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The in-stent restenosis (ISR) and the late stent thrombosis (LAST) represent the most common failures of
stent implantation and are both mediated at the injured endothelium. The natural endothelium healing
mechanism provides an approach to achieve in situ endothelialization of the implant by stimulating the
neighboring endothelial cells (ECs) migration or capturing the circulating endothelial cells (CEC) directly
from the blood circulation. An anti-CD34 antibody functionalized multilayer of heparin/collagen is
developed here via layer-by-layer assemble. The ellipsometry and QCM-D results demonstrate that the
multilayer coatings with slight glutaraldehyde cross-linking are stable in static incubation and flushing
conditions, respectively. The in vitro hemocompatibility tests and cell culture results indicate that both
heparin/collagen multilayers with or without the anti-CD34 antibody functionalization not only preserve
good hemocompatibility, but also promote cell attachment and growth notably. While the heparin/
collagen multilayer coatings show no selectivity in promotion of ECs and smooth muscle cells (SMCs), the
anti-CD34 antibody functionalized heparin/collagen multilayers can specifically promote the attachment
and growth of the vascular ECs. The metabolic activity assessment and the NO secretion measurements
further indicate that the adherent ECs on the anti-CD34 antibody functionalized heparin/collagen
multilayer surface have better viability and possess the specific function of the natural vascular ECs. In
vivo experiments indicate that the anti-CD34 antibody can enrich and accelerate the attachment of the
vascular cells onto the stent and rapid endothelialization is realized. While no significant difference of
neointimal hyperplasia is observed between the bare metal stents and heparin/collagen multilayer
modified stents, the neointimal hyperplasia on the anti-CD34 antibody functionalized multilayer
modified stents is significantly inhibited. The success of the anti-CD34 antibody functionalized heparin/
collagen multilayer coating in rapid endothelialization and anti-restenosis might indicate that the
immobilization of ECs specific ligand onto a cytocompatible matrix can be a good approach for in situ
endothelialization and a possible solution to ISR.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Percutaneous transluminal coronary angioplasty (PTCA) fol-
lowed by stent implantation has been the main method to treat
coronary artery diseases [1]. The stent implantation, however, may
provoke a cascade of cellular and biochemical events that induce
pathological processes, such as thrombosis and cytokines release.
These pathological events subsequently trigger the migration and
proliferation of smooth muscle cells (SMCs), thus induce in-stent
restenosis (ISR), a particular refractory form of neointimal hyper-
plasia [2–5]. Although the application of drug-eluting stents (DES)
9.
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has significantly reduced the incidence of ISR, the late stent
thrombosis (LAST) is still a crucial factor of its clinical long term
implantation failure since the loaded anti-proliferative drugs,
rapamycin for example, are non-specific and are effective to both
SMCs and endothelial cells (ECs) [6]. Previous researches have
demonstrated that the occurrences of thrombosis and ISR are
ultimately due to the endothelium injury or the delay of the
re-endothelialization on the stent [2,3]. A functionally intact
endothelium can not only prevent thrombosis but also mediate the
migration and proliferation of the SMCs. A rapid re-endotheliali-
zation on the stent can provide a possible approach to prevent the
ISR and LAST.

The ECs pre-seeding method has achieved some promising
laboratorial results in recent years. However, it is a costly process
and requires long cell culture periods [7,8]. The resource of the ECs,
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the desquamation of the seeded EC in the circulation and the
infection during the cell culture remain obstacles for its further use.
In the blood vessel healing process, regrowth of the endothelial
layer might be derived from the neighboring ECs migration or the
circulating endothelial cells (CEC) recruiting process [9–11]. The
natural healing approach provide a fascinating alternative strategy:
The in vivo/in situ endothelialization of materials after implanta-
tion inside the body [10–12]. How to make a material with chemical
and physical cues to induce the neighboring EC migration or
capturing the endogenous CEC directly from the circulation is a key
issue for in situ endothelialization.

