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Abstract: Our objective was to develop a novel lamellar cornealbiomaterial for corneal reconstruction.Theporcine 
acellular corneal stroma discs (ACSDs) were prepared from de-epithelized fresh porcine corneas (DFPCs) by incuba-
tion with 100% fresh human serum and additional electrophoresis at 4°C. Such manipulation removed theanterior 
corneal stromal cells without residual of DNA content and α-Galantigen.Human serum decellularizing activity on 
porcineanterior corneal stroma cells is through apoptosis, and associated with the presence of α-Gal epitopes in an-
terior stroma. ACSDs displayed similar optical, biomechanical properties and ultrastructure to DFPCs, and showed 
good histocompatibility in rabbit corneal stromal pockets and anterior chamber. Rabbit corneallamellar keratoplasty 
(LKP) using ACSDs showed no rejection and high transparency of cornea at 2 months after surgery. In vivo confo-
cal laser scanning microscopy and immunostaining analysis showed complete re-epithelization and stromal cell 
in growth of ACSDs without inflammatory cell infiltration, new blood vessel ingrowth and excessive wound healing. 
In conclusion, this novel decellularization method may be valuable for preparation of xenogenic corneal tissue for 
clinical application, ACSDs resulted from this method may be served as a matrix equivalent for LKP in corneal xe-
notransplantation.
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Introduction

The cornea is an avascular, transparent, and 
immune privileged tissue. Neovascularization 
and stromal scaring, resulting from corneal tr- 
auma, ulcer, chemical/thermal burn, usually 
leads to visual impairment or blindness [1]. At 
present, the only therapeutic option for vision 
restoration in these corneal traumas is lamella 
or penetrating keratoplasty [2]. However, the 
global shortage of donor tissue, particularly in 
Asian countries, circumscribes clinical applica-
tion of these surgeries; as a result, a huge num-
ber of patients remain on the waiting list for 
corneal transplantation. To solve this problem, 
several groups have tried to produce corneal 
substitutes using cultured cells and extracellu-
lar matrix components [3-8] or biomaterials su- 

ch as composite, natural and synthetic poly-
mers [9-14]. To date, however, there has been 
no clinical trial testing the feasibility of these 
corneal substitutes.

In recent years, porcine organs have attracted 
much attention due to their potential applica-
tion as alternative sources for xenotransplanta-
tion [15, 16]. Porcine cornea is of particular 
interest due to its similarity to human cornea in 
thickness, topography and stable refractive sta-
tus [17, 18]. It is also readily available. The 
major obstacle that prevents porcine to human 
xenotransplantation is the xenogenic rejection 
of donor tissues [19]. Intensive studies have 
shown that xenogenic transplantation of vascu-
larized tissues can cause hyperacute rejection, 
and that this rejection is mainly mediated by 
α-gal epitope expressed on donor cells [20].
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The α-gal epitope is one of the most abundant 
carbohydrate epitopes on cells of non-primate 
mammals and New World monkeys, while it is 
absent in humans, apes and Old World mon-
keys. However, gastrointestinal bacteria can 
stimulate constant production of the specific 
anti-Gal antibody in humans, constituting about 
1% of circulating immunoglobulins [21]. Anti-
Gal mediates the rejection of porcine organs in 
humans by bindingα-galepitopes in porcine 
endothelium and inducing complement-mediat-
ed destruction and antibody-dependent, cell-
mediated destruction [22-24]. Different studies 
have shownthat α-gal epitopes are expressed 
in keratocytes of the anterior corneal stroma, 
but not in the epithelium or endothelium of por-
cine cornea [25-27], while the expression of 
α-gal epitopes will be enhanced in all corneal 
cells after xenogenic corneal transplantation 
[25]. Xenotransplantation of porcine cornea to 
other species such as rabbits, rats, mice, or 
monkeys can cause acute rejection [28] or mild 
cellular rejection [27]; it is well accepted, there-
fore, that the α-gal epitope is the key factor that 
induces xeno-related corneal rejection [26].

In order to reduce antigenicity of the porcine 
cornea, a variety of approaches have been 
developed to eliminate corneal cells and create 
an acellular matrix using hypertonic saline [29, 
30], N2 gas [4], detergent [2], or phospholipase 
A2 treatment [31]. Porcine to rabbit xenotrans-
plantation experiments using an acellular ma- 
trix generated from the above-mentioned meth-
ods showed prominent results. However, there 
are no studies that evaluate the expression of 
α-gal epitopes after these decellularization me- 
thods.

In this study, we investigated a novel decellular-
ization method by incubating de-epithelized 
fresh porcine corneas (DFPCs) with 100% fresh 
human serum and additional electrophoresis. 
The acellular corneal stromal discs (ACSDs) 
generated from this method were evaluated in 
terms of physical and biomechanical proper-
ties, ultrastructure, and antigenicity; the bio-co- 
mpatibility of ACSDs was determined by in vivo 
xenotransplantation in rabbits. We found that 
such manipulation can remove stromal cells as 
well as α-gal epitopes from anterior porcine cor-
neal stroma. The stromal scaffold developed 
from this procedure may be feasible for corneal 
lamellar transplantation.

