
Abstract. –OBJECTIVE: To access the cytotoxici-
ty and the effect on the endothelial progenitor cell
(EPC) differentiation of stainless steel sheets simul-
taneously coated with VEGF and anti-CD34 antibody. 

MATERIALS AND METHODS: 316L stainless
steel sheets (diameter 6 mm, thickness 1 mm)
were divided into the D-H (Bare metal), D-(H-V)10
(VEGF-coated metal) and D-(H-V)10-A (VEGF and
anti-CD34 antibody co-coated metal) groups.
The cytotoxicity effect of the three groups was
measured using MTT assay. Percentage of EPC
positive for CD34, CD133 and KDR were detect-
ed by flow cytometric assay. Endothelial cells
positive for CD31 and VE-Cadherin were also de-
tected by flow cytometric assay.

RESULTS: The percentages of isolated cells pos-
itive for CD133, CD34 and KDR were 89.9%, 91.3%,
and 90.4%, respectively, suggesting that the EPCs
were successfully isolated. MTT results showed
that the stainless steel sheets coated with VEGF
and anti-CD34 antibody have less toxicity on seed-
ed EPCs than single VEGF coating or bare metal.
We further found that with VEGF and anti-CD34 an-
tibody co-coating could significantly promote the
differentiation of EPCs in vitro when compared
with that of single VEGF coating and bare metal. 

CONCLUSIONS: Our study provided a prelimi-
nary evaluation of metallic steel sheet coated
with VEGF and anti-CD34 antibody in vitro. Our
findings suggest that simultaneously coating
the stents with VEGF and anti-CD34 antibody
might be a novel research direction for facilitat-
ing re-endothelialization in order to reduce ISR
after stent implantation.
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Introduction

Coronary artery disease (CAD) is one of the
most common cardiovascular diseases with high
rates of mortality and morbidity, mainly due to the
fact of blood vessel narrowing caused by athero-
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sclerosis1. Metallic stent implantation is a standard
percutaneous therapy for coronary artery disease.
However, intracoronary stenting often leads to
neointimal hyperplasia and restenosis. The in-stent
restenosis (ISR) rate of a simple bare metallic
stent (BMS) is 10%-30%2,3. The most widely ac-
cepted hypothesis for the ISR is the “response-to-
injury”4, in which lack of endothelial coverage in
the vessel wall are thought to stimulate a remodel-
ing process with inward migration and prolifera-
tion of medial smooth muscle cells (SMCs). Thus,
a variety of drugs has been employed for the pre-
vention of SMC growth and proliferation, such as
rapamycin and paclitaxel.

Drug-eluting stents (DESs) is a peripheral or
coronary stent with a drug slowly released from a
polymer coating or loaded directly onto the
stent5. They have been designed mainly to mini-
mize percutaneous coronary intervention (PCI)
related vascular inflammation and cellular prolif-
eration and thus reduce ISR6. Currently, applica-
tions of the DESs, such as rapamycin drug-elut-
ing stents and paclitaxel-eluting stents, have
greatly reduced the prevalence of restenosis
through preventing or significantly reducing mi-
gration and proliferation of medial SMCs, which
at the same time has been reported to delay the
formation of a functional endothelial lining over
the stent7. However, controversial results suggest
that the incomplete endothelialization of the stent
surface may lead to the increased long-term inci-
dence of thrombosis and ISR8,9. 

Therefore, accelerating endothelial repair is a
promising research area that may reduce the stent
restenosis and long-term thrombosis after stent
implantation. Recently, circulating endothelial
progenitor cells (EPCs) have been identified as a
key factor for re-endothelialization. The EPC
capture stents have been developed using immo-
bilized antibodies targeted at EPC surface anti-
gens, such as CD3410. Vascular endothelial
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growth factor (VEGF) has been extensively stud-
ied and used to promote revascularization and re-
endothelialization by stimulating migration and
maturation of endothelial progenitor cells11,12.

Our research team has previously developed a
novel coating approach for coronary stents using
the combination of VEGF and anti-CD34 anti-
body13. By using the specific method developed,
our previous study indicated that stainless steel
sheets could be successfully coated with VEGF
and antibodies against CD34. In this study, we
aim to further evaluate the toxicity and the effect
of VEGF and anti-CD34 antibody co-coated 316
stainless steel on EPCs differentiation. Our re-
sults showed that the combined coating of stain-
less steel with VEGF and anti-CD34 antibody
had less cytotoxicity compared with VEGF-coat-
ing or bare metal, and could promote the differ-
entiation of EPCs in vitro.