The surface functionalized by extracellular matrix (ECM) mole-
cules or the synthetic cell adhesive peptides have been proved to
enhance the ECs adhesion and proliferation on the material surfaces
[13–15]. Nevertheless, very few attentions have been paid to the
response of SMCs on these surfaces. The functionalization with
common cell compatible molecules improves the cytocompatibility,
however, not only for ECs, but also for other cell types, e.g. SMCs [16].
In the stent implantation, however, the specific promotion of the ECs
and the selective enhancement of its competitiveness with the SMCs
[17] play a great part in the prevention of the thrombosis and ISR.
CD34 is one kind of cell surface antigen, which is specifically pre-
sented on vascular ECs [18], EPCs [19], and hematopoietic progenitor
cells [20]. EPC capture stents, whose surface are coated with anti-
CD34 antibody to capture EPCs in circulation for rapid in situ
endothelialization, have been developed recently [19,21]. The anti-
CD34 antibody coated stents show a significant reduction in neo-
intimal formation. However, the clinical trail results reveal that the
anti-restenosis effects are not remarkable as expected [19], which
might be ascribed to the extremely low content of the EPCs in
circulation and the difficulties to well control the proliferation and
differentiation of the EPCs accurately [22]. How to immobilize the
ECs specific ligands onto a favorable matrix to stimulate not only EPC
but also vascular ECs preferential adhesion and growth is essential
for rapid in situ endothelialization.

Herein we explore to fabricate surface coatings with endothelial
cell selectivity by immobilizing the anti-CD34 antibody onto the
heparin/collagen multilayer. Layer-by-layer self-assembly tech-
nique [23], with advantages of easy preparation, retainable bio-
macromolecules’ activity, and adaptable to substrates with
whatever size and shape, has increasingly been used to immobilize
biomacromolecules onto the vascular prostheses and tissue engi-
neering scaffolds to improve their hemocompatibility or cyto-
compatibility respectively [24–30]. Heparin is a commonly used
anti-coagulant and collagen is one of the main proteins of the
extracellular matrix with excellent cytocompatibility [28–30]. We
have previously proved that the multilayers of heparin/collagen
present synergic properties of thromboresistance and cyto-
compatibility [31,32]. It is our hypothesis here that the immobili-
zation of anti-CD34 antibody onto a cytocompatible and
anticoagulant matrix might present endothelial cell selectivity and
achieve the rapid in situ re-endothelialization. The effect of the
rapid and specific ECs adhesion was investigated by the comparison
of the human vascular ECs and SMCs initial attachment onto this
coating. The growth, morphology, cell viabilities and endothelial
function of the adherent ECs were evaluated. A preliminary in vivo
study was also conducted using a rabbit femoral artery injury
model to evaluate the rapid in situ re-endothelialization and the
anti-restenosis effects.

2. Materials and methods

2.1. Chemicals and materials

The heparin (HEP, low molecule weight, Freda Biochem Co., Ltd., China) and
collagen (COL, type I, from bovine cartilage, Mingrang Biotech Co., Ltd., China) were
dissolved in acetic buffer solution (0.018 M NaAc, 0.082 M HAc, 0.14 M NaCl, pH¼ 4.0) at
1 mg/mL, respectively. Polyethylenimine (PEI, Mw ¼ 25,000, Sigma) solution was
prepared by direct dissolution in Phosphate–Buffered Saline (PBS, pH ¼ 7.4) to a final
concentration of 3 mg/mL. Anti-CD34 antibody (monoclonal mouse anti-human CD34
antibody, Santa Cruz Biotech., Inc. USA) was diluted to 20 mg/mL in PBS. Fluorescein
diacetate (FDA, Sigma) was dissolved in acetone at 5 mg/mL. Dimethylthiazol
diphenyltetrazolium bromide (MTT, Sigma) was dissolved in PBS at 5 mg/mL. The
polyelectrolyte solutions were filtrated with 220 nm microfiltration membranes for
sterilization. All other reagents were local products of analytical grade.

2.2. Multilayer fabrication and anti-CD34 antibody immobilization

The Si wafers, poly(ethylene terephthalate) (PET) sheets, and 316L stainless steel
stent were used as substrates for multilayer fabrication in the spectroscopic ellips-
ometry, in vitro biological tests and in vivo tests, respectively. Each experiment was
initiated by PEI adsorption for 1 h, which resulted in a stable positively charged
substrate surface [33]. Then the substrates were dipped in HEP solution for 15 min and
followed with acetic buffer solution rinsing and nitrogen stream drying. The HEP
adsorbed substrates were then dipped into COL solution for 15 min and followed with
the same rinsing and drying processes as before. The alternate polyelectrolyte depo-
sition circle was continued until 5 bilayers of (HEP/COL) were obtained. The (HEP/
COL)5 multilayers were immerged in 0.25% glutaraldehyde in PBS for 2 h for cross-
linking and facilitating to immobilize the anti-CD34 antibody. Then the anti-CD34
antibody was introduced onto the aldehyded multilayer overnight to get antibody
functionalized (HEP/COL) multilayer surface ((HEP/COL)5-CD34). Detail characteriza-
tions, including contact angle, X-ray photoelectron spectroscopy (XPS), radio-label
technique and primary in vitro cell culture, have been used to investigate the possible
difference of multilayer on difference substrates previously. The differences of
chemical components as well as physical topographies do exit when the number of
polyelectrolyte bilayer is less than 3. However, when the number of polyelectrolyte
bilayer is lager than 4, few difference can be detected and no difference for cell
behaviors on the same multilayers which fabricated on different substrates.