Materials and methods

Special materials

The following special agents were used: TUNEL 
kit (Promega, USA); mouse anti-α-smooth mus-
cle actin (α-SMA) monoclonal antibody (Abcam 
Biotechnology, UK); mouse anti-vimentin mono-
clonal antibody (Santa Cruz, USA); Alexa Fluor 
568 conjugated Griffonia simplicifolia I isolec-
tin B4 (GSIB4) (Invitrogen, USA); DAPI (Vector 
Laboratories, USA).

Preparation of fresh human serum

All studies using human tissues were in accor-
dance with the tenets of the Declaration of 
Helsinki and the policies of the institutional 
review board for human subjects from Xiamen 
Eye Center (Xiamen, China). Under aseptic co- 
nditions,ninety milliliters of human blood was 
collected from healthy volunteers and centri-
fuged at 2000 rpm for 10 min. The supernatant 
serum was then harvested and stored in -20°C 
before use. Serumfrom blood hemotype A was 
applied in this study.

Preparation of porcinecorneal tissues

Porcine eyes (three months, either gender) 
were enucleated immediately after sacrifice 
and kept at 4°C in a moist chamber for less 
than 2 h before experimentation. The eyes had 
integral ocular surfaces with central corneal 
thickness (CCT) of 800-1000 µm, as measured 
by an ultrasound biomicroscopy (UBM, Suowei 
Corporation, China). After immersion in 0.25% 
povidone iodine solution for 10 min and rinsing 
3 times with phosphate buffer saline (PBS, pH 
7.4) for 30 min, the porcine cornea was removed 
with scissors. The corneal epithelium and endo-
thelium was then removed with a cell scraper, 
and the central corneal stroma was cut by tre-
phine in different diameters. After that, the cen-
tral corneas were further dissected manually to 
separate the anterior, middle, and deep stro-
mal lamellar tissues, about 300 µm in thick- 
ness, respectively [32]. Anterior stromal lamel-
lar tissue generated from such manipulation 
was defined as DFPCs.

Decellularization of porcine corneal tissues

Full thickness porcine corneasor stromal lam- 
ellar tissues (with or without epithelium) were 



Acellular porcine corneal stroma for lamellar keratoplasty

2614 Am J Transl Res 2015;7(12):2612-2629

incubated in 100% sterile human serum or PBS 
at 37°C for durations up to 24 h. To observe the 
cellular nuclei, these tissues above were st- 
ained with DAPI. After rinsing with PBS 3 times 
for 20 min, some DFPCs were subjected to el- 
ectrophoresis (150 V/cm) in a sterilized buff- 
er (pH 7.4, 320 mosmol/kg) containing 40 mM 
Tris-base, 18 mM glacial acetic acid, and antibi-
otics (100 IU/ml penicillin, 100 mg/ml strepto-
mycin and 0.625 mg/ml amphotericin) for 1 h 
at 4°C; this was followed by 3 washes with PBS 
for 20 min at 4°C with continuous shaking. 
DFPCs preparedfrom such procedures were 
defined as ACSDs.

Invitro corneal stromal cell lysis assay

Theanterior, middle and deep stromal lamellar 
tissues were digested separatelyin 2% collage-
nase IV in DMEM for 16 h at 37°C. Corneal st- 
romal cellswere harvested and cultivated in 
100% human serum or DMEM/F12 at 37°C. 
After 6 and 12 h of incubation, the cells were 
fixed with 4% paraformaldehyde for 30 min at 
4°C and subjected to crystal violet staining [33-
35], apoptosis detection or GSIB4 staining as 
described below.

Apoptosis detection assay

Porcine corneal stromal tissue and stromal 
cells, after human serum treatment, were sub-
jected to apoptosis detection measurement 
using terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL), staining 
with the DeadEndTM Fluorometric TUNEL sys-
tem according to manufacturer’s protocol [36, 
37]. Cellular nuclei were stained with DAPI, and-
apoptotic cellswere examined under laser con-
focal microscopy (Fluoview 1000, Olympus, Ja- 
pan).

Xenoantigen α-gal epitopesbinding assay

GSIB4 staining was performed to detect α-gal 
epitopes (Gala1-3Galb1- 4GlcNAc-R) as previ-
ously described [38]. In brief, after fixation, por-
cine corneal sections and cultured corneal stro-
mal cells were treated with 0.3% hydrogen pe- 
roxide for 30 min at room temperature to inhibit 
endogenous peroxidase, and washed with PBS 
for 15 min Samples then reacted with Alexa 
fluor 568 conjugated GSIB4 (5 µg/ml in PBS) 
for 10 min at room temperature. After 3 wash-
es with PBS for 15 min, the nuclei were coun-
terstained with DAPI. The samples were investi-

gated and photographed with laser confocal 
microscopy.

DNA fragmentation assay

Porcine corneal stromal cellular DNA extracti- 
on and DNA fragmentation assays were per-
formed, as previously reported [39]. After elec-
trophoresis in 0.5% agarose, gels were exam-
ined under a UV Transilluminator (Benchtop, 
UVP, USA) and photographed using a Gel image 
system (Biocom, Les Ulis, France).

