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modulating responses of bone marrow endothelial progenitor cells
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Abstract. The determination of potential transplantable
substrates and substitution cells for corneal endothelium
transplantation may compensate for the shortage of cornea
donors. Appropriate biodegradable and biocompatible
tissue-engineered substratum with seed cells for endothelial
keratoplasty has been increasingly studied. In the present
study, electrospun gelatin/polycaprolactone (PCL) and
collagen/PCL scaffolds were successfully established. Bone
marrow endothelial progenitor cells (BEPCs) were cultured
on these scaffolds to determine whether the scaffolds may
promote the proliferation of BEPCs as well as maintain
stem cell characteristics. Two variations of hybrid scaffolds,
collagen/PCL (70% collagen and 30% PCL) and gelatin/PCL
(70% gelatin and 30% PCL), were established via electrospin-
ning. Microscopic structure, hydrophilicity and wettability of
the two scaffolds were subsequently investigated. BEPCs were
separately cultured on the scaffolds and were also seeded on
glass slides to establish the control group. Furthermore, cell
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morphology; adherence, as determined by investigation of
F-actin expression levels; proliferation, as determined via Cell
Counting Kit-8 assays, Ki-67 staining and bromodeoxyuri-
dine (BrdU) staining; and stem cell markers, as determined
by cluster of differentiation (CD)-34 and CD-133 protein
expression levels; were investigated. In addition, reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
was performed to determine gene expression. The two nano-
fiber scaffolds were established using electrospun techniques
with expected hydrophilicity, wettability and biocompatibility.
BEPCs were revealed to spread well on and strongly adhere to
the collagen/PCL (70:30) and gelatin/PCL (70:30) scaffolds.
Furthermore, Ki-67 and BrdU staining results revealed greater
levels of positive dots on the two hybrid scaffolds compared
with the control group. CD-34 and CD-133 protein staining
demonstrated increased levels of fluorescence intensity on
scaffolds compared with the control group. Furthermore,
increased expression levels of differentiation markers, such
as ATP binding cassette subfamily G member 2, leucine rich
repeat containing G protein-coupled receptor 5 and CD166,
were detected on both scaffolds. RT-qPCR results demonstrated
that the expression of caspase-3, which is associated with
apoptosis, was decreased on the two scaffolds compared with
in the control group. The expression of inflammatory factors,
including interleukin (IL)-1, exhibited a significant decrease on
the gelatin/PCL scaffold compared with in the control group;
whereas the difference between the expression level of IL-1
exhibited by the collagen/PCL group and the control group
were not markedly different. Electrospun collagen/PCL and
gelatin/PCL scaffolds exhibited the potential to enhance the
adherence and proliferation of BEPCs. BEPCs cultured on the
two scaffolds demonstrated increased stem cell characteristics
and differentiation potential. Electrospun gelatin/PCL and
collagen/PCL scaffolds may represent a promising substratum
in tissue-engineered corneal endothelium.

Introduction

The human corneal endothelium represents the single cell
layer between the corneal stroma and anterior chamber, which
exhibits barrier and 'pump' functions to maintain corneal
transparency (1). Trauma, diseases, surgery and aging may lead
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to a decrease in human corneal endothelial cells (HCECs) (2).
Considering that HCECs do not proliferate in vivo, corneal
transplantation is required for patients with corneal endothe-
lial dysfunction in order to restore vision (3,4). However, the
shortage of cornea donors is problematic. Corneal surgeons
may now replace injured corneal endothelia with a thin,
transparent, biocompatible, tissue-engineered substratum
exhibiting corneal endothelial cells or other replaceable
cells (5). Tissue-engineered corneas are currently of interest,
thus motivating researchers to develop an appropriate biocom-
patible scaffold and determine replaceable cells.

Ithasbeenrecently demonstrated that nanofibrous structures
formed by electrospinning may promote cell spreading, prolif-
eration, migration and attachment (6,7). Nanofibrous scaffolds
established by electrospinning may provide cells with a growth
environment that is similar to extracellular matrices of native
tissues. Nutrients and waste may be efficiently exchanged, and
the large surface provided by electrospinning may contribute
to the transduction of biochemical signals by cultured
cells (8,9). Natural polymers, such as collagen and gelatin,
have been electrospun into fibrous scaffolds for cornea tissue
engineering and endothelial cells (10-13). Gelatin and collagen
are natural components of the extracellular matrix, which can
provide an appropriate surface for cell proliferation, adhesion
and differentiation (14). However, the mechanical character-
istics of natural scaffolds are typically hard to establish. For
example, when placed in liquid solution, natural scaffolds
rarely retain their structural integrity (15,16). However, the
mechanical strength of synthetic electrospun scaffolds, such
as polycaprolactone (PCL) and poly(L-lactide-co-glycolide),
is usually satisfactory and their biodegradability is strongly
regulated (17,18). Scaffolds combining natural and synthetic
polymers may simultaneously maintain the advantages and
attenuate the disadvantages of scaffolding (19).

