal experiments of the bioengineered corneal endothelial grafts. (B) DMEK procedure performed on live rabbit corneas.
Stripping of the Descemet’s membrane and endothelium of the rabbit cornea with a diameter of 10 mm (a). Trypan blue staining confirmed no residual Descemet’s
membrane and endothelium remains in the stripped area (b). Anterior chamber injection of sterile air (c). Trypan Blue staining was applied to the endothelial
implants, and subsequent identification of the endothelial surface was conducted by observing the pre-marked edge (d). The endothelial implant was cut with an 8-
mm trephine (e). The endothelial implant was curled and transferred into an DMEK injector cartridge (f). The endothelial implant was inserted into the anterior
chamber (g). Flattening and positioning the endothelial implant in the central area (h). Attaching the endothelial implant with air bubble (i). (C) Live-dead cell

staining of the uACM with RCECs graft.

caused by endothelial dysfunction. The global scarcity of donor corneas
has become the most important factor limiting the widespread appli-
cation of corneal endothelial transplantation. Previously, we have
fabricated cross-linked ACM scaffolds capable of generating high-quality
corneal stromal implants suitable for transplantation, exhibiting favor-
able strength and deficient elasticity [17]. However, it is important to
note that thick and rigid ACM scaffolds may be unsuitable for corneal
endothelial keratoplasty, as this procedure necessitates thin and soft
grafts resembling the human Descemet’s membrane. Here we explored
the utilization of an ultrathin and uncross-linked uACM film as a scaffold
for tissue-engineered corneal endothelium. The main results of this
study indicated that: (1) The uACM was an ultrathin and curved
cornea-shaped film, which showed excellent optical and mechanical
properties. (2) The uACM film was highly biomimetic to human
Descemet’s membrane regarding its histology, microstructure, and
composition. (3) HCECs and RCECs have the capability to adhere and
proliferate as a monolayer on the surface of the uACM films, thereby
exhibiting distinctive endothelial markers of the endothelial cell. (4) The
uACM with RCECs graft can be successfully implanted into the rabbit
corneal endothelial dysfunction model through DMEK surgery, and it
effectively retains its functionality in vivo.

The primary considerations for the fabrication of a corneal endo-
thelial graft involve the thinness and curved shape of the cornea, as
these factors are crucial for ensuring proper adherence of the implants to
the posterior corneal surface and the restoration of visual acuity. Typi-
cally, the thickness of a DSEK graft ranges from 100 to 200 pm, whereas
the thickness of Descemet’s membrane in healthy adults is only 10-12
pm. The increased corneal thickness resulting from the graft can lead to
postoperative farsightedness. On the other hand, a DMEK graft solely
replaces the diseased Descemet’s membrane and the endothelium,
thereby achieving a complete anatomical and functional restoration [11,
24]. By adjusting the concentration and volume of the decellularized
corneal suspension, the dry uACM film thickness was regulated at 7.27
+ 1.20 pm, and the pre-wet uACM film thickness was regulated at 20.20
+ 2.52 pm, resembling the thickness of human Descemet’s membrane.
Yoshida et al. reported that the cornea-curved membrane could be
affixed to the stromal layer’s posterior surface, while the flat membrane
could not. We utilized a spherical mold with an 8 mm curvature radius to

fabricate uACM films, referring to the mold data by Yoshida et al. [65].

The poor transparency of the dry uACM film can be attributed to the
refraction and diffuse reflection caused by the irregular collagen fibers.
However, when the uACM film is saturated, it exhibits excellent optical
properties. Additionally, the elongation at break increases while the
tensile strength and Young’s modulus decrease significantly. Conse-
quently, the dry state is utilized for preservation and transportation
purposes, while the pre-wet form is employed for in vitro reconstruction.
Previous studies have reported that the mechanical properties of human
Descemet’s membrane [23]. Through a comparison of the mechanical
properties between the pre-wet uACM film and the human Descemet’s
membrane, it is observed that the pre-wet uACM film demonstrates a
reasonable elongation rate and weak tensile strength. Further investi-
gation is necessary to explore the feasibility of utilizing the uACM film
with weak tensile strength for endothelial scaffold, despite its limited
involvement in clipping operations during in vitro reconstruction and in
vivo transplantation. Additionally, the film exhibits superior stretching
capabilities compared to Descemet’s membrane, facilitating its easier
flattening and fixation onto the posterior surface of the corneal stroma.