Physical and biomechanical properties analy-
sis

ACSDs and DFPCs (n=5 per assay) with a 10 
mm diameter were used. The central part of the 
tissues was cut into square shape (5 mm×5 
mm) for following assays. All steps were con-
ducted at room temperature. The ratio of lig- 
ht transparency, water content, expansion and 
tensile strength were measured by spectral 
photometer (DR5000; Hach, CA), the counting 
cup (VC305; Branluebbe, Germany), electronic 
scale (AG135; Mettler Toledo, Switzerland) and 
the precise chest-developer (BAT1000; Aikoh, 
Japan) respectively, using protocols described 
previously [1].

Xenotransplantation of DFPCs and ACSDs into 
rabbits

Adult New Zealand white rabbits (2.0-2.5 kg, 2 
months, either gender) were housed and treat-
ed in accordance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision 
Research and according to an experimental 
procedure approved by the Committee for Ani- 
mal Research at Xiamen University. All rabbits 
were anesthetized with intraperitoneal pento-
barbital sodium (50 mg/kg) and topical 0.5% 
proparacaine hydrochloride. The operation site 
was disinfected with 0.5% povidone iodine. All 
surgeries were done under an operating micro-
scope (VISU 150, Carl Zeiss, Germany) by the 
same investigator. After the operation, erythro-
mycin ophthalmic ointment (Sanyi, China) was 
applied. In addition, norfloxacin eye drops (Wu- 
jing, China) were instilled three times a day dur-
ing the week following the surgery.

To evaluate the histocompatibility of porcine 
corneal lamellar tissue, ACSDs (6 mm in diam-
eter) were implanted into the mid-depth corne-
al stromal pocket (n=4) and anterior chamber 
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(n=4) of rabbits. To determine the feasibility of 
ACSDs for lamellar keratoplasty, about 300 
mm thickness of the anterior corneal lamellar 
tissue was removed with a 6.5 mm trephine on 
the right eye of 18 rabbits. DFPCs (n=9) and 
ACSDs (n=9) were implanted into the corneal 
defects, respectively. The rabbits were exam-
ined and photographed with slit lamp micros-
copy weekly after surgery. After different dura-
tions of up to 8 weeks, the rabbits were sa- 
crificed and the eyes were enucleated and ex- 
amined histologically.

Postoperative observation

In vivo confocal microscopy of the rabbit cornea 
was conducted after lamellar keratoplasty us- 
ing Heidelberg retina tomograph IIIrostock cor-
neal module (HRT-III RCM, Heidelberg Engi- 
neering GmbH, Germany) by the same experi-
enced investigator. Central corneal thickness 
and the ingrowth of nerve, vessel and stromal 
cells were determined as previously described 
[40]. The ratio of corneal light transparency of 
the transplant area (6 mm in diameter) was 

Figure 1. The effect of decellularization using human serum in porcine anterior corneal stroma (PC: positive control; 
NC: negative control; ET: electrophoresis time; DDW: double distilled water). (A) DAPI (a1) and H&E (a2) staining im-
ages of DFPCs. DAPI (blue) staining showed few cellular nuclei in the corneal anterior stroma of the human serum-
group at hours 8 (a3), 16 (a5) and 24 (a7) whereas many cellular nuclei were observed in the corneal stroma at the 
same time points at its corresponding controls (a4, a6, a8). (B) The time course of the numbers of cellular nuclei 
per mm2 of the central cornea stroma in both serum and PBS groups. (n=4, ﹡P<0.05 vs. PBS). (C) DAPI (c1, c2, c4) 
and H&E (c3) staining images presented the thickness of decellularization in stroma layer after 24 hat 37°C in PBS 
(c2)/human serum (c3, c4) with fresh porcine stroma compared to the native porcine cornea (c1). (D) Schematic 
drawing of the electrophoresis method. (E) DNA extraction and DNA fragmentation assays showed 24 h after serum 
soaking and 60 min electrophoresis,the remnant DNA material was entirely removed from the DFPCs.
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evaluated using a spectral photometer, andt- 
he absorbance was measured by a microplate 
reader (ELX800, BIO-TEK Corporation, USA). All 
the rabbits included in the study underwent a 
thorough ophthalmic evaluation or measure-
ment, including slit-lamp microscopy examina-
tion of the anterior segment, and evaluation of 
the tear film breakup time (TFBUT), tear sec- 
retion, using Schirmer I test (ST) under local 
anesthetic, and corneal surface re-epitheliza-
tion ratio using fluorescein staining with the cri-
terion according to the van Bijsterveld method 
[41].

Electron microscopy examination

ACSDs before (n=4) and after (n=3) transplan-
tation were fixed with 2.5% glutaraldehyde in 
0.1 M phosphate buffer (pH 7.4), postfixed with 
osmium tetroxide in 0.1 M phosphate buffer, 
embedded in Spurr’sresin, and cut into 60 nm 
sections with an ultramicrotome. The sections 
were stained with aqueous uranyl acetate and 
lead citrate and examined under a transmis-
sion electron microscope (JEM2100HC; Electr- 
onics Co., Ltd, Japan).