In our previous study (20,21), it was indicated that bone
marrow endothelial progenitor cells (BEPCs) have the poten-
tial to differentiate into corneal endothelial cells (CECs).
Induced BEPCs were revealed to resemble CECs regarding
cell shape, expression levels of aquaporin-1 and exhibition of
tightly opposed cell junctions. When transplanted into corneas
with defective CEC, induced BEPCs have been previously
demonstrated to maintain corneal transparency. The results of
the previous study suggest that BEPCs have the potential to be
used for tissue-engineered corneal endothelium.

The aim of the present study was to observe the
morphology, adherence, proliferation and stem cell markers of
BEPCs cultured on two hybrid scaffolds: Gelatin/PCL (70:30)
and collagen/PCL (70:30). This was performed to investigate
the potential value of nanofibrous structures in the culturing
of BEPCs and subsequently whether these structures may be
used for tissue-engineered corneal endothelium.

Materials and methods

Preparation of gelatin/PCL and collagen/PCL scaffolds. A
gelatin/PCL solution was established in accordance with a
previous study (22), gelatin type A (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) and poly (e-caprolactone) PCL
(molecular weight, 80,000; Sigma-Aldrich; Merck KGaA),
with a mass ratio of 70:30, were dissolved in 10% (w/v)
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2,2 2-trifluoroethanol (TFE; purity =99%; Sigma-Aldrich;
Merck KGaA) under sufficient stirring at room temperature
for 24 h. Acetic acid (0.2% diluted in TFE) was added to the
solutions to establish a transparent solution. To prepare the
collagen/PCL solution, Type I collagen (Sichuan Mingrang
Bio-Tech Co., Ltd., Chengdu, China) and PCL with a mass
ratio of 70:30 were dissolved in hexafluoroisopropanol (purity
=99%; Sigma Aldrich; Merck KGaA) at a concentration of
8% (w/v) and stirred vigorously at room temperature for 48 h.
The two solutions were subsequently administered into a
10 ml plastic syringe and subjected to electrospinning using
the parameters presented in Table I. A KDS100 syringe pump
(KD Scientific, Inc., Holliston, MA, USA) and a high voltage
power supply (TXR1020N30-30; Teslaman Technology,
Co., Ltd., Dalian, China) were used to regulate the solution
dispensing rate and applied voltage, respectively. The obtained
membranes were placed in a vacuum oven for 1 week to
remove the residual solvent prior to further experimentation.

Morphology and hydrophilicity of scaffolds. The morphologies
of the electrospun gelatin/PCL fibers and collagen/PCL fibers
were investigated via scanning electron microscopy (SEM;
JEOL JSM-5600LV Series Scanning Electron Microscope;
Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan) at
an acceleration voltage of 8-10 kV. Electrospun gelatin/PCL
fibers and collagen/PCL fibers were fixed with 2.5% glutaral-
dehyde for 24 h at 4°C. Prior to imaging, samples were coated
with gold for 50 sec to increase conductivity. The average
diameters of the fibers were determined from the SEM-derived
images using ImageJ 1.40G software (National Institutes of
Health, Bethesda, MD, USA). In addition, a minimum of 100
nanofibers from each sample obtained from different SEM
images were manually investigated and analyzed.

The hydrophilicities of the electrospun gelatin/PCL and
collagen/PCL fibrous membranes were determined following
the analysis of the contact angles of water droplets on
membranes, which were measured using a video contact
angle instrument (Attension Theta; BiolinScientific, Q-Sense
AB, Gothenburg, Sweden). Deionized water (3 pl) was auto-
matically dropped onto the surface of the membranes and the
contact angle was then determined.