Referring to the architecture and functionality of the human Desce-
met’s membrane, the convex anterior surface of the uACM film was
utilized for adherence to the recipient corneal stroma following in vivo
implantation, while the concave posterior surface of the uACM film was
employed for the cultivation of a monolayer of the corneal endothelium.
The human corneal Descemet’s membrane is the basement membrane of
endothelial cells, secreted by endothelial cells and composed of smooth
and uniform amorphous structure [25,26]. The scanning electron mi-
croscopy results showed that the anterior and posterior surfaces of the
uACM film had a collagen fiber structure similar to that of the donor
corneal stroma, but the collagen fibers were more tightly connected and
less regularly distributed [27,28]. The transmission electron microscopy
results showed that the structure of collagen fiber arrangement in the
cross-section of uACM film was similar to that of the donor corneal
stroma. The transparency of uACM films is intricately linked to the
diameter of collagen fibers and the spacing between these fibers. The
remarkable transparency exhibited by uACM films can be attributed to
the comparable diameter of collagen fibers present in the film and those
found in the donor corneal stroma [29,30]. It is worth mentioning that
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Fig. 6. Slit-lamp observation (A) and corneal transparency score change (B) in the rabbit corneal endothelial dysfunction model.

the processed discarded human corneal tissues preserve a variety of
natural human corneal extracellular matrix components that do not exist
in other natural or synthetic materials, thus realizing the compositional
biomimetic reconstruction of native human corneal tissue. Masson
staining was performed to detect collagen, PAS staining to detect gly-
coproteins, and Alcian blue staining to detect glycosaminoglycans [31].
Our results showed uACM film retains collagen, glycoproteins, and

glycosaminoglycans well. Furthermore, we used the mass spectrometry
iTRAQ method to quantitatively analyze the relative expression of
proteins in the native human cornea and uACM film. The GO subcellular
localization analysis found that most of the significantly down-regulated
proteins were cellular components. Moreover, various types of colla-
gens, fibronectin, and laminin in the extracellular matrix of donor
cornea were well preserved. Decellularization of the donor corneal
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Fig. 7. AS-OCT images (A) and central corneal thickness change (B) in the rabbit corneal endothelial dysfunction model.

tissues can reduce the rate of corneal graft rejection [32].

In order to obtain a sufficient quantity of corneal endothelial cells, it
is necessary to expand the cells in vitro. We conducted passaging and
expansion of HCECs and RCECs in vitro, followed by inoculation on the
surface of a film and subsequent detection of morphological and func-
tional markers of endothelial cells. In this study, we observed that RCECs
maintained a hexagonal morphology, while HCECs experienced
endothelial-to-mesenchymal transition with increasing passages. The
second or third generations of HCECs and RCECs were inoculated on the
surface of uACM film to construct bioengineered corneal endothelial
grafts in vitro. HCECs have the ability to adhere and proliferate on the
surface of uACM film, while also expressing the endothelial pump
functional protein Na'/K'-ATPase and the tight junction protein ZO-1.
Following passaging, HCECs exhibited an observable increase in size, a
morphological transformation towards a fibroblast-like appearance, and
inadequate intercellular junctions. The restricted cell density of the
bioengineered corneal endothelium, resulting from contact inhibition,
may lead to a compromised mechanical barrier and ion pump function
in vivo. Therefore, it remains necessary to conduct further research to
determine whether the functionality of subcultured HCECs can be

restored following implantation in vivo [33,34]. The extracellular ma-
trix components present in Descemet’s membrane, including Type IV
collagen, laminin-511, and laminin-521 and fibronectin, have been
observed to promote stimulate the adhesion and proliferation of human
corneal endothelial cells [35-38]. In further research, we will try to use
the above natural ingredients to modify the uACM film to study whether
the adhesion, migration and proliferation of HCECs can be promoted in
vitro construction. In our present study, RCECs maintained hexagonal
endothelial cell morphology with tight intercellular junctions as the
number of passages increased. The subcultured RCECs exhibited the
capacity to adhere and proliferate on the surface of the uACM film,
displaying a hexagonal morphology similar to that observed in the
normal rabbit corneal endothelium. These cells formed tight connec-
tions, resulting in the formation of a complete endothelial layer.
Immunohistochemical analysis revealed positive expression of the
endothelial pump functional protein Na'/K'-ATPase and the tight
junction protein ZO-1 on the surface of the rabbit corneal endothelial
grafts. Through the in vitro construction process, we successfully pre-
pared rabbit corneal endothelial grafts with healthy endothelial cell
morphology and function, which will be further investigated in an in
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vivo study.