The multilayer growth and the anti-CD34 antibody immobilization were fol-
lowed by quartz crystal microbalance (QCM) measurements and spectroscopic
ellipsometry. QCM measurements were carried out on quartz crystal microbalance
with dissipation (QCM-D, Q-sense AB, Sweden) as reported [34]. The quartz crystal
was excited at its fundamental frequency (w5MHz, v ¼ 1), as well as at the 3rd, 5th,
7th and 9th overtones (v ¼ 3, 5, 7, 9, corresponding to 15, 25, 35, 45 MHz, respec-
tively). Changes in the resonance frequencies (DF) and in the relaxation (DD) of the
vibration once the excitation is stopped were recorded at the five frequencies. In
detail, the clean quartz crystal was settled in the QCM chamber and the acetic buffer
was injected for equilibrium. Then the PEI solution was injected at 100 mL/min
continuously until the QCM traces did not vary, followed by the buffer pump in the
same speed. Then the HEP solution was injected in the same speed until equilibrium
and followed the same buffer injection. After that the COL solution was injected in
the same speed until equilibrium and followed the same buffer injection. HEP and
COL were then alternately injected into the chamber for multilayer buildup on the
quartz crystal surface. After 5 bilayers HEP/COL multilayer was fabricated, the
glutaraldehyde was injected into the chamber for 2 h. Then the anti-CD34 antibody
solution was injected and incubated overnight to get an antibody immobilized
multilayer. Frequency shift vs. time curves were recorded. Ellipsometric measure-
ments were performed in an M-2000DI� spectroscopic ellipsometer (J.A. Woollam.
Co., Inc.), equipped with an EC-400 electronics control module and QTH light source.
The ellipsometric parameters were measured over a wavelength range of
400–2000 nm at angle range from 40� to 70� by 5� . The multilayer was fabricated as
aforementioned dip coating and nitrogen dry process and the thickness was
measured in every bilayer.

The immobilization of anti-CD34 antibody was also measured by fluorescent
microscopic observation and enzyme-linked immunosorbent assay (ELISA). For
fluorescent microscopic observation, the multilayer was constructed on the stent.
The fluorescein isothiocyanate (FITC) conjugated anti-CD34 antibody was subse-
quently immobilized onto the multilayer surface and the fluorescent microscopic
images were taken. The immobilized anti-CD34 antibody was measured by ELISA,
according to the protocol of ELISA kits (Boster, China) with minor modification. In
detail, the anti-CD34 antibody functionalized multilayers were deposited on the
ELISA plate and incubated in 37 �C. After 3 � 5 min PBS rinsing, the samples were
blocked with 1% bovine serum albumin (BSA) for 1 h and followed with 3 � 5 min
PBS rinsing. Then the horseradish peroxidase conjugated sheep anti-mouse
immunoglobulins (HRP-IgG) were introduced onto the ELISA plate cells for 40 min in
37 �C and rinsed with 3 � 5 min PBS. Then, the substrate (3, 30 , 5, 50-tetrame-
thylbenzidine, TMB) was introduced onto the plate cells and incubated for 30 min.
The supernatant was discarded and the 2 M H2SO4 was added to terminate the
reaction. The optical densities (OD) of the resulted colour liquids were immediately
read with microplate reader (M550, Bio-Rad).

2.3. Multilayer stability investigation

The stability of (HEP/COL)5-CD34 multilayer was studied by QCM-D. After the
fabrication of the (HEP/COL)5-CD34 multilayer on quartz crystal electrode in situ in
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the QCM flowing chamber, the PBS solution was flushed into the chamber by an
external peristaltic pump in a velocity of 2.2 cm/s. The in situ frequency shifts with
time was recorded.

The spectroscopic ellipsometry was used to investigate the multilayer stability
too. In detail, the (HEP/COL)5-CD34 multilayers were fabricated as aforementioned
dip coating and nitrogen drying processes on silicon slices, and the thickness of the
multilayers were determined. Then, the multilayers were incubated in PBS. At the
predetermined time points, the multilayers were picked out, dried by nitrogen
stream and the thicknesses were measured. The percent of the remaining multilayer
thickness with the time was defined as the stability of the multilayer.