Isolation and culture of BEPCs. Lower-limb bone marrow
was obtained a total of 20 female Sprague Dawley rats (age,
4 weeks; weight, ~100-120 g), which were purchased from the
Suzhou Amufi Biological Science and Technology Co., Ltd
(Suzhou, China). Rats were bred in a specific-pathogen-free
environment with free access to water and fodder. The
temperature was kept constant at 25°C, with a humidity of
~70% and a 12 h light/dark cycle. All experimental procedures
were approved by the Animal Research Committee of Ninth
People's Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, China). Marrow was isolated by cutting
off both ends of the bone, then separated with a syringe. The
marrow was washed with phosphate-buffered saline (PBS;
Sigma-Aldrich; Merck KGaA). In order to isolate mononuclear
cells, myeloid tissue was treated with 3 ml red blood cell lysis
buffer (ammonium chloride solution; Stemcell Technologies,
Inc., Vancouver, BC, Canada) for 1 min and then mixed with
7 ml PBS. Following centrifugation at 400 x g for 10 min
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Table I. Parameters used for electrospinning fibrous membrane.
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Applied Feed rate Collecting
Sample Solvent  Concentration (%)  voltage (kV) (ml/h) distance (cm)  Temperature  Humidity (%)
Gelatin/PCL TFE 10 w/v 9-10 1.5 13 20-25°C 45-65
(70:30)
Collagen/PCL HFIP 8 w/v 13-14 1 13 20-25°C 45-65
(70:30)

HFIP, hexafluoroisopropanol; TFE, 2,2 2-trifluoroethanol; PCL, polycaprolactone.

at room temperature, cells were suspended in Endothelial
Cell Growth Medium-2 (EGM-2; CC-3162; Lonza Group,
Ltd., Basel, Switzerland), cultured on 10 cm culture dishes
(Corning Incorporated, Corning, NY, USA) at 37°C in 5%
CO, humidified atmosphere, and subsequently supplemented
with hydrocortisone, vascular endothelial growth factor,
ascorbic acid, gentamicin, amphotericin-B, recombinant
insulin growth factor, human epidermal growth factor, human
fibroblast growth factor-B and 5% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Culturing media was replaced with fresh media a total of 2 days
post-seeding. Following this, media was replaced every other
day. When cells reached a confluence of 80-90%, BEPCs were
treated with 0.25% trypsin and 0.02% EDTA (Sigma-Aldrich;
Merck KGaA) and were recultured in a different 10 cm culture
dish at a ratio of 1:2. Following this, the collagen/PCL and
gelatin/PCL scaffolds were soaked in 75% ethanol for 10 min.
The scaffolds were washed three times with PBS for 15 min
prior to further experimentation.

Morphology and adherence of BEPCs on scaffolds. BEPCs
were seeded onto the two scaffolds in a 24-well plate
at a density of 2x10* cells/well. At day 1 post-seeding,
the morphology of BEPCs was investigated via SEM as
aforementioned. The adherence of BEPCs cultured on the
scaffolds was visualized using rhodamin-phalloidin (1:500;
cat. no. 40734ES75; Yeasen, Shanghai, China). The F-actin
cytoskeleton was visualized using rhodamin-phalloidin to
observe cellular adherence via fluorescence staining. BEPCs
that had been cultured for 24 h were washed with PBS a total
of three times for 10 min. BEPCs were fixed with 4% para-
formaldehyde (Sigma-Aldrich; Merck KGaA) for 10 min at
room temperature. Following 10 min of washing with PBS
three times, BEPCs were permeabilized with 0.3% Triton
X-100 (Sigma-Aldrich; Merck KGaA) in PBS. Subsequently,
the cells were washed three times with PBS for 10 min, and
200 ul Tetramethylrhodamine B isothiocyanate Phalloidin
(1:500; cat. no. 40734ES75; Yeasen) was added to each slide.
Following 30 min of incubation under light protection at
room temperature, BEPCs were washed for 5 min for a total
of three times. Cell nuclei were then counterstained with
4, 6-diamidino-2-phenylindole (DAPI; Invitrogen; Thermo
Fisher Scientific, Inc.). Fluorescent images were subse-
quently captured using a Nikon eclipse 80i fluorescence
microscope at a magnification of x3 (Nikon Corporation;
Tokyo, Japan).

