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Abstract
● AIM: To construct functional human full-thickness 
corneal replacements.
● METHODS: Acellular porcine corneal matrix (APCM) was 
developed from porcine cornea by decellulariztion. The 
biomechanical properties of anterior-APCM (AAPCM) and 
posterior-APCM (PAPCM) were checked using uniaxial 
tensile testing. Human corneal cells were obtained by cell 
culture. Suspending ring was designed by deformation 
of an acupuncture needle. MTT cytotoxicity assay was 
used to check the cytotoxicity of suspending ring soaking 
solutions. A new three-dimensional organ culture system 
was established by combination of suspending ring, 48-
well plate and medium together. A human full-thickness 
corneal substitute was constructed from human corneal cells 
with AAPCM in an organ coculture system. Biochemical 
marker expression of the construct was measured by 
immunofluorescent staining and morphological structures 
were observed using scanning electron microscopy. Pump 
function and biophysical properties were examined by 
penetrating keratoplasty and follow-up clinical observations.
● RESULTS: There were no cells in the AAPCM or PAPCM, 
whereas collagen fibers, Bowman’s membrane, and 
Descemet’s membrane were retained. The biomechanical 
property of AAPCM was better than PAPCM. Human corneal 
cells grew better on the AAPCM than on the PAPCM. 

There was no cytotoxicity for the suspending ring soaking 
solutions. For the constructed full-depth human corneal 
replacements keratocytes scattered uniformly throughout 
the AAPCM and expressed vimentin. The epithelial layer 
was located on the surface of Bowman’s membrane 
and composed of three or four layers of epithelial cells 
expressing cytokeratin 3. One layer of endothelial cells 
covered the stromal surface of AAPCM, expressed Na+/
K+ATPase and formed the endothelial layer. The construct 
was similar to normal human corneas, with many microvilli 
on the epithelial cell surface, stromal cells with a long 
shuttle shape, and zonula occludens on the interface 
of endothelial cells. The construct withstood surgical 
procedures during penetrating keratoplasty. The corneal 
transparency increased gradually and was almost 
completely restored 7d after surgery.
● CONCLUSION: AAPCM is an ideal scaffold for constructing 
full-thickness corneal replacement, and functional human 
full-thickness corneal replacements are successfully 
constructed using AAPCM and human corneal cells.
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INTRODUCTION

S econd only to cataracts, corneal disease is the most 
frequent cause of vision loss[1]. There are more than 

50 million people worldwide who have suffered vision loss 
due to corneal opacification because of disease or trauma[2]. 
The keratoplasty is widely used to treat corneal blindness[3-5]. 
However, the source of acceptable donor corneal tissue is 
limited, especially in developing countries[6]. Furthermore, 
this situation is becoming more serious because of the 
increasing use of corrective corneal laser vision surgery and 
the rising incidence of transmissible diseases, such as HIV and 
hepatitis[7-9]. 
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At present, keratoprostheses are the sole substitutes for donor 
corneas in keratoplasty. However, they are associated with 
serious complications, including retroprosthetic membrane 
formation, neovascularization, infection, and glaucoma. Thus, 
their use in the clinic has been strictly limited[10]. In addition, 
according to European directives many laboratory animals are 
not allowed to use for toxicity testing, particularly the rabbits 
that were previously used in the Draize eye irritancy test[11]. 
Therefore, it is necessary to develop tissue-engineered corneas 
that can replace donor corneas for keratoplasty and animal 
models in pharmacotoxicology testing. 
The human cornea is a transparent and multilayered tissue 
composed of three distinct layers, each consisting of a different 
cell type. The corneal epithelium, comprising stratified squamous 
epithelial cells, is the outermost layer[12]. It is responsible 
for protecting the eye from physical agents and transporting 
oxygen and nutrients to the deeper layers of the cornea. 
The corneal stroma consists of approximately 200 lamellae and 
its thickness is about 500 μm, accounting for 90% of the whole 
corneal thickness. The lamellae appears as a highly organized 
array of collagen I fibrils that lie parallel to each other and 
small, populating keratocytes with a uniform diameter that 
are quiescent and dispersed between the fibrils to maintain the 
extracellular matrix, which is essential for transparency[13-17]. 
The orientation of array of lamellae changes sharply, coming 
into a plywood-like organization that provides stability to 
the cornea and gives it its biomechanical properties. The 
damaged stroma is replaced by fibrotic tissues because of its 
non-regenerated property[18-19]. Finally, the endothelial cell layer 
consists of a single layer of regularly arranged hexagonal cells 
[i.e. corneal endothelial cells (CECs)] and separates the corneal 
stroma from the aqueous humor of the anterior chamber. The 
liquid balance within the cornea is maintained by the barrier 
and compensating pump functions of the CECs, which is 
critical for corneal transparency[20]. Thus, only to develop all 
three layers of the cornea can a corneal equivalent be obtained.
Many researchers have developed several full-thickness human 
corneas[18,21-23] and hemicorneas[24-27] using natural or synthetic 
polymers and normal human corneal cells or immortalized 
cells, which have been used primarily for in vitro drug and 
toxicity testing, based on their delicate mechanical properties, 
and in biosafety studies for corneal transplantation.
Recently, we developed a new scaffold named acellular 
porcine corneal matrix (APCM), which was derived from 
porcine cornea[28] and CEC-like cells derived from human 
embryonic stem cells (hESCs)[29-30]. We successfully constructed 
rabbit anterior hemicorneas and human posterior hemicorneas 
using anterior APCM (AAPCM) and rabbit corneal cells, 
posterior acellular porcine corneal matrix (PAPCM), and 
hESC-derived CEC-like cells and used them for rabbit lamellar 