2.4. In vitro hemocompatibility test

For evaluation the in vitro hemocompatibility of the anti-CD34 antibody func-
tionalized HEP/COL multilayer coating, the (HEP/COL)5-CD34 multilayer were con-
structed on the PET sheets. Plasma recalcification time (PRT) of this coating surface
was measured. The unmodified PET sheets and (HEP/COL)5 multilayer modified PET
were used as controls. In detail, the fresh human platelet-poor plasma (PPP, supplied
by Blood Center of Zhejiang Province, China.), from which the Ca2þ was removed,
and 0.025 mol/L CaCl2 solution, were warmed up to 37 � 1 �C. 0.1 mL PPP was
dropped onto the sample surfaces and incubated for 1 min. Then 0.1 mL CaCl2 was
added onto the surfaces. Meanwhile, gentle stir was brought to recalcified plasma on
the surface with a small stainless steel hook and the process time when the silky
fibrin appeared was recorded. The time was recorded as PRT. Average and standard
error (S.E.) from six duplicate samples was presented, representative of 3
experiments.

2.5. Primary human vascular ECs and SMCs culture

Human umbilical vein endothelial cells (HUVECs) were isolated from newborn
umbilical cord according to Jaffe et al. [35], using enzymatic digestion. Cells in
passage 2 were used. Human umbilical artery smooth muscle cells (HUASMCs) were
isolated from newborn umbilical cord by explant method as described previously
[36]. Cells in passage 2–5 were used. The cell culture medium for HUVECs and
HUASMCs were RPIM 1640 (Gibco, USA) supplemented with 20% FBS and 100 IU
penicillin/100 mg/mL streptomycin. Cells were cultured in humidified air containing
5% CO2 at 37 �C. After confluence, the cells were trypsinized to passage or cultivation
on the multilayer modified substrates.

To investigate the initial attachment of the ECs and SMCs, the PET substrates,
(HEP/COL)5 multilayer modified PET and (HEP/COL)5-CD34 multilayer modified PET
were kept in 48-well cell culture plates. Cells were seeded at a density of 5�104 cells
per well and cultured under gentle shake condition for avoiding the cellular physical
aggregation. At the predetermined time points (5 min, 15 min, 30 min and 60 min,
respectively), the non-adherent cells were eliminated by PBS washing and the
adherent cells were stained with fluorescein diacetate (FDA) and visualized by
fluorescent microscopy (Zeiss, Germany). Fluorescent images were acquired by
Olympus DP71 microscope at 20� magnification in fluorescein filter (488 nm/
excitation). For each sample, 10 images were taken and the number of the cells at
each image was obtained by manually counting and the results were averaged. The
averaged adhered cell number was then converted to cell adhesion density.

To investigate the cell proliferation on the antibody functionalized multilayer
modified surface, the ECs and SMCs were seeded onto the (HEP/COL)5-CD34
multilayer modified PET at a density of 2 � 104 cell per well. The non-adherent cells
were eliminated by PBS washing after seeding for 1 h. The flesh culture media were
added and the culture of adherent cells was continued. After culture for 1 day and 3
days, the cells were FDA stained and visualized as same as the procedure afore-
mentioned in the attachment assay.

In order to investigate the endothelial cell metabolic activity (viability) on the
anti-CD34 antibody functionalized HEP/COL multilayer, a colorimetric test was
carried out, according to the reference [33]. Endothelial cells were seeded onto the
(HEP/COL)5-CD34 multilayer modified PET pre-coated cell culture plate at 2 � 104

cell per well. After 1 day and 3 days culture, 20 mL MTT was added to each well and
incubated for another 4 h in the incubator. Then the supernatant was discarded
and 150 mL dimethyl sulphoxide (DMSO) was added to dissolve the dark blue
crystals. The optical density was measured at 570 nm wavelength with microplate
reader.

The hemostatic function of the confluent ECs was investigated. Endothelial cells
were seeded onto (HEP/COL)5-CD34 multilayer modified PET pre-coated plate at
2 � 104 cell per well. The unmodified PET and (HEP/COL)5 multilayer modified PET
were used as controls. After cultured for 3 days, the supernatants of each well were
collected and the relative content of nitric oxide (NO) in the supernatants was
measured. The measurement of relative NO content was carried out with NO assay
kit (Beyotime Institute of Biotechnology, China), following the kit protocols [37].