In order to examine the in vivo safety and efficacy, the bioengineered
corneal endothelial grafts, which were constructed using uACM films
and RCECs, were surgically implanted into a rabbit model with corneal
endothelial dysfunction through DMEK surgery. The rabbit model was
created by mechanically dissecting Descemet’s membrane and endo-
thelial layer with a diameter exceeding 10 mm in the central cornea.
There was a margin area between the uACM with RCECs grafts (8-mm
diameter) and the scraped area (10-mm diameter), resulting in a tem-
porary decrease in corneal transparency at the fourth postoperative day.
However, transparency gradually improved over the course of the first
postoperative week and fully recovered by the second postoperative
week. The changing trend of CCT measured by AS-OCT was consistent
with the transparency score, and the CCT in the fourth postoperative
week has been restored to the preoperative level. These results indicate
that uACM with RCECs grafts can preserve corneal transparency and
maintain standard corneal thickness in vivo. Moreover, there was no
significant difference in the corneal endothelial cell density between the
transplanted and normal contralateral eyes. Histological staining
revealed the complete removal of Descemet’s membrane, successful
adherence of the uACM with RCECs graft to the posterior surface of the
rabbit corneal stroma, and absence of any inflammatory reaction.
Furthermore, the RCECs exhibited uniform growth as a monolayer on
the posterior surface of the uACM film, while retaining their normal
morphology and functional markers in vivo. Significantly, our study
demonstrates that the restoration of corneal transparency and CCT in the
uACM with RCECs transplantation group is primarily attributed to the
swift reaction of endothelial cells within the transplanted endothelial
grafts, rather than the proliferation and migration of autologous endo-
thelial cells, as evidenced by the 4-week follow-up period. Firstly, the
uACM without RCECs transplantation group and the Descemetorhexis
group exhibited persistent corneal opacity and edema, which was
further confirmed by histological staining revealing the absence of cells
on the posterior corneal surface and negative expression of corneal
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endothelial cell markers. Secondly, corneal topography results showed
that the corneal thickness of the uUACM with RCECs implanted eyes in the
transplanted area with a diameter of about 8 mm was significantly lower
than that of the surrounding area. Finally, SEM results demonstrated the
presence of diffuse fibrotic cells between the uACM with RCECs trans-
planted area’s endothelial cells and the distribution junction of residual
corneal endothelial cells in the periphery. The utilization of a uACM
film-based bioengineered corneal endothelial graft in DMEK surgery
proved successful in treating rabbit corneal endothelial dysfunction
models. A long-term follow-up is still needed to observe its long-term
effects. HCECs have demonstrated the ability to adhere and proliferate
on film surfaces while expressing their characteristic markers, albeit
with sub-optimal morphology. Therefore, there is currently a lack of
animal experimental studies involving HCECs. Nevertheless, our
research serves as a foundation for future investigations into bio-
engineered grafts for human corneal endothelial transplantation.

The selection of an appropriate surgical technique is of utmost
importance in advancing the utilization of biomaterials in future clinical
settings. This research demonstrates that the uACM film possesses the
ability to withstand routine clamping operations during cell culture and
surgical procedures, thereby validating its favorable mechanical char-
acteristics. Furthermore, the bioengineered endothelial grafts can be
conveniently curled within the DMEK endothelial injector using the
appropriate suction pressure in a corneal storage medium and subse-
quently implanted into the anterior chamber with the suitable bolus
pressure. The flattening, position adjustment, and graft fixation pro-
cedures are executed without direct contact to safeguard the integrity of
the endothelial cells [39,40]. By utilizing existing DMEK surgical in-
struments and techniques, there is no need to develop novel grafting
methods to accommodate the grafts. This study presents a novel strategy
for the reconstruction of tissue-engineered corneal endothelium, which
holds immense importance in mitigating the scarcity of donor corneas.
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5. Conclusions surface of uACM films, exhibiting the expression of their respective
characteristic markers. The utilization of uACM film and RCECs in the

The uACM films were generated by remodeling of decellularized construction of bioengineered corneal endothelial grafts enabled the
corneal tissue to achieve biomimetics properties in both composition treatment of rabbit corneal endothelial dysfunction models through
and structure. HCECs and RCECs were observed to proliferate on the DMEK surgery. Consequently, our study showcases the potential of
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UACM film in the fabrication of bioengineered corneal endothelium,
offering a novel approach to corneal endothelial reconstruction.
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