and endothelial keratoplasty, respectively[29-32]. However, the 
biofunction, biosafety, and biocompatibility of these constructs 
in vivo should be evaluated before they are introduced into the 
clinic. The studies above demonstrated that APCM has good 
biocompatibility and biomechanical properties and that the 
characteristics of hESCs-derived CEC-like cells are similar 
to those of native human CECs. In this regard, it is unknown 
whether bare APCM can be used to construct full-thickness 
corneas and whether corneal replacements that are constructed 
from APCM can withstand surgical procedures during 
penetrating keratoplasty, especially resisting stitches and the 
intraocular pressure after transplantation.
In this study, we constructed a full-thickness human corneal 
replacement with anterior APCM lamellae, normal human 
keratocytes, epithelial cells, and hESC-derived CEC-like cells. 
We found that it had better biomechanical properties than a 
replacement constructed with posterior APCM in a new three-
dimensional organ culture system that we designed using a 
special suspending ring.
MATERIALS AND METHODS
Ethical Approval  This research was approved by the 
Institutional Review Board of Shandong Provincial Western 
Hospital. Treatment is in full compliance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision 
Research. Samples were collected following written informed 
agreements, and the study was implemented according to the 
Declaration of Helsinki. 
Cell Culture  Human epithelial and stromal cells were obtained 
from a human donor limbal rim, which was not adequate for 
transplantation. The human limbal rim was incubated with 
2.4 U/mL Dispase II (Roche, Basel, Switzerland) at 37℃ for 
1h after rinsing three times with DMEM/F12 (Invitrogen, 
Waltham, MA, USA). Two fine forceps were used to separate 
the limbal epithelial sheets from the human limbal rim under a 
dissecting microscope. Single cells were obtained by digesting 
the limbal epithelial sheets with 0.25% Trypsin/0.02% EDTA 
(Sigma, Darmstadt, Germany) at 37℃ for 5min.
The human donor cornea was deprived of epithelial and 
endothelial cells and residual stroma was chopped into small 
pieces of approximately 1.0 mm in diameter, which were 
digested into single cells with 0.02% collagenase (Sigma).
DMEM/F12 (1:1) supplemented with 10% fetal bovine serum 
(Invitrogen, Waltham, MA, USA), 100 U/mL penicillin and 
100 U/mL streptomycin was used as a growth medium for the 
epithelial and stromal cells.
The method for the derivation of CEC-like cells from hESCs 
was used as reported previously[30]. The basal medium (BM) 
contained DMEM/F12 (Invitrogen, Waltham, MA, USA) 
supplemented with B27 (Invitrogen), 20 ng/mL epidermal 
growth factor (Sigma), 40 ng/mL basic fibroblast growth factor 
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(Sigma), 100 U/mL penicillin and 100 U/mL streptomycin 
(Shandong Lukang Pharmaceutical co., Ltd, Jining, China). 
Then, 10% fetal bovine serum was added to BM to form 
corneal fibroblast differentiation medium (FM). Lens epithelial 
cell-conditioned medium was mixed with FM at a ratio of 3:1 
as the CEC differentiation medium (EM). Embryonic bodies 
(EBs) were formed and cultured in suspension for 7d with 
hESC growth medium in low-attachment culture dishes. The 
isolated human corneal stromal cells (hCSCs) were plated at 
1800/cm2 onto 0.4-mm-pore transwell inserts (Corning) and 
cultured in FM. Approximately 80 EBs per well were plated 
onto 10 mg/mL fibronectin-10 mg/mL laminin-10 mg/mL 
heparan sulfate-precoated, 24-mm-diameter glass cover slips 
in wells of a 6-well tissue culture plate and cultured in BM for 
2d. Subsequently, the hCSCs on transwell inserts were added 
to the 6-well plates and cocultured with the plated EBs in FM 
for an additional 5d with changes in medium every 2d. Then, 
the medium was changed from FM to EM and culturing was 
continued  for 2wk. Cells with N-cadherin and vimentin double 
staining were CEC-like cells. All cultures were performed in a 
Carbon dioxide cell incubator containing 5% CO2 at 37℃.
Preparation of Anterior APCM and Posterior APCM  
Decellularization of porcine corneas was implemented 
according to the previous protocols in our lab[28]. A 1.0-mm thick, 
10.0-mm diameter APCM containing Bowman’s membrane 
and anterior stromal collagen (i.e.AAPCM) or posterior 
stromal collagen and Descemet’s membrane (i.e.PAPCM) 
was prepared using a scalpel under a dissecting microscope. 
AAPCM and PAPCM were washed three times in sterile 
phosphate buffer saline (PBS) supplemented with 200 U/mL 
penicillin and 200 U/mL streptomycin for 3h, freeze-dried 
at -20℃ for 12h, air-dried at room temperature for 3h in a 
biological safety cabinet, and stored at -20℃ before use. 
All steps were accomplished under aseptic processing 
procedures.
Reformulation of Corneal Epithelium and Endothelium 
on AAPCM and PAPCM  AAPCM and PAPCM lamellae 
were soaked in EM at 37℃ for 24h. Subsequently they 
were placed in individual wells of 48-well plates. The CECs 
from passage 1 were gently seeded onto the surface of the 
Bowman’s membrane of AAPCM and stoma of PAPCM 
with a cell density of 5×103/mm2 and cultured for 7d. When 
epithelial cells grown to reach confluence, the air-liquid culture 
technique was used for one more week for the construction 
of epithelium. For the construction of endothelium, CEC-like 
cells in 100 mL were gently seeded on the surface of the stoma 
of AAPCM and Descemet’s membrane of PAPCM at a density 
of 2×105 cells/mm2 for each lamella, and then allowed to 
adhere for 4h before being completely immersed in EM. These 
lamellae bearing CEC-like cells were cultured for 2wk. All 