Cell viability and proliferation assays. Viability staining
was performed using a calcein acetoxymethyl ester/ethidium
homodimer 1 assay (LIVE/DEAD Viability/Cytotoxicity Kit;
cat. no. L.3224; Thermo Fisher Scientific, Inc.). BEPCs were
seeded onto the scaffolds on glass slides in a 24-well plate
at a density of 5x10* cells/well. A total of 48 h post-seeding,
the cells were incubated in PBS containing 2 yl calcein
acetoxymethyl ester and 4 ul ethidium homodimer 1 at 37°C
for 45 min. Subsequently, the BEPCs were washed twice with
PBS, and fluorescent images were captured using a Nikon
eclipse 80i fluorescence microscope at a magnification of x3.

Cell proliferation on the scaffolds was determined to inves-
tigate the biocompatibility of the scaffolds. Briefly, BEPCs
were seeded onto glass slides and scaffold membranes, as well
as the size of slides and membranes, were matched with the
24 well plates. In each well, cells (5x10%) were seeded in 1 ml
of EGM-2 with 5% FBS. A Cell Count-8 kit (CCK-8; Life,
New York, USA) was used to determine cell proliferation,
which was performed in accordance with the manufacturer's
protocol. Subsequently, the plates were examined with ELISA
at a wavelength of 490 nm. At 0, 24,48 and 72 h time intervals,
the optical density (OD) values from triplicates of each group
were determined.

Immunocytochemistry of Ki-67 protein. BEPCs cultured on
the two hybrid scaffolds and glass slides were fixed with 4%
paraformaldehyde for 10 min at room temperature and then
permeabilized with 0.3% Triton X-100 in PBS. Blocking was
performed using 10% normal goat serum (Gibco; Thermo
Fisher Scientific, Inc.). Cells were incubated with rabbit
monoclonal anti-Ki-67 antibodies (1:200; Abcam, Cambridge,
UK) at 4°C overnight. Following incubation, the BEPCs were
washed with PBS for 10 min in triplicate, then incubated with
fluorescent labeled secondary antibodies (1:500; Alexa Fluor
546 goat anti-rabbit immunoglobulin G; Invitrogen; Thermo
Fisher Scientific, Inc.) in PBS for 1 h at room temperature.
Following three washing steps (with PBS), cell nuclei were
counterstained with DAPI for 5 min at room temperature
(Invitrogen; Thermo Fisher Scientific, Inc.). Fluorescent
images were captured using a Nikon eclipse 80i fluorescence
microscope. Ki-67 protein staining was investigated in five
visual fields at a magnification of 10x0.30, and the total
percentages of positive cells were calculated.

Immunocytochemistry staining for incorporation of
bromodeoxyuridine (BrdU). BEPCs were cultured for 8 h
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Table II. Primers utilized for reverse transcription-quantitative polymerase chain reaction.

Product
Genes Accession number Forward sequence (5'-3") Reverse sequence (5'-3") size (bp)
AQP-1 NM_012778.1 ACCTGCTGGCCATTGACTAC AGGGCACTCCCAATGAATGG 127
COL8A1 NM_001107100.1 TTGCTTACCATGTTCACTGCAAGG AAAGCCCTTCTTGTACTCGTCGTA 101
ABCG2 NM_181381.2 GTGTAGGTCGGTGTGCGAGT GATCTATGCCTTTCTAGCTGTCCC 70
LGRS NM_001106784.1 GCGTCTTCACCTCCTACCTG TTTCCAGCAAGACGCAACTC 106
CD166 NM_031753.1 AGGGGACAACATCACCCTTC AGCCTGCCCTGGTAAGTAAA 82
Caspase-3 NM_012922.2 GACCATGGAGAACAACAAAAC GGCAGGCCTGAATGATGAAG 494
IL-1 NM_017019.1 TCGGGAGGAGACGACTCTAA GAAAGCTGCGGATGTGAAGT 201
GAPDH NM_017008 .4 CATGTTTGTGATGGGTGTGAACCA AAAGTTGTCATGGATGACCTTGGC 115

AQP-1, aquaporin 1; COL8A1, collagen type VIII alpha 1; ABCG2, ATP binding cassette subfamily G member 2, LGRS, leucine rich repeat

containing G protein-coupled receptor 5; IL-1, interleukin 1.