2.6. Animal experiments

The approval of the local laboratory animal committee for this study was
obtained. Experiments were carried out in New Zealand male rabbits, weighing
between 2.5 and 3.5 kg (obtained from Zhejiang University Animal Administration
Center). The animals were fed with high fat diet 2 weeks prior the experiments.
Starting from 1 day before the procedure and throughout the following period, all
animals received 12.5 mg Aspirin and 12.5 mg Clopidogrel daily by mouth.

The (HEP/COL)5-CD34 multilayer modified stents were implanted in the rabbit
femoral arteries. Bare metal stents (BMS) and (HEP/COL)5 multilayer modified stents
were used as controls. Rabbits were sacrificed at 1 h, 2 days and 1 month post stent
implantation, respectively. The stented arteries were explanted with 1 cm of non-
stented vessel proximal and distal to the stent. The stented arterial segments,
obtained in 1 h and 2 day, were processed for scanning electronic microscopy (SEM)
analysis. Stents were prepared for SEM by flushing with PBS for 1 min followed by
gentle flushing with 10% buffered formalin for 30 s. Stented segments were further
fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight. Samples
were washed 3 times with cacodylate buffer. Post-fixation was completed with 1%
osmium tetroxide in 0.1 M cacohylate buffer followed by serial dehydration with
ethanol (30%, 50%, 70%, 90%, 95%, 100%, ethanol (v/v)) and subsequent critical point
drying with CO2. After drying, samples were gold sputtered and visualized under
SEM. The stented arterial segments, obtained in 1 month, were processed for cross
section slicing and Hematoxylin–Eosin (HE) staining. The optical images of the cross
sections of the stented arteries were observed.

2.7. Statistical analysis

The results were expressed as a mean � standard error of the mean for each
sample. Each experiment was repeated independently three times. One-way ANOVA
in origin 7.0 (Microcal, USA) was used to compare data obtained with the different
samples under identical treatments. A value of p < 0.05 was considered significant.

3. Results and discussion

3.1. Characterization of multilayer fabrication and antibody
immobilization

The buildup of (HEP/COL)n multilayer coating and anti-CD34
antibody immobilization were monitored by QCM-D (Fig. 1a) and
ellipsometry(Fig. 1b). QCM-D is a versatile tool to investigate the
polyelectrolyte multilayer fabrication and the multilayer film
physical properties [38]. The frequency shifts in Fig. 1a increase
with every new HEP/COL bilayer, which is typical for many layer-
by-layer assembled pairs. More interestingly, the frequency shift
shows great dispersion in the different overtones. The more
bilayer number constructing, the larger dispersed trend in the
curves. The great dispersion of the frequency shift curves in
different overtones indicates that the fabricated HEP/COL multi-
layer shows great hydrogel-like property. Since the hydrogel-like
coating can be simulated in viscoelastic model in the QCM-D
analysis software to obtain the thickness of the coating [38], the
thickness of the subsequently immobilized anti-CD34 antibody
was then deduced from the four measured frequencies and
dissipation curves with software Qsoft 401 in viscoelastic model
(the original data were not show here). The thickness of the
antibody layer is 9.6 nm. Considering that the layer density was
set as 1100 kg/m3 for most polyelectrolyte films in QCM-D
measurements, the density of immobilized antibody can been
calculated. Herein, the calculated antibody immobilization
density is 1.05 mg/cm2.

The Fig. 1b shows the ellipsometric thickness increase in the
multilayer fabrication and the subsequent antibody immobiliza-
tion. The thickness of the multilayer increases with the multilayer
growth, which indicates again the successful deposition of the
polyelectrolyte multilayer onto the substrates. After the antibody
immobilization, the thickness increases more. The thickness of the
antibody layer indicated from the ellipsometry result is about
2.5 nm, which is smaller than that calculated from the QCM-D
result. It can be ascribed to the different state of the multilayer in
QCM-D and the ellipsometry investigation. The multilayer in QCM-
D measurements was fabricated in situ in the QCM chamber,
without the nitrogen stream drying process, which may possess
a swollen structure and result in a larger thickness. While in the
ellipsometry measurements, the multilayer was fabricated with the



Fig. 1. The change of frequency shift (a) and the thickness (b) in the (HEP/COL)5 multilayer growth, indicated by QCM-D measurements and Ellipsometry respectively. The wCD34
represents the immobilization of the anti-CD34 antibody.
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nitrogen stream drying process, and obtaining a dried multilayer.
Thus, the thickness obtained from ellipsometry measurement is
smaller than that from QCM-D.