constructs were cultured in a carbon dioxide cell incubator 
containing 5% CO2 at 37℃. The culture medium was 
exchanged every other day.
Uniaxial Tensile Testing for AAPCM and PAPCM  AAPCM, 
PAPCM and fresh pig corneas were cut into 10.0×6.0 mm2 
rectangular strips along the longitudinal direction. The strips 
were then mounted under zero strain on to a purpose-built 
holder of an instron electromechanical universal tester (Instron, 
Canton, MA, USA). Uniaxial tensile testing was performed at 
a constant speed of 10 mm/min with a set load range from 0 
to 500 g (n=6 in each group), as described by Oswal et al[33]. 
All specimens maintained moist using physiological saline. All 
testing was performed at room temperature. One-way analysis 
of variance (ANOVA) was used to analyze the stress-strain 
curves derived from the specimens of each group. The value of 
statistical significance was set to P<0.05 (n=6).
The Development of a Suspending Ring and MTT 
Cytotoxicity Assay  An acupuncture needle was heated in 
an alcohol flame until it softened and became wrinkled on 
a steel nail of 2 mm diameter, forming the shape of spring. 
Then the appearance was further changed to become a ring 
with a diameter of 8 mm and height of 2 mm (a suspending 
ring). To determine whether the soaking solutions from the 
suspending ring would cause cytotoxicity, the suspending ring 
was soaked using 5 mL EM at 37℃ for 48h. Human corneal 
stromal (2×103) and epithelial (2×103) cells as well as CEC-
like (2×103) cells were seeded into each well of 96-well plates 
and cultured with soaking solutions (experimental group, n=6) 
or normal medium (control group, n=6). MTT assay was used 
to determine the proliferation activity of the cells at 1, 3, 5, and 
7d. A microplate reader (InTec Reader 2010, USA) was used 
to measured the optical density (OD) value of absorbance 
at 490 nm. Differences in the OD value between experimental 
and control groups were analyzed statistically by One-way 
ANOVA. The value of statistical significance was set to P<0.05. 
Construction of a Human Full-thickness Corneal 
Substitute  AAPCM lamellae were soaked in EM at 37℃ for 
24h before cell seeding. Cultured hCSCs from passage 3 were 
trypsinized, and re-suspended at a final concentration of 
5×105 cells/mL. Parallel to the surface of the AAPCM lamellae, 
1 mL of cell suspension was gently injected into the AAPCM 
stromal collagen at eight different sector regions using a 1 mL 
insulin syringe. The cell-AAPCM lamella constructs were 
incubated in carbon dioxide cell incubator containing 5% CO2 
at 37℃ for 24h in order to reach the complete adhesion of the 
hCSCs to the AAPCM, and then they were cultured for the 
next 7d by the methods of shake culturing on an orbital shaker 
at a rotation rate of 15-20 rpm. After shake culturing for 7d, 
the human CECs from passage 1 were gently seeded onto 
the surface of the Bowman’s membrane of the reconstructed 
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stroma with a cell density of 5×103/mm2. The constructs kept 
still for 3h before being completely immersed in EM. The next 
day, the constructs were placed on the suspending rings 
with the constructed epithelium facing downwards in the 
wells of 48-well plates and CEC-like cells in 100 mL 
were gently seeded on the surface of the stoma at a density of 
2×105 cells/mm2 for each construct, and allowed to adhere for 
4h before being completely immersed in EM. After culturing 
for 1d, the constructs were turned over and cultured for 7d. 
When epithelial cells grown to reach confluence, the air-
liquid culture technique was used for one more weeks for the 
construction of epithelium. All constructs were cultured in a 
carbon dioxide cell incubator containing 5% CO2 at 37℃. The 
culture medium was exchanged every other day.
Immunofluorescent Staining  Immunofluorescence was 
performed as previously reported[34]. In brief, mouse monoclonal 
antibody for anti-cytokeratin 3 (CK3, 1:200; Abcam, San 
Francisco, CA, USA), a marker of CECs, anti-vimentin (1:100; 
Abcam, San Francisco, CA, USA), a marker of keratocytes, or 
anti-Na+/K+ATPase alpha1 (1:50; Santa Cruz), expressed in the 
membrane of CECs, was placed on the sections and primary 
corneal cell cultures were fixed with 4% paraformaldehyde 
and incubated at 4℃ overnight (PBS was the negative 
control). The secondary antibodies (1:100; all from Beijing 
Zhongshan) coupled to FITC or TRITC were then applied for 
detection,and the cells were stained with 4’,6-diamidino-2-
phenylindole (DAPI) to visualize nuclei. For negative controls, 
primary antibodies were substituted with PBS. Fluorescence 
was observed using a fluorescence microscope (models BH2- 
RFL-T3 and BX50; Olympus).
Histology  Samples for scanning electron microscopy were 
fixed in cacodylate-buffered 3% glutaraldehyde and post-fixed 
for 1h in 1% osmium tetroxide. Then samples were gradually 
dehydrated by ethanol (50%, 70%, 95%, 100%), critical- 
point dried, and gold sputter-coated according to routine 
procedures[35]. Subsequently, specimens were examined 
by a scanning electron microscope (SEM, S-570, Hitachi, 
Japan).
Implantation  After being treated with antibiotic eyedrops  
three times a day for three days, male adult New Zealand White 
rabbits, weighing 2.0-2.5 kg, were anesthetized intravenously 
with 1% pentobarbital sodium (40-50 mg/kg) and topically 
with oxybuprocaine hydrochloride three times in half an hour, 
and the surgical eyes were disinfected and sterile draped. 
Next, full-thickness plant beds with a diameter of 7.5-mm 
were made on the central corneas of right eyes by trephine 
and then the prepared constructs were implanted onto it with 
10-0 nylonsutures (Alcon). Subsequently, dexamethasone-
tobramycin ointment (Santen) was instilled into the conjunctiva 
sac immediately.