in the presence of 1 ul BrdU (Sigma-Aldrich; Merck KGaA)
dissolved in 1 ml culture medium. The cells were fixed in 4%
paraformaldehyde for 15 min at room temperature and subse-
quently incubated with 10% sheep serum (Gibco; Thermo
Fisher Scientific, Inc.) and 0.25% Triton X-100 in PBS for
1 h at room temperature. Following incubation, the BEPCs
were washed in PBS, incubated with 0.83% HCI for 30 min at
room temperature, washed in Hanks' Balanced Salt Solution
and PBS at room temperature. Following incubation with
anti-BrdU antibodies (1:800; cat. no. ab8152; Abcam) at 4°C
overnight, BEPCs were washed in PBS and incubated with
fluorescent-conjugated secondary antibodies (1:500; Alexa
Fluor 546-goat anti-rabbit) for 1 h at room temperature. Cell
nuclei were subsequently stained with DAPI for 5 min at
room temperature. Fluorescent images were obtained using
a Nikon eclipse 80i fluorescence microscope. BrdU protein
staining was investigated in five visual fields at a magnifica-
tion of 10x0.30, and the total percentages of live and positive
cells were subsequently determined.

Investigation of stem cell markers. The identification and
characterization of BEPCs were performed using rabbit
monoclonal anti-CD34antibodies (1:200; Abcam) and rabbit
monoclonal anti-CDI133antibodies (1:200; Abcam). Following
culturing of BEPCs on scaffolds and glass slides for 3 days,
BEPCs were fixed with 4% paraformaldehyde, dissolved in
PBS for 10 min and permeabilized using 0.3% Triton X-100
in PBS. BEPCs were then subjected to treatment with 10%
normal goat serum (Gibco; Thermo Fisher Scientific, Inc.).
Following this, cells were incubated with rabbit monoclonal
anti-CD34 and rabbit monoclonal anti-CDI133 antibodies at
4°C for 12 h. The coverslips and two hybrid scaffolds were
subsequently washed three times with PBS for 10 min each.
The two hybrid groups and the control group were incubated
with fluorescent labeled secondary antibodies (1:500; Alexa
Fluor 546 goat anti-rabbit immunoglobulin G; BD Biosciences,
Franklin Lakes, NJ, USA) in PBS for 1 h. Following three
washes with PBS, cell nuclei were counterstained with DAPI
for 5 min at room temperature. Fluorescent images were
obtained using a Nikon eclipse 80i fluorescence microscope.
CD34 protein staining was investigated in five visual fields at a

magnification of 10x0.30, and the total percentages of live and
positive cells were determined.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Gene expression levels of BEPCs cultured on two
hybrid scaffolds and glass slides were analyzed via RT-qPCR.
mRNA was isolated from samples at the 7 day time interval
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). A NanoDrop ND1000 Spectrophotometer (Thermo
Fisher Scientific, Inc.) was used to quantify the extracted RNA
samples. Samples with A260/A280 ratios between 1.9-2.1
were used for subsequent analysis. Total RNA was subjected to
RT using the PrimeScript RT reagent kit (Perfect Real Time;
Takara Biotechnology Co., Ltd., Dalian, China). RT-qPCR
was performed in a 10 ul reaction volume containing 1 ul of
complementary DNA, 3 ul of doubled-distilled H,0, 5 pl of
reaction mixture and 1 ul of primers. The primer sequences
used are presented in Table II. In the present study, seven
primers [aquaporin 1 (AQP1), collagen type VIII alpha 1
(COL8AL1), ATP binding cassette subfamily G member 2
(ABCGQG?2), leucine rich repeat containing G protein-coupled
receptor 5 (LGRS), Apoptosis-Related Cysteine Peptidase
(Caspase-3), Activated Leukocyte Cell Adhesion Molecule
(CD166) and interleukin 1 (IL-1)] were used to investigate
proliferation, stem cell characteristics, apoptosis and inflam-
matory reaction of BEPCs in the scaffold groups and the
control group. RT-qPCR was performed using a Light Cycler
96 System (Roche Diagnostics, Basel, Switzerland). Each
assay was performed in triplicate. Relative gene expression
was analyzed by using the Pfaffl method (23).