The ELISA was further used to confirm the immobilization of the
anti-CD34 antibody on the multilayer surface [39]. The sample of
anti-CD34 antibody immobilized (HEP/COL)5 multilayer was
prepared, while the BSA instead of antibody immobilized on the
multilayer surface works as a control. The OD of the sample was
0.388 � 0.016, which was significantly larger than that of the
control (0.076 � 0.027). This result indicated again that the anti-
CD34 antibody was successfully immobilized onto the multilayer
surface.
Fig. 2. The multilayer thickness decreases with the time in PBS incubation, calculated by sp
early period.
3.2. Coating stability investigation

The stability is of greater importance when the multilayer films
are applied to stent surface coating. QCM-D and spectroscopic
ellipsometry were used here to investigate multilayer stability. The
spectroscopic ellipsometry was used to monitor the decreasing of
the multilayer thickness with the PBS incubation time. The (HEP/
COL)5 multilayer before antibody immobilization was used as
a control. As shown in Fig. 2, a decrease of the multilayer thickness
occurred in the (HEP/COL)5 multilayer in the early periods, in which
70% of multilayer thickness retained in multilayer after 2 h. While
the decrease of the (HEP/COL)5-CD34 multilayer in the early stage is
ectroscopic ellipsometry. The insert section shows an amplificatory visualization of the



Fig. 3. Frequency shift vs. time curve of anti-CD34 antibody immobilization and the subsequent PBS injection recorded in QCM-D. The insertion is an amplificatory visualization of
the early period.

Fig. 4. Cell attachments of ECs and SMCs on the PET substrate (PET), (HEP/COL)5

multilayer (Multilayer) and (HEP/COL)5-CD34 multilayer (wCD34 Ab).
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negligible, in which the multilayer thickness almost remain 100%.
After 12 h incubation, the thickness of the (HEP/COL)5-CD34
multilayer decreases to about 85% of the initial thickness of the
multilayer and keeps changeless in the experimental time (w4
day), while 67% of the thickness was preserved in the control
uncrosslinked multilayer. The rapid thickness decrease of the (HEP/
COL)5 multilayer in the early stage may due to the diffusion of the
heparin in PBS. After the glutaraldehyde crosslinking and the
antibody immobilization, the multilayer became stable. No burst
release was found in the antibody functionalized multilayer. Mor-
ever, the thickness preservation percentage of the antibody func-
tionalized multilayer was much higher than the bare multilayer in
the long run. The stability of the multilayer coatings was further
tested in the fluid shearing condition. The continuous injection of
the PBS buffer into the QCM chamber serves as a simple simulation
of the blood circulation. The flow velocity was set at 2.2 cm/s, which
was in the blood velocity range of the coronary artery. Fig. 3 shows
the frequency shift vs. time curve of anti-CD34 antibody immobi-
lization and the subsequent PBS injection. After the antibody
deposition, the PBS was injected into the chamber in the same
flowing rate as the antibody injection to rinse the physically
adsorbed antibodies, which resulted in a slight decrease of the
frequency shift. Then the PBS was injected at 2.2 cm/s. Only a small
decrease of the frequency shift was found in the early stage (in
15 min) and then the frequency shift kept changeless in the
following times (w20 h).

3.3. Hemocompatibility assessment

The hemocompatibility of (HEP/COL)5 multilayer, (HEP/COL)5-
CD34 multilayer and PET were assessed via PRT assessment. The
plasma clotting time of PET is about 4.3 � 0.9 min. After the (HEP/
COL)5 or (HEP/COL)5-CD34 multilayer modification, the plasma
clotting time is significantly prolonged. No clotting was found in
30 min. The excellent hemocompatibility of the (HEP/COL)5

multilayer before and after anti-CD34 antibody functionalization
may be attributed to the anticoagulant heparin [28,29]. As dis-
cussed in the previous part in this paper, heparin is a diffusive
polyelectrolyte. The diffusion and interpenetration of the poly-
electrolyte in the multilayer resulted in the anticoagulant property
of the multilayer terminated with collagen and the antibody.