Twenty rabbits were selected and randomly divided into two 
groups: the construct (rabbits with human full-depth corneal 
replacement transplantation, n=10) and AAPCM (rabbits 
with AAPCM lamellae transplantation, n=10). Tobramycin 
and dexamethasone eye drops were used 4 times and 1% 
cyclosporin one time each day during the follow-up period.
Follow-up Clinical Observations  Conjunctival congestion, 
corneal edema, corneal neo-vascularization, and grafts 
degradation of each surgical eye (n=20) was examined by a 
slit-lamp microscope (Zeiss) 1, 3, 5, 7, 14, 21, and 28d after 
transplantation. Representative anterior segment photographs 
were made with a slit-lamp microscope. Central corneal 
thickness was measured at 1, 3, 5, 7, 14, 21, and 28d after 
surgery using a Visante OCT (Model CA94568; Carl Zeiss 
Meditec, Inc.). At 2wk after transplantation, the confocal 
microscope images of each surgical eye (n=20) were collected 
with confocal laser corneal microscopy.
RESULTS
Corneal Cells  The dissociated human CECs attached well and 
grew extensively (Figure 1A), forming a continuous layer with 
a high expression of CK3 in the cytomembrane (Figure 1D). 
hCSCs had an elongated spindle-like shape and a good growth 
rate in culture (Figure 1B). Positive signals for vimentin were 
distributed throughout the cell plasma (Figure 1E). The 
CEC-like cells were hexagonal and pentagonal and grew to 
form a monolayer of cells (Figure 1C), characteristic of the 
morphology of normal human corneal endothelium. Positive 
signals for Na+/K+ATPase were detected throughout the 
cytomembrane (Figure 1F).
Characterization of AAPCM and PAPCM
Microscopy and histology  Gross observation of the AAPCM 
lamella (Figure 2A) and PAPCM lamella (Figure 2D) indicated 
they were opaque and swollen after the decellularization. 
However, their transparency was restored after being soaked in 
sterile glycerol for 1h (Figure 2B and 2E). Hematoxylin-eosin 
(H&E) staining indicated no visible cells or nuclear material in 
the AAPCM lamella (Figure 2C) or PAPCM lamella (Figure 2F), 
whereas collagen fibers, Bowman’s membrane, and Descemet’s 
membrane were retained and had a normal structure (Figure 
2C and 2F). Bowman’s membrane located on the anterior 
surface of AAPCM lamella had a smooth appearance (Figure 
2A and 2B). The morphology of Descemet’s membrane 
changed, becoming corrugated (Figure 2D and 2E).
Mechanical properties  The mean±SD values for ultimate 
tensile strength were 4.75±1.3499 MPa in the native porcine 
cornea, 4.45±0.5398 MPa in the AAPCM, and 4.48±0.9130 MPa in 
the PAPCM. No significant difference was found between the 
normal cornea, AAPCM, and PAPCM (P>0.05; Figure 2G). 
The elongation at break (%) of the AAPCM was 6.05±1.98, 
similar to that of native porcine corneas (6.41±2.52, P>0.05), 
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Figure 1 Corneal cells  Dissociated human epithelial cells attached well and grew extensively (A) with a high expression of CK3 in the 
cytomembrane (D). Human stromal cells displayed an elongated spindle-like shape (B). Positive signals for vimentin were distributed in the cell 
plasma (E). CEC-like cells displayed a hexagonal and pentagonal shape (C). Positive signals for Na+/K+ATPase were detected throughout the 
cytomembrane (F). Scale bars=20 μm.