Materials and Methods

Materials
VEGF165, fetal bovine serum (FBS), gluta-

mine, penicillin-streptomycin and Alexa Fluor®
488 Goat Anti-Rabbit IgG were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).
Epithelial growth factor (EGF), insulin-like
growth factor-1 (IGF-1), basic fibroblast growth
factor (bFGF), M199 medium and human fi-
bronectin (FN) were all purchased from Sigma-
Aldrich (St. Louis, MO, USA). Human umbilical
cord blood used for isolation of epithelial prog-
enitor cells was from the Xinhua Hospital
(Shanghai, China). Primary antibodies, like rab-
bit anti-human CD34 antibody, rabbit anti-human
VEGF primary antibodies, mouse anti-human
KDR, rabbit anti-human CD31 and mouse anti-
human VE-cadherin were purchased from Abcam
(Cambridge, UK). Round 316L stainless steel
sheets (diameter 6 mm, thickness 1 mm) were
used in this study, and three coating groups were
studied, including the D-H group (hepariniza-
tion), D-(H-V)10 group (steel sheets coated with
VEGF) and D-(H-V)10-A (simultaneously coated
with VEGF and anti-CD34 antibody) group.

Preparation of the coated steel sheet
The coated steel sheet was prepared according

to our previous report13. Briefly, round 316L
stainless steel sheets (diameter 6 mm, thickness 1
mm) were divided into three different groups ac-
cording to coating procedures: D-H group, coat-

ed with heparin; D-(H-V)10 group, coated with
VEGF165; D-(H-V)10-A group, coated stepwise
with VEGF165 and rabbit anti-human CD34.

Isolation of endothelial 
progenitor cells (EPC)

Human umbilical cord blood (50 mL) was di-
luted 1:1 with phosphate buffered saline (PBS)
containing 0.02% EDTA, added to a Ficoll gradi-
ent, and centrifuged at 2,000 rpm/min for 20
min. Carefully aspirate the monocyte layer and
wash with PBS containing 0.02% EDTA for two
times. Discard supernatant and the cell pellet
were resuspended in M199 medium supplement-
ed with 20% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. The cells were counted,
placed into 6-well plates, coated with human fi-
bronectin at a density of 2× 106 cells/cm2, and in-
cubated at 37°C, 95% humidity, and 5.0% carbon
dioxide. Refresh medium after 48 hours to re-
move non-adherent cells. Refresh medium every
three days afterwards. Incubate for 1-2 weeks.

Identification of endothelial progenitor 
cells (EPC) by flow cytometry

Harvest cells at 12 days of incubation by 0.05%
trypsin and wash with PBS containing 0.5%
bovine serum albumin (BSA) for two times. Re-
suspended cells were incubated for 30 min at
37°C with rabbit anti-human CD34 and CD133,
and mouse anti-human KDR and a non-specific
antibody IgG, respectively. Wash off the unbound
antibody using 0.5% PBS containing 0.5% BSA.
Cells were fixed in 4% paraformaldehyde and an-
alyzed by a FACSAria flow cytometer (BD Bio-
sciences, Framklim Lakes, NJ, USA). 

Methyl thiazolyl tetrazolium (MTT) assay
Coated steel sheets from the D-H, D-(H-V)10

and D-(H-V)10-A group were placed into 48-well
plates, respectively. The isolated EPC cells were
seeded at a density of 5,000 cells/well. At 0, 24,
48 and 72 hours, add 50 µl MTT reagent (5
mg/mL) and incubate for 4 hours at 37°C. Add
500 µL DMSO and vortex for 10 min. 100 µL of
the supernatant was aspirate for the detection of
absorbance at 490 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The
growth curve was generated accordingly.

Measurements differentiation 
of EPCs by flow cytometry

The isolated EPC cells were incubated in
DMEM supplemented with 20% FBS, VEGF165
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(20 ng/mL), epithelial growth factor (EGF, 1
ng/mL), insulin-like growth factor-1 (IGF-1, 2
ng/mL), basic fibroblast growth factor (bFGF, 4
ng/mL) and glutamine (300 µg/mL). Refresh
medium every 2 or 3 days for two weeks. The
expression of KDR, CD31 and VE-cadherin were
detected by flow cytometry after staining with
mouse anti-human KDR, rabbit anti-human
CD31 and mouse anti-human VE-cadherin.

Statistical Analysis
Statistical significance was assessed by com-

paring mean values (± standard deviation) using
the two-tailed Student’s t-test for independent
groups. The probability value of p<0.05 was con-
sidered to be statistically significant.

Results

Morphologic characteristics 
and identification of EPCs

Isolated cells were seeded into the FN-coated
6-well plates and the morphology of adherent
cells at cultivation day 7 was shown in Figure
1A. Three markers have been previously used to
characterize the functional endothelial precursor
cells: CD133, CD34, and the vascular endothelial
growth factor receptor-2 (kinase insert domain
receptor, KDR)14,15. We performed flow cytome-
try to detect the three EPC surface markers in the
isolated cells. Our results showed that 89.9% of
the isolated cells were positively stained for
CD133, 91.3% positively stained for CD34 and
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Figure 1. Morphology and characteris-
tics of endothelial progenitor cells
(EPCs). A, Representative microscopic
image of EPCs. B, Flow cytometric
analysis of the three EPC surface makers:
CD34, KDR and CD133.
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90.4% for KDR Figure 1B demonstrated that
EPCs were successfully isolated. The isolated
EPCs were used for the following in vitro evalu-
ation of coated steel sheets.