3.4. ECs and SMCs attachment and proliferation

The human vascular ECs and SMCs attachments onto to the
multilayer coatings were evaluated in 1 h. As indicated from
Fig. 4, almost no cells are attached onto the unmodified substrate
in 1 h. After the (HEP/COL)5 multilayer modification, the cell
attachment onto the surface is improved. After 30 min, there is



Fig. 5. Fluorescent images show the attachment of ECs (a) and SMCs (b) on (HEP/COL)5-CD34 multilayer surface at 5 min (a1, b1), 15 min (a2, b2), 30 min (a3, b3) and 1 h (a4, b4),
respectively.
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notable cell attachment on the surface. However, there are no
significant differences in the adhesion of ECs and SMCs on (HEP/
COL)5 multilayer. After the functionalization of the anti-CD34
antibody, the adhesion of ECs is notably accelerated. Many ECs
adhered to the (HEP/COL)5-CD34 multilayer surface even in 5 min,
while the adhesion of SMCs remains the same as the (HEP/COL)5

multilayer without antibody functionalization. With the time
going, the adhesion of ECs increases remarkably, while the
Fig. 6. Typical fluorescent images of the ECs (a) and SMCs (b) on (HEP/COL)5
increase of the adherent SMCs is just in the same level as the
(HEP/COL)5 multilayer. A distinct endothelial cells preferential
attachment is gained via immobilization the anti-CD34 antibody
onto the (HEP/COL)5 multilayer. The Fig. 5 shows the visual
images of the attachment of ECs and SMCs on (HEP/COL)5-CD34
multilayer surface at different time points, which also indicated
an endothelial cell preferential attachment in the antibody
functionalized multilayer.
-CD34 multilayer after cultivation for 1 day (a1, b1) and 3 day (a2, b2).



Fig. 7. a: ECs viability at day 1 and day 3. b: NO secretion of the ECs at day 3. The insert part is the calibration curve. Substrate is PET. Multilayer refers to (HEP/COL)5 multilayer.
wCD34 Ab represents (HEP/COL)5-CD34 multilayer.

Fig. 8. Fluorescent microscopic image of the (HEP/COL)5-CD34FITC multilayer on stent.
The insertion is the optical image of the stent.
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The proliferation of ECs and SMCs on the antibody functional-
ized multilayer surface was studied and the cell abundance and
distribution in day 1 and day 3 were qualitatively shown in Fig. 6. It
can be indicated that beside the ECs preferential attachment, the
ECs also show good spreading and proliferation in the antibody
functionalized multilayer surface. A confluent endothelial cell layer
is obtained in 3 day observation. However, the proliferation of the
SMCs on this surface is relatively low, which may due to the low
attachment in the early period. The specifically ECs attachment and
proliferation enhancement may play a great part in the healing
process of the stent implantation.

3.5. The ECs viability and function investigation

In order for ECs to provide maximum biocompatibility benefit
for the materials, they must not only have good attachment and
proliferation rate, but also maintain good viability and provide anti-
thrombotic function. The cell viability is greatly related with the
number of mitochondria in the cells. The more mitochondria
number indicates the higher viability of the cells. MTT assay is
a method to measure the mitochondrial dehydrogenase activity in
the cells, which is widely used in assessing the cell viability in the
research [33]. The MTT colorimetric results in day 1 and day 3 on
the (HEP/COL)5-CD34 multilayer and control samples are shown in
Fig. 7a. It is indicated that the OD of the (HEP/COL)5-CD34 multi-
layer is higher than those on the unmodified substrate and (HEP/
COL)5 multilayer surface, no matter on day 1 and day 3. Morever,
the OD increases fast on the antibody functionalized multilayer
surface from day 1 to day 3. This result indicates that the ECs
cultured on the antibody functionalized multilayer surfaces are
much more proliferative than that on the control surfaces.

Vascular ECs act an important role in keeping vessel hemostasis.
One of the most important functions of the vascular ECs is the
secretion of NO. NO has several biochemical functions in the
vascular system. It plays a great part in maintaining vascular
hemostasis, acts as a potent vasodilator, regulator of vascular cell
proliferation and migration and inhibits the thrombus formation
[40]. Herein, we measured the NO secretion of the ECs on the
antibody functionalized multilayer coatings. Actual NO production
of the endothelial cells cultured on the (HEP/COL)5-CD34 multilayer
is much more than those on the unmodified substrate and (HEP/
COL)5 multilayer modified surfaces (Fig. 7b). The OD of NO
production of the endothelial cells cultured on the (HEP/COL)5-
CD34 multilayer surface is about two times of those on the control
surfaces, while there are no significant difference between the
unmodified substrate and (HEP/COL)5 multilayer surfaces. The high
level of the NO secretion of the ECs on the antibody functionalized
surface indicates the fine function of the adherent ECs, which is of
great importance in endothelialization on the material surfaces.
3.6. The rabbit femoral artery injury model evaluation