Statistical analysis. Data in the present study were presented
as the mean + standard error of the mean. One-way analysis of
variance with Tukey's HSD post hoc test were used to inves-
tigate the statistical significance between groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Morphology of scaffolds. The fiber morphology and dimension
distribution of the two variations of electrospun membranes
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Figure 1. (A-G) SEM and water contact angles of gelatin/PCL and collagen/PCL electrospun fibrous membranes. (A and B) Gelatin/PCL, (D and E) collagen/PCL
and diameter distributions of (C) gelatin/PCL and (F) collagen/PCL membranes. Scale bars, 20 gm. (G) Water contact angles of two hybrid scaffolds. SEM,
scanning electron microscope; PCL, polycaprolactone; SEM, scanning electron microscopy.

were investigated via SEM. As presented in Fig. 1A-C,
gelatin/PCL (70:30) fibers were demonstrated to be smooth
and fine, with an average fiber diameter of 473.9+136.8 nm.
Electrospun collagen/PCL fibrous membranes (70:30) were
also revealed to be smooth and uniform, with an average diam-
eter of 305.5+85.8 nm (Fig. 1D-F). According to the results,
the two samples presented with similar morphology and
microstructures despite varying materials and electrospinning
conditions.

Water contact angle of scaffolds. The hydrophilicity of the
membranes, which can be altered according to its composition,
has marked effects on the adhesion, proliferation and viability
of cells (24). The water contact angle may be determined to
investigate wettability. As revealed in Fig. 1G, water droplets
were rapidly absorbed into the fibrous networks at the begin-
ning, the contact angle reached almost the same as that at O sec
(61.7+£2.6° vs. 59.9+2.5°). As the time increased, the exhibited
contact angle slowly decreased. Notably, the collagen/PCL
(70:30) fibrous membrane decreased at a faster rate compared
with the gelatin/PCL (70:30) fibrous membrane. These results
suggested that the gelatin/PCL and collagen/PCL electrospun
membranes were hydrophilic, and thus potentially suitable for
cell adhesion.

Cell morphology and adherence on scaffolds. SEM was used
to investigate cell morphology and adherence on scaffolds.

Following 24 h of cell seeding, BEPCs were revealed to be
well spread on and strongly adhered to both scaffolds. BEPCs
on the two hybrid scaffolds exhibited a three-dimensional
interdigitated structure and presented a crossover growth
trend. The results of SEM were indicated (Fig. 2A). To
investigate the adherence of BEPCs and the cellular compat-
ibility on the two hybrid scaffolds, F-actin cytoskeletons were
visualized in the scaffold groups and the control group using
rhodamin-phalloidin. Cells in the hybrid scaffold groups
exhibited aggregation and increased levels of F-actin bundles
compared with cells in the control group (Fig. 2B). These
results suggested that collagen/PCL (70:30) and gelatin/PCL
(70:30) scaffolds exhibited cellular compatibility and benefited
cell adherence.

Cell proliferation and viability on hybrid scaffolds. A
live&dead Viability/Cytotoxicity kit was used to investigate
the toxicity of the materials. Apart from the results regarding
cell densities, no significant differences were exhibited
between any of the groups. Marked levels of dead cells were
not revealed in any groups (Fig. 3A). Immunocytochemistry
staining of Ki-67 and BrdU was performed to investigate
levels of cell proliferation. The results of Ki-67 and BrdU
staining demonstrated that BEPCs on collagen/PCL (70:30)
and gelatin/PCL (70:30) exhibited greater levels of prolif-
eration compared with the control group (Fig. 3B and C).,
D and E, compared with the control group, both scaffold
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Figure 2. Morphology and adherence of BEPCs to scaffolds. (A) BEPCs were revealed to be strongly adhered and well spread on the two scaffolds a total of
24 h post-seeding (scale bar, 50 ym). (B) The F-actin cytoskeleton was visualized via rhodamin-phalloidin staining (scale bar, 100 ¢m). PCL, polycaprolactone;
BEPCs, bone marrow endothelial progenitor cells.
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Figure 3. Proliferation and viability of BEPCs on scaffolds. (A) Results of the live&dead kit test. Expression levels of (B) Ki-67 and (C) BrdU proteins in
BEPCs were investigated (scale bar, 100 #m). Histograms revealed the percentage of positive staining of (D) Ki-67 and (E) BrdU proteins. (F) Proliferation
of BEPCs cultured on the two hybrid scaffolds groups and the control group were determined using a Cell Counting Kit-8 kit. “‘P<0.05 vs. controls. DAPI,
4,6-diamidino-2-phenylindole; PCL, polycaprolactone; BEPCs, bone marrow endothelial progenitor cells; BrdU, bromodeoxyuridine.