Histological examinationand immunofluores-
cence staining

Samples after different treatment were emb- 
edded in OCT, cryostat sections (6 µm) were 
fixed in acetone for 10 min at -20°C, H&E stain-
ing or immunofluorescence staining (primary 
antibodies: vimentin, 1:50 and α-SMA, 1:100) 
and DAPI staining were performed as described 
in our previous studies [42-44]. Sections were 
observed under a light microscope and Nikon 
Eclipse epi-fluorescence microscope (TE-200- 
0U, Nikon, Japan) and photographed.

Data analysis and statistical analysis

For analysis of residual cellular nuclei, apop-
totic cell ratio, epithelial cell count and re-epi-
thelization ratio, images from sections were 
processed using Image Pro Plus V6.0 (Media 
Cybernetics, Silver Spring, USA). Residual cel-
lular nuclei and apoptotic cells in cornea tis-
sues were counted in a 1 mm2 area of stroma in 
each section; three sections from each sample 
were counted.

Summary data were reported as means ± SD. 
The numbers of DAPI-positive cellular nuclei, 
GSIB4-positive cells and apoptotic cells were 

analyzed using repeated measurements of 
analysis of variance (ANOVA) followed by the 
Bonferroni post hoc comparison. Group means 
were analyzed using the student t-test, where 
P<0.05 was considered statistically significant. 
Statistical analyses were conducted with Gra- 
phPad Prismfor Windows, ver. 5.00 (GraphPad 
Software. Inc, USA).

Results

Fresh human serum combined with electro-
phoresis can decellularizeanterior stromaof-
porcine cornea

To assess the effect of human serum on por-
cine corneal stromal cells, central porcine cor-
neas, after removal of epithelium and endothe-
lium, were incubated in fresh human serum for 
different time durations. DAPI and H&E staining 
revealed evenly distributed nuclei of stromal 
cells before incubation (Figure 1Aa1, 1Aa2). 
Intriguingly, nuclei staining in the anterior stro-
ma gradually decreased as the incubation time 
in human serum increased from 8 h to 16 h 
(Figure 1Aa3, 1Aa5), and was diminished after 
24 hours (Figure 1Aa7). However, nuclear st- 
aining remained constant at all the time points 
in the PBS treated group (Figure 1Aa4, 1Aa6, 
1Aa8). Cell nuclear counting confirmed a sig-
nificant decrease of nuclear numbers in the 
anterior stroma from 8 h to 24 h in serum treat-
ed cornea compared with that of PBS treated 
cornea (Figure 1B). Low power images demon-
strated that there was no obvious decline of 
stromal nuclear density after PBS treatment for 
24 h (Figure 1Cc2), compared with intact fresh 
porcine cornea (Figure 1Cc1). In contrast, H&E 
(Figure 1Cc3) and DAPI (Figure 1Cc4) staining 
showed that nuclei loss was confined to the 
depth of 250 to 400 µmin the anterior corneal 
stromaafter incubation in human serum for 24 
h.

To further confirm the decellularization effect 
of human serum on porcine corneal stroma, we 
treated anterior and posterior stromal lamellar 
tissue separately with human serum for 24 h, 
and the results showed that nuclei loss only 
happened in the anterior stroma (data not 
shown). To remove further the hereditary mate-
rial, electrophoresis (schematic drawing shown 
in Figure 1D) was conducted on DFPC after 
serum or PBS treatment for different time dura-
tions up to 1 h at 4°C. Subsequently, DNA from 
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Figure 2. The mechanism of decellularization in porcine anterior corneal stroma using human serum. The TUNEL assay (A) and apoptotic cells measurement (B) 
showed few apoptotic cells (Green) in the middle and deep corneal stroma whereas many apoptotic cells were observed in the anterior stroma of DFPCs at the same 
time point. (C, D) Strong GSIB4 staining was present in the anterior stroma of the central cornea (C, Dd1), peripheral cornea (Dd2), and limbus (Dd3). While there 
was no GSIB4 staining in the anterior stroma of the whole cornea (Dd4-d6) after 24 hr’s treatment with human serum. (E) Single cell staining showed strong GSIB4 
staining in anterior corneal stromal cells (Ee1), and weak staining in the middle and deep corneal stromal cells (Ee2). Cell counting confirmed almost all GSIB4 posi-
tive cells were from anterior stroma, while very few positive cells were from middle and deep stroma (F). TUNEL assay showed mild increase of apoptosis in middle 
and deep corneal stromal cells, and a dramatic increase of apoptosis in anterior stromal cells when incubated with human serum for different durations (G). Cell 
photograph (H) and crystal violet staining (I) also showed reduced density of anterior stromal cells (Hh1-3, Ii1), while increased density of middle and deep stromal 
cells (Hh4-6, Ii2) when incubated with human serum for different durations (Hh1, Hh4: 0 h; Hh2, Hh5: 6 h; Hh3, Hh6, Ii1, Ii2: 12 h).
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the lamellar corneal tissue was extracted for 
agarose gel electrophoresis (100 mg sample, 
n=4). The results revealed that the trace rem-
nants of DNA in stromal tissues after human 
serum treatment were undetactable after 1 h’s 
electrophoresis (Figure 1E).