In vitro evaluation of cytotoxicity
of covered steel sheets

The cytotoxicity of the steel sheets, from the D-
H, D-(H-V)10 and D-(H-V)10-A groups, was evalu-
ated and compared by MTT assay. Our results re-
vealed that there was bare no EPC cells growth in
the D-H group. In the D-(H-V)10 group, EPCs had
an obvious growth compared with the D-H group.
The EPCs grew significantly faster in the D-(H-
V)10-A group even than in the D-(H-V)10 group,
suggesting simultaneously coating with VEGF
and CD34 antibody could highly promote the
growth of EPCs on the steel sheets (Figure 2). Our
results suggested that steel sheets simultaneously
coated with VEGF and anti-CD34 antibody had a
less toxic effect on the seeded EPCs than solely
coated with VEGF or bare metal.

Steel sheets coated with VEGF 
and anti-CD34 antibody promoted 
the differentiation of EPCs

The effects on differentiation from EPCs to en-
dothelial cells have been evaluated for the D-H, D-
(H-V)10 and D-(H-V)10-A group using flow cytom-
etry assay. The results showed that the percentage
of CD31 positive cells was significantly increased
in the D-(H-V)10-A group than that of the D-H
group (Figure 3A). Meanwhile, the percentage of
VE-cadherin positive cells was also significantly
increased in the in the D-(H-V)10-A group than the
D-H group (Figure 3B). However, the percentage
of endothelial precursor cell marker KDR was sig-
nificantly reduced in the D-(H-V)10-A group than
the D-H group (Figure 3C). Our results suggested

that simultaneously coated stainless steel with
VEGF and anti-CD34 antibody could significantly
promote the differentiation of EPCs.

Discussion

Restenosis after intracoronary stenting is one of
the major limitations for long-term recovery from
coronary artery surgery. Drug-eluting stents
(DESs), such as rapamycin drug-eluting stents and
paclitaxel-eluting stents, have been reported to
greatly reduce the rate of in-stent restenosis through
significantly reducing migration and proliferation
of the medial SMCs7. However, the anti-prolifera-
tive effects of these drugs also delay the formation
of a functional endothelial lining over the stent,
which may increase the risk of thrombosis in the
long-term recovery16-18. Long-term follow-up stud-
ies showed that DESs implantation increased the
long-term risk of thrombosis by 15%-35% com-
pared with bare-metal stents implantation8.

Novel DES with biocompatible and biodegrad-
able polymers has been developed to minimize the
risk of stent thrombosis. Recent studies19-21 have re-
ported that vascular endothelial damage may pro-
voke a cascade of cellular and biochemical events
which initiates the restenosis after coronary stenting.
Thus, accelerating endothelial repair gains more im-
portance than inhibiting the proliferation of SMCs,
which could reduce the exposure time of stents in
blood, decrease the rate of long-term thrombosis and
shorten the time of antiplatelet therapy for patients.

Circulating endothelial progenitor cells specifi-
cally are CD34+ and VEGFR-2+/CD31+. EPC cap-
ture stent coated with anti-CD34 antibody is a nov-
el technology that has opened up a new horizon in
coronary stent implantation, of which the safety
and feasibility have been demonstrated in registry
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Figure 2. In vitro evaluation of cytotoxicity of cov-
ered steel sheets. The cytotoxicity of the D-H group,
D-(H-V)10 group and D-(H-V)10-A group was evalu-
ated by MTT assay. Triplicates for each sample were
analyzed and each datum point represents the mean ±
SD (n=3). Statistically significant differences are indi-
cated: *p<0.05, **p<0.01, Student’s t-test. OD value,
optical density value.



studies and long-term follow-up studies10,22-24.
Coating stent with VEGF is also a novel strategy
that has been reported to accelerate re-endothelial-
ization12,25. Previously, with the hope of facilitating
rapid restoration of a functional endothelium, we
have successfully developed a novel coating strate-
gy for simultaneously coating VEGF and anti-
CD34 antibody13. Our results indicated that both
VEGF and antibodies against CD34 were success-
fully coated on the 316 stainless steel sheets. In
this study, we further evaluated the cytotoxicity of
the double-coated stainless steel sheets with MTT
assay. Our results showed that, comparing with the
bare stainless steel or VEGF-coated one, steel dou-
ble coated with VEGF and anti-CD34 antibody has
a less toxic effect on the seeded EPCs. 

It has been reported that circulating progenitor
cells in peripheral blood, such as the endothelial
progenitor cells (EPCs), play an important role in
re-endothelialization. Hibbert et al19 found that
80% of the in-stent neointimal is derived from
circulating progenitor cells in blood including
EPCs not from the vascular wall. Other studies
also proved that EPCs could induce the in-stent
neointimal due to accelerating endothelial re-
pair26-29. In our study, we found that simultane-
ously coating with VEGF and anti-CD34 anti-
body could significantly promote the differentia-
tion of EPCs in vitro when compared with the
bare stainless steel and VEGF-coated one. 

Conclusions

Our study provided preliminary results that dou-
ble coated the steel sheets with VEGF and anti-
CD34 antibody not only have less cytotoxicity ef-

fects but also promote the differentiation of EPCs in
vitro. Future studies should be carried out to further
evaluate the effects of this novel coating strategy on
re-endothelialization in both in vitro and in vivo.
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