Figure 2 Representative images, histological characteristics and mechanical properties of the scaffolds  AAPCM lamella (A) and PAPCM 
lamella (D) were opaque and swollen after decellularization by gross observation. Their transparency was restored after soaking in sterile 
glycerol for 1h (B, E). H&E staining indicated no visible cells or nuclear material in the AAPCM lamella (C) or PAPCM lamella (F). Bowman’s 
membrane and Descemet’s membrane were retained and had normal structures (C, F). Descemet’s membrane was corrugated (D, E). Bowman’s 
membrane had a smooth appearance (A, B). For ultimate tensile strength, no significant difference was found between the normal cornea, 
AAPCM, and PAPCM (P>0.05; G). There was a significant difference in the elongation at break between the PAPCM and normal cornea (P<0.05; 
H). Scale bars=20 μm. NPC: Native porcine cornea.
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and there was a significant difference in this value between the 
PAPCM (7.95±2.37) and normal cornea (P<0.05; Figure 2H). 
Morphology of the Reformulated Corneal Epithelium and 
Endothelium  Three or four layers of epithelial cells with 
high expression of CK3 (Figure 3B) formed on the surface of 
Bowman’s membrane of the AAPCM through the air-liquid 
culture technique (Figure 3A), but there was only one layer 
of epithelial cells on the surface of the PAPCM that covered 
the stromal and Descemet’s membrane surface (Figure 3E), 
which also had a high expression of CK3 (Figure 3F). After 
2wk of seeding, the CEC-like cells formed a nearly intact 
monolayer on the stromal surface of the AAPCM, and no 
cells were detected within the AAPCM lamella (Figure 3C). 
By immunofluorescence, these cells expressed Na+/K+ATPase 
(Figure 3D). CEC-like cells on the corrugated Descemet’s 
membrane of the PAPCM assumed a non-uniform monolayer, 
with many cells accumulating in the folds (Figure 3G) being 
positive for Na+/K+ATPase (Figure 3H). 

Cytotoxicity of the Suspending Ring  MTT assay showed 
that the difference of cell proliferation was not statistically 
significant between the experimental and control groups (n=6, 
P>0.05; Figure 4).
Characterization of the Constructed Full-Depth Human 
Corneal Replacements  Figure 5 shows the three-dimensional 
culture system (Figure 5B), composed of an acupuncture 
needle-devolved ring (Figure 5A) and the entire construct 
(Figure 5C). In the central stromal-like region, keratocytes 
were distributed uniformly throughout the AAPCM 
(Figure 5C) and expressed vimentin in the cell plasma (Figure 
5E), demonstrating that human keratocytes survived and 
proliferated rapidly. On the surface of Bowman’s membrane, 
the epithelial layer appeared as a thin, differentiated, stratified 
epithelium expressing CK3 in the cytomembrane (Figure 5D), 
which included three or four layers of cells but no column-
shaped cells at the bottom (Figure 5C). On the lower surface, 
the endothelial monolayer was clearly visible as a line of 

Figure 3 The reformulated corneal epithelium and endothelium  Three or four layers of epithelial cells formed on the surface of Bowman’s 
membrane of AAPCM (A), but there was only one layer of epithelial cells on the surface of PAPCM covering both the stromal and Descemet’s 
membrane surface (E). Immunofluorescence showed these cells expressed CK3 (B, F). CEC-like cells formed an almost intact monolayer on 
the stromal surface of AAPCM and no cells were discovered within the AAPCM lamella (C). The CEC-like cells located on the corrugated 
Descemet’s membrane of PAPCM showed a non-uniform monolayer with accumulation of many cells in the fold (G). These cells 
expressed Na+/K+ATPase (D, H). Scale bars=20 μm.