Human serum decellularization activity on por-
cine anterior corneal stromal cells is associ-
ated with Gal alpha (1, 3) epitopes

To investigate the mechanism of the decellular-
ization effect of human serum on porcine ante-
rior corneal stromal cells, TUNEL assay was 
conducted to detect apoptosis. The results 
showed that there was no positive staining in 
normal porcine corneal stroma before treat-
ment (Figure 2Aa1), that positive nuclei dra-
matically increased when the stroma tissues 
were incubated with human serum for 8 and 16 
h (Figure 2Aa2, 2Aa3, respectively), and that 
there was no nuclei staining after human serum 
treatment for 24 h (Figure 2Aa4). In contrast, 
there were no obvious apoptotic cells in the cor-
neal stroma when DFPCs were treated with 
PBS for 24 h (data not shown). Apoptotic cell 
counting demonstrated that the majority of 
apoptotic cells resided in the anterior stroma 
while only sporadic apoptotic cells were ob- 
served in the middle and posterior parts of the 
stroma (Figure 2B).

To determine whether α-galepitopes were relat-
ed to this decellularizing procedure, we mea-
sured thedistribution of α-gal epitopes in por-
cinecorneal tissue and in corneal stromal ce- 
lls using GSIB4 staining. As expected, strong 
GSIB4 staining was present in the anterior stro-
ma of the central (Figure 2Dd1) and peripheral 
(Figure 2Dd2) cornea and limbal stroma (Figure 
2Dd3), while weak staining was found in the 
middle and deep corneal stroma (Figure 2C). 
GSIB4 staining vanished in the porcine corneal 
stroma that was treated with human serum for 
24 h (Figure 2Dd4-d6), but remained in the 
stroma treated with PBS (data not shown). Xe- 
noantigen α-gal epitopes binding assay on sin-
gle stromal cells further confirmed that all the 
anterior stromal cells expressed α-gal (Figure 
2Ee1), while few positive cells were observed 
from the middle and deep stroma (Figure 2Ee2, 
2F). Stromal cells harvested from the anterior, 
middle, and deep native corneal stroma were 
further incubated with human serum or DMEM 
basal medium for 12 h. The results showed 
that the cells from the anterior stroma gradual-

ly shrunk and detached from the culture dish 
(Figure 2Hh1-h3), while the cells from deep 
stroma spread out and attached well in human 
serum (Figure 2Hh4-h6). Crystal violet staining 
demonstrated cell density differences between 
cells from the anterior stroma (Figure 2Ii1) and 
the deep stroma (Figure 2Ii2) after 12 h’s incu-
bation. TUNEL assay confirmed that the anteri-
or stromal cells went into apoptosis within 12 
h’s incubation with human serum, while the 
stromal cells from the middle and deep stroma 
showed little apoptosis (Figure 2G).

The optical, biomechanical propertiesand 
ultrastructure between ACSDs and DFPCs

ACSDs remained transparent after the decellu-
larization procedure (Figure 3A). Evaluation of 
normal porcine cornea and ACSDs with TEM 
demonstrated that the decellularized stroma 
had structural similarity to native tissues with-
out signs of disruption or degradation of colla-
gen fibrils (Figure 3B-D). The collagen fibril spa- 
cing/diameter of ACSDs was 25.9±2.6 nm/ 
28.3±2.2 nm, close to that of native porcine 
cornea (24.4±6.9 nm/28.2±1.6 nm); there we- 
re no significant differences (P>0.05). Asse- 
ssment of biomechanical properties, such as 
ratio of expansion, water content, light trans-
parency, and tensile strength, demonstrated 
that ACSDs were identical to DFPCs, without 
significant difference (P>0.05) (Figure 3Ee1-
e4, respectively).

Good histocompatibility of ACSDs in rabbit cor-
neal stromal pockets and anterior chamber

To examine the compatibility of ACSDs in vi- 
vo, corneal pocketand anterior chamber im- 
plantation assays were applied. The results 
showed that ACSDs remained transparent in 
the corneal stromal pocket (Figure 3F), while 
they became opaque in the anterior chamber-
after 2 months of transplantation (Figure 3H). 
Histological examination of the ACSDs and 
recipient corneas demonstrated that the trans-
planted ACSDs remained in the rabbit stromal 
pocket and there were few cells infiltrated into 
the ACSDs (Figure 3G), while there was no cell 
infiltration in ACSDs that transplanted in thean-
terior chamber (Figure 3I).