groups presented a statistically significant increase following  BrdU staining, which was investigated in five visual fields at
BrdU staining (P<0.05; Fig. 3E). The results of Ki-67 and  a magnification of 10x0.30, are presented in Fig. 3D and E.
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Figure 4. Expression levels of stem cell markers exhibited by BEPCs on hybrid scaffolds. Protein staining revealing the expression levels of (A) CD133 and
(B) CD34 (scale bar, 100 ym). (B) Gene expression levels of scaffold groups and the control group. ‘P<0.05 vs. controls. CD, cluster of differentiation; BEPCs,
bone marrow endothelial progenitor cells; AQP-1, aquaporin 1; COL8AL, collagen type VIII alpha 1; ABCG2, ATP binding cassette subfamily G member 2,
LGRS, leucine rich repeat containing G protein-coupled receptor 5; IL-1, interleukin 1.

Furthermore, CCK-8 analysis was performed to investi-
gate the cell proliferation and cellular compatibility of
the two hybrid scaffolds. The results demonstrated that
the OD values were not significantly different between the
collagen/PCL (70:30) group and the control group. Notably,
the OD values exhibited by the gelatin/PC L (70:30) group
were increased compared with the two groups at 0, 24 and
48 h time intervals. At the 72 h time interval, the OD values
were not significantly different among the three groups
(Fig. 3F).

Stem cell characteristics of BEPCs on two hybrid scaffolds.
Immunocytochemistry analysis investigating the expres-
sion levels of CD133 and CD34 proteins, which represent
biomarkers of stem cells, was performed to determine and
evaluate the stem cell characteristics of BEPCs on two hybrid
scaffolds. Cultured BEPCs on the two hybrid scaffolds demon-
strated increased levels of fluorescence intensity exhibited by
the CD133 and CD34 proteins compared with the control
group; however, this result was not statistically significant
(Fig. 4A). In addition, both scaffold groups exhibited increased
expression levels of ABCG2 and LGR5 compared with the
control group. Notably, the expression levels of other proteins
(AQP-1, COL8AI and CD166) on both scaffold groups were
not statistically different compared with the control group
(Fig. 4B).

Biocompatibility of two hybrid scaffolds. The expression
levels of caspase-3 and IL-1 were investigated in the present
study to determine the biocompatibility of the two hybrid
scaffolds. Apoptosis levels, as determined via the investigation
of caspase-3 expression levels, were revealed to be decreased
in the two scaffold groups compared with the control
group; however, this result was not statistically significant.
Furthermore, the results demonstrated that there were no
significant differences in the expression levels of IL-1 exhib-
ited in the collagen/PCL group and control group; whereas the
expression levels of IL-1 exhibited by the gelatin/PCL group
were significantly suppressed compared with the control group
(Fig. 4B). These results suggested that the two scaffolds exhib-
ited biocompatibility.

Discussion

Tissue-engineering for corneal endothelium has been heavily
researched in recent years regarding the treatment for patients
with corneal endothelial decompensation. Establishing
a suitable carrier material is important for establishing
tissue-engineered endothelium. Natural polymers, such as
collagen and gelatin, have previously been electrospun into
fibrous scaffolds for tissue engineering of corneal epithe-
lium (10). However, it remains unknown whether collagen
and gelatin are appropriate materials for tissue-engineered
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endothelium. Scaffolds used in tissue-engineered corneal
endothelium are required to exhibit sufficient mechanical
strength and good biocompatibility, which may promote cell
proliferation and differentiation. Hybrid scaffolds could meet
the requirements by taking advantage of natural and synthetic
material properties (25,26). In the present study, gelatin/PCL
and collagen/PCL hybrid scaffolds were successfully estab-
lished using electrospun techniques, and the modulating
responses of BEPCs cultured on the scaffolds were investi-
gated. This aimed to elucidate the potential applicability of
the scaffolds in tissue-engineered endothelium.

The two hybrid scaffolds established in the present
study demonstrated expected hydrophilicity, wettability and
biocompatibility characteristics, which were most likely due
to the exhibition of beneficial characteristics associated with
natural and synthetic polymers. SEM analyses demonstrated
that BEPCs presented a crossover growth trend and exhib-
ited a three-dimensional interdigitated structure on the two
scaffolds. As presented in Fig. 2, BEPCs in the two hybrid
scaffold groups exhibited increased levels of aggregation and
F-actin bundles compared with the control group. The cellular
morphology and adhesion suggested that the electrospun nano-
fibers established in the present study successfully emulated
the properties of the extracellular matrix. BEPCs were well
spread and strongly adhered to both scaffolds.