Figure 4 MTT assay for cytotoxicity determination of the soaking solutions from the suspending ring  There were no significant differences 
in the proliferation of human corneal epithelial and stromal cells as well as CEC-like cells between the experimental and control groups (P>0.05).
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cells that expressed Na+/K+ATPase in the cytomembrane 
(Figure 5F). In contrast, Descemet’s membrane, a structure 
that is easily viewed when present, was not observed as a 
thick collagenous layer by optical microscopy (Figure 5C). 
The construct was similar to normal human corneas, with 
many microvilli on the epithelial cell surface (Figure 5G), 
stromal cells with a long shuttle shape (Figure 5H), and zonula 
occludens at the interface with endothelial cells (Figure 5I), as 
demonstrated by transmission electron microscopy.
Implantation and Clinical Observations  Figure 6 shows 
representative images throughout the entire operation. 
The transparency of the graft was restored gradually in the 
construct group (Figure 6A-6D), whereas it was always opaque 
and swollen in the AAPCM group (Figure 6E-6H).
Representative anterior segment photographs on a slit-lamp 
biomicroscope and Visante OCT were taken on postoperative 
days 3, 7, 14, and 28. The corneal transparency increased 
gradually and was nearly completely restored in the construct 

group 7d after surgery (Figure 7A). However, corneal edema 
and conjunctiva congestion developed at 14d, indicating the 
occurrence of immune rejection, which deteriorated rapidly 
with neovascularization at 28d (Figure 7A). In contrast, the 
corneal opacity and stromal edema worsened throughout the 
28-day observation in the PAPCM group (Figure 7B).
Confocal microscope images acquired 7d after the operation 
confirmed the uniform distribution of stromal cells in the 
stroma (Figure 8B) and the full coverage of polygonal cells 
on the posterior surface (Figure 8C) in the construct group, 
whereas no cells were detected in the stroma (Figure 8E), and 
the posterior surface was denuded (Figure 8F). The regenerated 
corneal epithelial cells on the implant surface in the construct 
group showed a more regular and intact morphology (Figure 
8A) compared with the PAPCM group (Figure 8D).
DISCUSSION
The scaffold is a basic element in the construction of full-depth 
corneal replacements. Many researchers have demonstrated 

Figure 5 Representative images of the three-dimensional culture system and characteristics of human full-depth corneal replacements   
The suspending ring was derived from an acupuncture needle (A). The suspending ring located in the well of a 48-well plate lifted the construct, 
forming a three-dimensional culture system (B). In the central stromal-like region, keratocytes were distributed uniformly throughout the 
AAPCM (C) and expressed vimentin in the cell plasma (E). On the surface of Bowman’s membrane, the epithelial layer included three or four 
layers of cells (C) expressing CK3 in the cytomembrane (D). On the lower surface, the endothelial monolayer was clearly visible as a line of 
cells (C) with the expression of Na+/K+ATPase in the cytomembrane (F). In contrast, Descemet’s membrane was absent (C). Transmission 
electronic microscope demonstrated many microvilli on the epithelial cell surface (G), the long shuttle shape of stroma cell (H) and zonula 
occludens structure at the interface with endothelial cells (I). The images are local enlarged images. Scale bars=20 μm.
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that APCM is an ideal scaffold on the basis of its good 
optical clarity, biocompatibility and adequate biomechanical 
toughness. To date, no synthetic scaffolds have performed 
better than natural APCM at mimicking the structure of the 
natural corneal stroma with sufficiently good biomechanical 
properties to endure contact with sutures during keratoplasty. 
Recently, we constructed tissue-engineered epithelial grafts, 
anterior corneal replacements, and tissue-engineered corneal 
endothelial sheets with APCM and corneal cells. Furthermore, 

we performed corneal stem cell transplantation, lamellar 
keratoplasty, and Descemet stripping automated endothelial 
keratoplasty using these constructs as implants in animal 
models[29-31]. These constructs were tissue-engineered 
hemicorneas (i.e. anterior corneal replacements and posterior 
corneal replacements). Thus, the AAPCM was used as a 
scaffold for the construction of anterior corneal replacements 
versus the PAPCM for posterior corneal replacements, based 
on the corneal anatomy. However, it is unclear whether the 

Figure 6 Representative images during the whole operation  The transparency of the graft was restored gradually in the construct group (A, B, 
C, D), whereas it was always opaque and swollen in the AAPCM group (E, F, G, H).