The above in vitro results indicate that the anti-CD34 antibody
functionalized multilayer modified surface provided a property of
promoted ECs selective adhesion. The rapid and high level of the
ECs adhesion, which leads to the fast endothelialization, is the key
factor in the repair of the injured vessels. The (HEP/COL)5-CD34
multilayer was then coated onto the intravascular stents. The LbL
technique presents excellent feasibility to fabricate a homogenous
thin coating onto the sophisticated 3-D architectures. As shown in
Fig. 8, the FITC-conjugated anti-CD34 antibody was used instead of
anti-CD34 antibody for easy visualization. The insertion image
shows the optical images of the 316L stainless steel stent. The full
coverage of the green fluorescence in the surface not only indicates
the successful immobilization of the antibody but also reveals the
feasibility of the multilayer coating onto the stents.

The (HEP/COL)5-CD34 multilayer modified stents were further
implanted in the rabbit femoral arteries to evaluate the in vivo
response. The (HEP/COL)5 multilayer modified stents and bare
metal stents were used as controls. As shown in Fig. 9, after 1 h
plantation, there are plenty of cells attaches to the (HEP/COL)5-
CD34 multilayer modified stents, while few cells are found on the



Fig. 9. Typical SEM images of the inner wall of the stented rabbit femoral arteries for 1 h (A1-C1) and 48 h (A2-C2). A: (HEP/COL)5-CD34 multilayer modified stent, B: (HEP/COL)5

multilayer modified stent and C: bare metal stent.
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(HEP/COL)5 multilayer modified stents and seldom cells on the
BMS. A complete endothelium is formed on the (HEP/COL)5-CD34
multilayer modified stents after 48 h plantation. However, only
some spreading cells are found on the (HEP/COL)5 multilayer
modified stents. While there remains seldom cells on the BMS.
These results indicated that the anti-CD34 antibody functionalized
multilayer can enrich and accelerate the attachment of the circu-
lation endothelial cells, thus resulting in the rapid endothelization
on the stents.
Fig. 10. Typical optical photographs of the cross section slices of the rabbit femoral ar
modified stent (B) and bare metal stent (C) after implantation for 1 month. The photograp
at 100� magnification.
The typical optical microscopic photographs of the cross section
of the rabbit arteries with different stents are shown in Fig. 10. At 1
month implantation, the healing processes on BMS, (HEP/COL)5

multilayer modified stents and (HEP/COL)5-CD34 multilayer
modified stents are all found to be completed. All the stents show
fully coverage with their newly grown intimal layers. There is no
significant difference of neointimal hyperplasia observed between
the BMS and the (HEP/COL)5 multilayer modified stents. However,
the neointimal hyperplasia on the (HEP/COL)5-CD34 multilayer
teries with (HEP/COL)5-CD34 multilayer modified stent (A), (HEP/COL)5 multilayer
hs A1-C1 are obtained at 25�magnification and the photographs A2-C2 are obtained
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modified stents is significantly inhibited. This result indicates that
the (HEP/COL)5-CD34 multilayer modified stents could reduce the
incidence of neointimal stenosis.

4. Conclusions

We demonstrated a method here to fabricate surface coatings
with ECs selectivity by immobilizing the anti-CD34 antibody onto
the heparin/collagen multilayer. The multilayer coatings with slight
glutaraldehyde crosslinking are stable both in static incubation and
flushing conditions. Although both heparin/collagen multilayers
with or without the anti-CD34 antibody present good hemo-
compatibility and cytocompatibility, the anti-CD34 antibody func-
tionalization can specifically promote the attachment and growth
of the ECs. No significant difference of neointimal hyperplasia is
observed between the bare stents and heparin/collagen multilayer
modified stents, while the neointimal hyperplasia on the anti-CD34
antibody functionalized multilayer modified stents is significantly
inhibited. The immobilization of ECs specific ligand onto a cyto-
compatible matrix can be a good approach for in situ endothelial-
ization and a possible solution to in-stent restenosis.

Acknowledgements

Financial supports from the Natural Science Foundation of
China (NSFC-50830106), 863 National High-Tech R&D Program
(2006AA03Z329), Major State Basic Research Foundation of
China (2005CB623902), Ph.D. Programs Foundation of Ministry
of Education of China (No. 20070335024) and Natural Science
Foundation of China of Zhejiang Province (Y4080250) is gratefully
acknowledged.

Appendix

Figures with essential colour discrimination. Figs. 1, 2, 5, 6, 8, 10
of this article may be difficult to interpret in black and white. The
full colour images can be found in the on-line version, at doi:10.
1016/j.biomaterials.2010.01.092.
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