Porcine ACSDscan be substitute of corneal 
lamellar tissue for rabbit LKP

To investigate further the efficacy of ACSDs in 
xenotransplantation, we used the rabbit LKP 
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Figure 3. Biomechanical properties and histocompatibilityof decellularized ASCDs in vivo and in vitro. ACSDs showed high transparency under dissecting microscope 
(A), uniform stroma lamella (B) and collagen fibril arrangement (C, D) under TEM. (E) ACSDs showed similar optical, physical and biomechanical properties compared 
withDFPCs based on ratio of light transparency (Ee1), water content (Ee2), expansion (Ee3) and tensile strength (Ee4) detection (n=5, p>0.05). ACSDs in rabbit 
corneal stroma pockets remained transparent 2 months after surgery (F), H&E staining showed no inflammatory cell infiltration and no blood vessel formation (G). 
ACSDs in rabbit anterior chambers for 2 months did not cause inflammation (H), H&E staining showed ACSDs remained acellular (I).
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model, as described above. Two months after 
transplantation, inflammatory responses, inclu- 
ding corneal opacification and neovasculariza-
tion in the peripheral regions, were noted in the 
DFPCs group. Superficial blood vessels grew 
into the central region of the graft and the 
transparency of DFPCs grafts reduced (Figure 
4Aa2). In contrast, no blood vessels were noted 
in ACSDs transplantation 2 months post-ope- 
ratively, and the cornea remained transparent 
in all of the rabbits with ACSDs graft (Figure 
4Aa3). Three weeks and 2 months after LKP, 
the corneas with DFPCs showed much higher 
OD values than did the corneas with ACSDs 
(P<0.05, Figure 4B). Accordingly, corneas with 
ACSDs showed ratio of light transparencies 
similar to normal cornea (Figure 4Aa1), much 
higher than that of corneas with DFPCs (P>0.05, 
Figure 4C).

In order to investigate the remodeling of ACSDs 
after LKP in rabbits, in vivo confocal laser scan-
ning microscopy was performed 2 months after 
transplantation. In normal rabbit cornea, confo-
cal microscopy results demonstrated stratified 
epithelium (Figure 5Aa1), compact stroma with 

keratocytes (Figure 5Aa2), anterior stroma in- 
nervation (Figure 5Aa3), branching nerve bun-
dles (Figure 5Aa4) andintact and regular endo-
thelium (Figure 5Aa5). Large quantities of in- 
flammatory cells and new blood vessels were 
present in the graft tissues in the DFPCs group 
(Figure 5Ab1-b5), whereas few keratocytes wi- 
thout new vessels and nerves were tracked in 
the stroma in the ACSDs group (Figure 5Ac1-
c5). The central cornea thickness of the DFPCs 
group was greater than that of the ACSDs gro- 
up at 2 weeks and 3 weeks, while there was no 
significant difference 2 months after surgery 
(P<0.05, Figure 5B). The TFBUT in the DFPCs 
group was significantly shorter than that of  
the ACSDs group (P<0.05, Figure 5C), while 
there were no significant changes in the re- 
epithelization ratio and Schirmer I test (ST) 
between the two groups (P>0.05, Figure 5D, 
5E).

In vivo remodeling and wound healing process 
of ACSDsin the rabbit LKP model

To detect the wound healing processof ACSDs 
in the rabbit LKP model, H&E staining and 