BEPCs cultured on both scaffolds exhibited greater levels
of proliferation and viability. Immunocytochemistry staining
of Ki-67 and BrdU proteins revealed that the two scaffolds
provided a suitable environment for cell growth, likely due to
propertiesexhibited by the scaffoldsthatare associated with the
extracellular matrix. However, CCK-8 analysis demonstrated
that there were no significant differences in the proliferation
levels exhibited by each group. At 24 and 48 h time intervals,
the OD values of gelatin/PCL were increased compared with
the other two groups, whereas the collagen/PCL group did
not exhibit significant differences in OD values compared
with the control group. In addition, the OD values exhibited
at 0 and 72 h time intervals were not significantly different
between any of the groups. Therefore, it may be suggested
that such differences may be due to dissimilar topography
between scaffolds and glass slides, thus permitting cells to
attach and spread more easily from the outset. The growth of
BEPCs on scaffolds for increased durations of time requires
further study. In the present study, few dead cells on scaffolds
were observed, which suggested that the two hybrid nano-
fiber scaffolds investigated in the present study were safe
and nontoxic for proliferating cells. Furthermore, the results
revealed that the mRNA expression levels of caspase-3 and
IL-1 were decreased in gelatin/PCL groups, which suggested
that the scaffold did not induce inflammatory responses or
apoptosis. The collagen/PCL scaffold exhibited decreased
levels of caspase-3, while the expression levels of IL-1 did
not demonstrate a significant difference compared with the
control group. A previous study revealed that, when cultured
with NTH 3T3 cells, collagen exhibits significantly enhanced
levels of cytocompatibility compared with gelatin (27). In
the present study, no significant differences between the two
hybrid scaffolds were demonstrated, which suggests that the
two natural components may be safely used when applied to
the culturing BEPCs. The biocompatibility of scaffolds used
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in tissue-engineered endothelium is important to ensure cell
density and to forma cell monolayer (28-30).

Tissue-engineered endothelium requires a substratum
with an organized monolayer of cells. The morphology and
cell density of the newly formed cell monolayer depends on
the differentiation status of the transplanted cells (28-31). It
is important for scaffolds to enable cells to retain character-
istics associated with stem cells. BEPCs cultured on hybrid
nanofibers scaffolds demonstrated a marked increase in the
levels of stem cell markers. CD34 and CD133 protein fluo-
rescence intensities expressed by the scaffold groups were
enhanced compared with the control group; however, this
result was not statistically significant. This suggested that
BEPCs cultured on the two hybrid scaffolds demonstrated
more avidity. PCR analyses of marker genes and differentia-
tion genes associated with stem cells, including ABCG2 and
LGRS (32-34), exhibited increased expression levels in the
scaffold groups compared with the control group. Nanofibers
were revealed to simulate the three-dimensional extracel-
lular matrix, and thus it may be suggested that approximate
three-dimensional topography and chemical stimulation of
hybrid nanofiber scaffolds have important roles in pluripo-
tency maintaining of BEPC. However, expression levels of
marker genes associated with CECs in the scaffold groups,
including AQP-1, COL8A1 and CD166, were revealed to not
be significantly different compared with the control group in
the present study. These results suggested that the two scaf-
folds may enhance the pluripotency of BEPCs via numerous
mechanisms; however, culturing on the scaffolds alone
did not promote the differentiation of BEPCs into CECs.
Whether BEPCs cultured on the scaffolds may differentiate
into CECs requires further study.

In the present study, collagen/PCL (70:30) and gelatin/PCL
(70:30) combined scaffolds were successfully established
using electrospun techniques and exhibited sufficient levels
of hydrophilicity, wettability and biocompatibility. BEPCs
cultured on the two scaffolds exhibited greater levels of
proliferation and adhesion, and retained more characteris-
tics associated with stem cells. The two scaffolds exhibited
the possibility of enhancing the differentiation potential of
BEPCs. These results suggested that the two hybrid scaffolds
maybe used to culture BEPCs that exhibit the potential to
differentiate into corneal endothelial-like cells. By improving
the manufacturing method of these two hybrid scaffolds,
novel strategies to enhance the transparency and mechanical
properties of scaffolds so that they are more appropriate for
tissue-engineered endothelium may be established. The results
of the present study may provide novel ideas for the treatment
of corneal endothelial dystrophy.
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