Figure 7 Observations after surgery. Representative anterior segment photographs made with a slit-lamp microscope (top row) and 
Visante OCT (bottom row) at different time points  The corneal transparency was increased gradually and almost completely restored in the 
construct group 7d after surgery (A); however, the corneal edema and conjunctiva congestion appeared at 14d and deteriorated with the invasion 
of neovascularization at 28d (A). In contrast, the degree of corneal opacity and stromal edema was increasingly aggravated throughout the 28-
day observation period in the PAPCM group (B).

Construction of a full-thickness human corneal substitute
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Figure 8 Confocal laser corneal microscopy images of corneal features in the construct group, alongside those in the PAPCM group, at 
7d after construct implantation  The confocal microscope images confirm the uniform distribution of stromal cells (B) and full coverage of the 
posterior surface by polygonal cells (C) in the construct group, whereas in the PAPCM group, the posterior surface was denuded (F) and no cells 
were detected in the stroma (E) in PAPCM group. The regenerated corneal epithelial cells on the implant surface of construct group showed a 
more regular and intact morphology (A) than in the PAPCM group (D).

AAPCM or PAPCM is the ideal scaffold for synthesizing full-
depth corneal replacements.
In this study, we compared the properties of AAPCM 
and PAPCM to determine an appropriate scaffold for the 
construction of full-depth corneal replacements. Although 
the ultimate tensile strength of the PPACM was similar to 
that of the AAPCM, there was a significant difference in the 
elongation at break. In the control, the biomechanical property 
of the AAPCM was similar to that of the native porcine cornea  
versus the PAPCM. 
There were also distinctions in the attachment and proliferation 
of corneal cells on the surfaces between the AAPCM and 
PAPCM in the construction of full-depth corneal replacements. 
The AAPCM retained an intact Bowman’s membrane, which is 
the natural basement membrane of the corneal epithelium and 
which plays an important role in its maintenance[36]. Our study 
demonstrated that the epithelium was thicker when grown on 
the Bowman’s membrane of the AAPCM compared with the 
stromal surface of the PAPCM. Therefore, the AAPCM was 
better at stimulating the proliferation and differentiation of 
CECs compared with the PAPCM. Descemet’s membrane is 
unique to the PAPCM. 
Regarding corneal anatomy, the relationship between 
Descemet’s membrane and the corneal endothelium is 
analogous to that between Bowman’s membrane and the 
corneal epithelium. However, the endothelium that grew on 
Descemet’s membrane of the PAPCM was a non-uniform 
monolayer, with many cells accumulating in the folds, which 

was caused by edema that was unavoidable during the PAPCM 
preparation. In contrast, the stromal surface of the AAPCM 
was attached by a nearly intact and uniform monolayer, similar 
to normal endothelium. Thus, the AAPCM is the ideal scaffold 
for the construction of full-depth corneal replacements.
Enough corneal cells must be obtained for the construction 
of full-depth human corneal replacements. Corneal cells 
consist of three cell types: epithelial cells, stromal cells, and 
endothelial cells. CECs and stromal cells can regenerate in 
vivo and be cultured through many passages in vitro. However, 
human CECs do not normally divide in vivo, and the ability to 
proliferate is strictly limited in vitro[37-40]. Fortunately, we have 
developed techniques to generate and purify CEC-like cells 
from hESCs, laying the foundation for the construction of full-
depth human corneal replacements[30].
We need to research and develop three-dimensional culture 
systems further to generate full-depth corneal replacements. 
Many researchers have developed full-depth human corneal 
replacements with the aid of porous culture inserts[18,21-23]. 
These culture systems improve the construction of full-depth 
corneal replacements with synthetic polymer scaffolds, but 
they are unsuitable for the AAPCM. Unlike synthetic polymer 
scaffolds, which are in a liquid state in porous culture inserts 
when inoculated with CECs, the AAPCM remains solid 
throughout the entire construction. 
Therefore, we designed a special suspending ring by changing 
the shape of an acupuncture needle and establishing a new 
three-dimensional organ culture system. Although the 
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acupuncture needle can be inserted into a patient’s body at 
certain acupuncture points to treat diseases without toxicity, 
the MTT cytotoxicity assay is necessary for acupuncture 
needle-designed suspending rings, based on its prolonged 
contact with corneal cells during the construction of full-
depth corneal replacements. The test results demonstrated 
that the soaking solution of the suspending ring had no effect 
on the culture of corneal cells. The suspending ring—with an 
outside diameter, inside diameter, and height of 8 mm, 4 mm, 
and 2 mm, respectively—was made to our specifications 
to meet the requirements of the three-dimensional culture 
system. The suspending ring lifted the construct through the 
points of contact between them in the wells of 48-well plates. 
Also, each contact point was small, because the suspending 
ring originated from an acupuncture needle, with a 0.20-mm 
in diameter. In this case, the construct was suspended in the 
culture medium, ensuring the three-dimensional co-culture of 
all three corneal cell types in different places throughout the 
same scaffold at the same time, generating full-depth human 
corneal replacements. 
The proposed construct mimicked the three layers of the 
native human cornea. In this study, we demonstrated that the 
stratified epithelium attached well to Bowman’s membrane 
of the construct and grew in three dimensions on its surface. 
Also, microvilli of the corneal epithelium were identified on 
the outermost cells, which play an important role in keeping 
the tear film stable and ocular surface healthy. However, 
the thickness of the epithelium of the construct was smaller 
than that of native corneas, and the cell type was relatively 
homogeneous, in contrast to the normal corneal epithelium, 
composed of basal cells and nonkeratinized, stratified 
squamous epithelial cells, although the air-lift culture model 
was introduced in this process. 
The maintenance of normal corneal epithelium depends 
on limbal stem cells that reside in the limbus, and which 
self-renew with the potential to undergo multiple lines of 
differentiation[41]. In our study, the epithelium of the construct 
originated from the seeded cells, which were obtained by 
culture, differentiation, and amplification of limbal epithelial 
cells in vitro and which lost their differentiation potential when 
they were inoculated. Thus, the structure of the epithelium 
between the construct and normal corneas is similar but not 
identical. We also found that a monolayer of CEC-like cells 
on the bottom surface of the construct formed the endothelium 
of the construct, with the same microstructure of zonula 
occludens and functional Na+/K+ATPase as normal corneal 
endothelium. 
The transparency of the construct was low because of edema 
caused by increasing collagen fibril spacing in the stroma 
after long-term culture in vitro, and this increased during the 