Figure 4. The transparency of the ASCD grafts after LKP. (A) Slit lamp images showed pre-operation, normal rabbit 
cornea (Aa1) and regenerated cornea after DFPCs (Aa2) and ACSDs (Aa3) transplantation for 2 months. The OD 
value remained at a low level in ACSDs transplanted cornea within 2 months, while there was a significant increase 
in DFPCs transplanted cornea at 3 weeks and 2 months after surgery (B). Ratio of light transparency examination at 
2 months showed a dramatic decrease in DFPCs transplanted cornea, while ACSDs transplanted cornea displayed 
similar transparency with normal rabbit cornea (C).
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Figure 5. In vivo confocal microscopic images (A) and post-operation observation (B, C, D, E) after LKPin different groups. Confocal microscopy of normal rabbit 
cornea (a1-a5), LKP with DFPCs (b1-b5), and LKP with ACSDs (c1-c5). The images demonstrated stratified epithelium (a1), compact stroma with keratocytes (a2), 
anterior stroma innervations (a3), branching nerve bundles (a4) andintact and regular endothelium (a5) in normal rabbit cornea. Two months after LKP, a large 
number of inflammatory cells (b2) with new vessels (b4) were present in the graft tissues in the DFPCs group, whereas few keratocytes without new vessels and 
nerves were tracked in the stroma in ACSDs group (c2-c4), and there was no significant difference in the corneal epithelium (b1, c1) and endothelium (b5, c5). The 
central cornea thickness in the DFPCs group was greater than that of the ACSDs group at 2 weeks and 3 weeks, while there was no significant difference 2 months 
after surgery (﹡P<0.05, B). The TFBUT in the DFPCs group was significantly shorter than that of the ACSDs group (*P<0.05, C). There were no significant differences 
between the two groups in re-epithelization ratio (D) or Schirmer I test (E), (P>0.05, respectively).
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Figure 6. Thewound healing (A-C) and ultrastructure (D) of the grafts after LKP. (A) Normal rabbit cornea showed 
regular epithelium, anterior stroma (a1), and middle stroma (a2). The wound junction between graft and recipi-
ent bed in DFPCs transplantation showed increased epithelial stratification (arrowhead, a3), anterior and middle 
stroma cell infiltration and new blood vessel formation (arrowhead, a4) 2 months after surgery. However, in ACSDs 
transplantation, the wound junction showed less epithelial stratification (arrowhead, a5), very few cell infiltrations 
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(a5), and no blood vessel formation (a6). Epithelial cell number (B) and cell layer (C) counting showed significant 
increase in DFPCs transplantation compared with ACSDs transplantation 2 months post-operation (﹡P<0.05). (D)
The collagen fiber arrangementin the DFPCs (d1, d2) and ACSDs (d3, d4) at 3 weeks (d1, d3) and 2 months (d2, 
d4) after surgery. (E) The collagen fibril spacing (e1)/diameter (e2) of ACSDs was 26.62±2.88 nm/27.46±2.55 nm, 
close to that of DFPCs grafts (25.74±3.22 nm/29.58±2.31 nm), and showed no significant difference (P>0.05).
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transmission electron microscopy were applied. 
Similar to the native rabbit cornea (Figure 
6Aa1, 6Aa2), H&E staining showed 3 to 4 lay-
ers of epithelial cells covering the graft with no 
visible boundary between the ACSD graft and 
the recipient bed, and there were many cells 
that had migrated into the graft tissue 2 months 
after transplantation (Figure 6Aa5, 6Aa6). In 
DFPCs grafts, however, the epithelium was mu- 
ch thicker and there was prominent cell infiltra-
tion, as well as new blood vessel formation (Fi- 
gure 6Aa3, 6Aa4). Epithelial cell counting con-
firmed more epithelial cells (Figure 6B) and gr- 
eater epithelial stratification in the central ar- 
ea of DFPCs grafts 2 months post-operation 
(Figure 6C). Before the operation, normal rabbit 
cornea had uniform collagen spacing (data not 
shown). Three weeks after transplantation, the 
collagen fibril diameter was invariable andthe 
collagen fibril spacing was decreased (Figure 
6Dd1, 6Dd3) 2 months after transplantation, 
however, the collagen fibril spacing/diameter of 
ACSDs was 26.62±2.88 nm/27.46±2.55 nm 
(Figure 6Dd2), close to that of the DFPCs gra- 
fts (25.74±3.22 nm/29.58±2.31 nm) (Figure 
6Dd4); they were not significantly different (P> 
0.05, Figure 6Ee1, 6Ee2).

To investigate further the wound healing pro-
cess of rabbit LKP using ACSDs and DFPCs, 
immunostaining of vimentin and α-SMA were 
performed 3 weeks and 2 months after sur-
gery. In normal porcine cornea, vimentin was 
expressed in all the corneal stromal cells while 
α-SMA was negative (data not shown). Three 
weeks after surgery, there was a strong expres-
sion of vimentin in both DFPCs (Figure 7Aa) and 
ACSDs (Figure 7Ac). Two months after surgery, 
vimentin expressed irregularly in DFPCs (Figure 
7Ab), and weakly in ACSDs (Figure 7Ad). Three 
weeks after surgery, α-SMA was highly ex- 
pressed in the stroma of DFPCs (Figure 7Ba) 
and in the sub-epithelial superficial stroma of 
ACSDs (Figure 7Bc). Two months after surgery, 
α-SMA expression remained in the whole stro-
ma of DFPCs (Figure 7Bb), while this expres-
sion was negative in ACSDs (Figure 7Bd).

Discussion

Our study, for the first time, demonstrated that 
short term incubation with human serum and 
additional electrophoresiscan effectively decel-
lularize and remove α-gal epitopes in the ante-
rior lamellar of porcine corneal stroma without 
reducing corneal transparency. Compared with 
previously reported methods, our method is 
relatively mild and simple, without introducing 
enzymes or other noxious substances into the 
cornea. This method, therefore, may indicate 
clinical significance in generating corneal la- 
mella tissue for lamella keratoplasty.

Our results showed that the decellularization 
activity of human serum on porcine corneal 
stromal cells occurs through inducing apopto-
sis of the keratocytes. TUNEL assay revealed 
apoptotic cells after 8hr’s incubation, with posi-
tive staining confined in the nuclei (Figure 
2Aa2). Interestingly, after 16 hr’s incubation, 
positive staining in the anterior stroma diffused 
into the matrix (Figure 2Aa3), indicating that 
there was cellular and nuclear membrane lysis 
during the procedure. As a result, the fragment-
ed DNA was released into the extracellular 
matrix. Our study further confirmed that the 
apoptotic cells were mainly located in the ante-
rior stroma, while very few were evident in the 
middle or deep stroma (Figure 2B). This prompt-
ed us to hypothesize that there is heterogeneity 
among the keratocytes between different por-
tions of the cornea. Indeed, similar to previous 
studies [25, 27], we found that α-gal epitopes 
were mainly expressed in the anterior stroma, 
and that the expression pattern was well cor-
related with keratocyte apoptosis. We then per-
formed in vitro cell lysis assay, and found that 
human serum can induce apoptosis of kerato-
cytes only from anterior stroma, and not from 
middle or deep stroma (Figure 2G). Thus, our 
data indicated that the decellularization activi-
ty of human serum on porcine corneal kerato-
cytes was most likely mediated by α-galepitopes. 
Since cornea is an avascular tissue, the kera- 
tocyte apoptosis is presumed to beantibody-

Figure 7. Corneal stroma remodeling after ACSDs and DFPCs transplantation. Three weeks after DFPCs and ACSDs 
transplantation, there was strong expression of vimentin in both DFPCs (Aa) and ACSDs (Ac). Two months after sur-
gery, vimentin expressed irregularly in DFPCs (Ab), while expressed weakly in ACSDs (Ad). Three weeks after surgery, 
α-SMA was highly expressed in the stroma of DFPCs (Ba) and the sub-epithelial superficial stroma of ACSDs (Bc).
Two months after surgery, α-SMA expression remained in the whole stroma of DFPCs (Bb), while it was negative in 
ACSDs (Bd).



Acellular porcine corneal stroma for lamellar keratoplasty

2626 Am J Transl Res 2015;7(12):2612-2629

dependent cell-mediated destruction but not 
complement-mediated destruction.

Our study also clearly showed that porcine cor-
neal stroma was deprived of GSIB4 staining 
after human serum treatment, indicating that 
α-gal epitopes may be removed from the stro-
ma along with other components of the kerato-
cytes [45, 46]. α-gal epitopes also can be 
removed by incubation with recombinant α-ga- 
lactosidase [47]; however, α-galactosidase tre- 
atment alone will not eliminate keratocytes, 
which can produce new α-gal epitopes after 
xenotransplantation. The α-galactosidase tre- 
atment, therefore, is rendered inapplicable. 
The possibility that α-gal epitopes combined 
with anti-Gal antibodies from human serum 
and blocked the binding sites of GSIB4 cannot 
be ruled out [22, 48]. Even if this is the case, 
however, it may also be helpful in preventing 
xenogenic rejection through blocking α-gal epit-
ope after transplantation.

In order to generate acellular corneal stromal 
tissue for clinical application, the manipulation 
procedure should be as simple as possible, 
while maintaining the architecture and function 
of the donor tissue. In previous studies, the 
decellularization procedure normally took 3 to 
7 days and multiple steps [1, 2], while the whole 
procedure can be completed within 2 days 
using this study’s protocol. The porcine corneal 
lamella tissue generated from this study’s 
method displayed similar optical, biomechani-
cal propertiesand ultrastructure to native por-
cine cornea, and showed high biocompatibility 
when transplanted into rabbit corneal stromal 
pockets and anterior chambers.

To prove whether such lamella tissue can be 
used for corneal reconstruction, we performed 
LKP on rabbits. Postoperative clinical assess-
ments of corneal transparency, thickness, re-
epithelization, and tear film characteristics, su- 
ch as tear film break-up time and tear secre-
tion, demonstrated encouraging outcomes. Mo- 
reover, in vivo confocal laser scanning micros-
copyshowed that stromal cells and epithelial 
cells were evident in ACSDs without reducing 
corneal transparency or inducing rejection, two 
months postoperatively (Figure 5A). Immunos- 
taining with vimentin showed that there was 
cell re-population in the lamella tissue 3 weeks 
after transplantation, and that the cells became 
more organized at 2 months post-operation 

(Figure 7A). Further study is needed to clarify 
whether the vimentin positive cells are all kera-
tocytes migrated from surrounding recipient 
tissue or whether they include other cell types 
[49]. α-SMA staining revealed excessive wound 
healing in LKP with DFPCs, even 2 months after 
surgery (Figure 7Ba, 7Bb). In the ASCDs trans-
plantation group, we found α-SMA expression 
in superficial stroma 3 weeks after surgery, 
indicating that there was myofibroblast differ-
entiation during the early stage of tissue remod-
eling and cell re-population, while those α-SMA 
positive cells diminished after 2 months [50, 
51]. Further studies are also necessary to eval-
uate the long-term nerve recovery of this bio-
material in the LKP model and its effect in the 
Macaca rhesus model before clinical ap- 
plication.

In conclusion, our method of decellularization 
using human serum and electrophoresis can 
remove porcine corneal anterior stromal cells 
and α-gal epitopes. Acellular porcine corneal 
stromal tissue ACSDs have a good histocom-
patibility, similar optical and biophysical proper-
tiesto native porcine cornea and can be used 
as a corneal stroma equivalentin xenotrans-
plantation. This novel method may be valuable 
for decellularizing the corneal stroma for clini-
cal application by using patient serum and full-
scale production, using purified anti-Galanti-
bodies. ACSDs may serve as a safe and general 
bio-engineered cornea substrate for future 
application in the biomaterial realm. The results 
of this study may have broader implications for 
the field of biological tissue engineering, provid-
ing new insight into antigen/cellular rejection 
and hereditary materialand α-gal deprivation in 
other engineered organ or tissue systems de- 
signed for xerotransplantation; both are major 
goalsin tissue engineering.
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