operation but was completely restored 7d after the operation. 
AAPCM always showed edema and opacity either during 
the operation or after the operation. The transparency of the 
construct was significantly better than that of the AAPCM, 
which is surprising, and suggests that the construct was 
functional. However, it lacked Descemet’s membranes. The 
absence of Descemet’s membranes might be attributed to the 
short culture time in this system of the endothelial cells, which 
are responsible for the secretion of this layer[42]. Moreover, the 
induction, differentiation, and subsequent culture of hESCs 
may affect the endothelial cell phenotype, which can influence 
secretion by Descemet’s membrane. 
Finally, the surface that was provided by the AAPCM was 
relatively rough, which may also affect endothelial cell 
secretion. Descemet’s membrane is a corneal component, but 
it is not required for the maintenance of corneal transparency, 
as shown in our previous studies[43]. The hCSCs survived in the 
construct but were dispersed primarily in the central region. 
This distribution was closely related to the seeding and culture 
methods that we adopted. 
The inoculation caused the accumulation of cells in the central 
region of the construct in the first several days of construction. 
Moreover, the shift in the culture from shaking to static slowed 
the proliferation and spread of cells in the construct in the late 
period of construction, because the shaking culture strategy 
provided a dynamic system that improved cell growth by 
accelerating the exchange of waste. Although the distribution 
of keratocytes in the construct was not even, their morphology 
and function were preserved without differentiation into 
myofibroblasts, the key effector cells in scar-formation, as 
demonstrated by transmission electron microscopy, confocal 
microscopy, and slit-lamp biomicroscopy.
It is particularly important for corneal replacements to 
withstand the resistance of stitches in penetrating keratoplasty 
and the postoperative intraocular pressure, which should 
be addressed for their future clinical application. In our 
study, the construct withstood both factors. However, the 
construct triggered an acute and aggravating host immune 
response that destroyed it in this human/pig-to-rabbit 
xenotransplantation. This result is consistent with previous 
reports in which model corneal xenografts were rejected over 
2-16d after transplantation in full-thickness murine corneal 
xenotransplantation[44-46]. 
In contrast, no obvious immune rejection or complications 
related to the AAPCM graft were seen in the PAPCM 
group, demonstrating that the PAPCM scaffold has good 
biocompatibility and is non-immunogenic. It also suggests that 
the heterogenous cellular components in the construct were 
the primary cause of keratoplasty rejection episodes in the 
construct group. If monkeys were used as the recipients, the 
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immune rejection response to the construct graft would have 
been significantly reduced, because the genetic background is 
similar between monkeys and humans. 
Future studies should use the stem cells as epithelium 
regeneration seeding cells, optimize keratocytes in the scaffold 
inoculation method, apply a dynamic culture environment 
throughout the construction, and introduce a femtosecond 
laser to obtain a smooth stroma cross-section to improve the 
structure of the construct and better simulate an actual cornea. 
Despite the need to refine the construction at each step and 
to improve the experimental animal model for penetrating 
keratoplasty, the constructs in this study had a similar 
morphology and ultrastructure to normal human corneas, 
especially with regard to their biomechanics, increasing their 
potential as substitutes for human donor corneal tissue for 
transplantation and rabbits in pharmacotoxicology testing.
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