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Abstract: Coronary artery disease is a great threat to human

health and is the leading killer worldwide. Percutaneous coro-

nary intervention is the most effective therapy; however,

thrombus, and restenosis caused by endothelium injury con-

tinue to be problematic after treatment. It is widely accepted

that surface biofunctional modification to improve blood com-

patibility and accelerate endothelialization may be an effective

approach to prevent the occurrence of adverse cardiac events.

In this study, novel VEGF-loaded heparin/poly-L-lysine (Hep/

PLL) particles were developed and immobilized on a dopamine

coated titanium surface. The size, distribution, zeta potential,

and morphology of the prepared particles were subsequently

characterized. The influence of changes in the surface physico-

chemical properties after particle immobilization was assessed

for blood compatibility and cytocompatibility. Surface-

modified VEGF-loaded particles significantly inhibited platelet

adhesion and activation and were effective in promoting the

proliferation and survival of endothelial progenitor cells and

endothelial cells. Moreover, Hep/PLL particles were also bene-

ficial for controlling the long-term release of VEGF, which may

facilitate endothelium regeneration. In conclusion, VEGF-

loaded Hep/PLL particles were successfully immobilized on the

Ti surface, and the biocompatibility was significantly

improved. This study demonstrates a potential application for

the multifunctional modification of stent surfaces for clinical

use. VC 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 103A:

2024–2034, 2015.
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INTRODUCTION

Percutaneous coronary intervention (PCI) treatment using a
metal stent is the primary therapy for coronary artery dis-
eases (CADs). The available materials for metal stents
include 316L stainless steel (SS), titanium (Ti) alloys, and
cobalt-chromium (Co-Cr) alloys.1,2 However, due to the
insufficient biocompatibility of bare metal stents (BMSs)
and the inevitable vascular injury caused by the implanta-
tion and expansion of these BMSs, adverse cardiac events,
such as thrombus and restenosis, may occur. Therefore,
drug-eluting stents (DESs) loaded with anti-proliferative
drugs were introduced to prevent restenosis and contribute
to a 50–70% reduction of the in-stent restenosis rate com-
pared to BMSs.3 Currently, DESs account for over 90% of

the entire coronary artery stent market in China. Although
the data for DESs is encouraging, they play a passive role in
endothelium regeneration,4 resulting in an increased risk of
late thrombus and restenosis.5–7

In addition to DESs, the biofunctional modification of stent
surfaces to accelerate in situ endothelialization and reduce
adverse events has been suggested as a promising approach.
Surface heparinization is a commonly used method to improve
the blood compatibility and cellular compatibility of cardiovas-
cular devices.8,9 The anticoagulation effect of heparin is pri-
marily dependent on the interaction with antithrombin III (AT
III), and this process significantly accelerates the inactivation
of thrombin and other clotting factors.10 In addition, clinical
research demonstrated that heparin also acts as an effective
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drug for anti-immune inflammatory therapy. The multifunc-
tional characteristics of heparin result from its high affinity
binding to plasma proteins and cell membrane proteins, which
prevent the inflammatory response via blocking selectin-
mediated macrophages and neutrophils adhesion to endothe-
lial cells (ECs).11 The abundant sulfate and carboxylate groups
contribute to the large negative charge of heparin, which medi-
ates electrostatic interactions with specific proteins, including
enzymes, pathogen proteins, protease/esterase inhibitors,
cytokines and chemokines, through heparin binding sites.12 Of
these proteins, the combination of heparin and vascular endo-
thelial growth factor (VEGF) has been used in tissue regenera-
tion recently.13 Although heparin is considered harmful to EC
growth,14,15 recent studies suggest that the adverse effects can
be minimized or even reversed in an adequate heparin dosage
range.16

The endothelium layer consists of a monolayer of quies-
cent phenotype ECs that line the inside of blood vessels and
plays an important role in preventing thrombosis and main-
taining the normal function of the blood vessel. Therefore,
accelerating the endothelialization of the stent is necessary
to prevent the occurrence of adverse cardiac events.17 The
recently discovered endothelial progenitor cells (EPCs)
derived from the bone marrow have great potential for vas-
cular injury healing. Under induced vascular injury, EPCs
are mobilized into the blood flow and home to the lesion
site,18 where they participate in endothelium regeneration.19

VEGF is one of the most important inducible factors associ-
ated with EPCs mobilization, homing, and differentiation.
Yoshinori et al.20 demonstrated that VEGF modified surfaces,
together with arterial shear stress, may promote the ori-
ented differentiation of EPCs to ECs. Chung et al.21 showed
that the VEGF-loaded heparinized nanoparticle-fibrin gel
complexes markedly increased the angiogenic activity in ani-
mal subcutaneous implantation or ischemic hind limb
models.

The combined use of heparin and VEGF results in a
more efficient and long-term affect in endothelium regener-
ation. The commonly used method to incorporate heparin
or VEGF into biomaterials is covalent immobilization and
electrostatic assembling. The covalent method is usually sta-
ble, but the role of the functional groups and conforma-
tional change of biomolecules during chemical crosslinking
may result in a decrease in the bioactivity. The electrostatic
interaction may have a small influence on the biomolecule
activity, but the insufficient binding force may allow the
constructed functional layer to rapidly lose its efficiency.
Recently, bio-inspired polydopamine coating has been
widely used in surface modification because of its non-
specific affinity to various substrates22 and specific reactiv-
ity with biomolecules rich in amine or sulfhydryl
groups.23–25 Poh et al.26 developed a simple method for the
covalent immobilization of VEGF on a dopamine (DM)-
coated titanium surface. Although the result was promising,
the amine consumption may lead a decrease in VEGF
bioactivity.

In a previous study, we developed a novel heparin/poly-
L-lysine (PLL) particle and demonstrated that the heparin

activity was maintained on the DM-coated surface.16 A simi-
lar method was also used by Tan et al.,27 but their protocol
for particle preparation and the experimental system dif-
fered from our study. In this study, Hep/PLL particles were
screened for VEGF loading, and the VEGF-loaded particle
was covalently immobilized on DM-coated Ti surfaces. The
physicochemical properties of the modified surface of the
particles were examined. The binding density and release
behavior of heparin and VEGF were quantitatively character-
ized. According to the hemocompatibility and cellular com-
patibility evaluation, we demonstrated that the VEGF-loaded
particle modified surfaces significantly inhibited platelet
adhesion and activation and promoted EC and EPC growth.

MATERIALS AND METHODS

Materials and reagents
Commercial high purity titanium (Ti) (U 10 mm, purity
99.5%, Baoji, China) was used as the substrate for the Ti
plates. The plates were polished, sonicated with acetone,
ethanol, and deionized water and finally dried at room tem-
perature (RT). Low molecular weight heparin (�160 U/mg)
was purchased from Bio Science & Technology Company
(Shanghai, CH). DM, PLL (MW 150,000�300,000), toluidine
blue O (TBO), rhodamine 123, 40, 6-diamidino-2-
phenylindole (DAPI), and mouse monoclonal anti-human
p-selectin antibody were purchased from Sigma-Aldrich.
Human VEGF was purchased from Pepro Tech. Medium 199
and a-Modified Eagle’s Medium (a-MEM) for cell culture
and proliferation assays were purchased from BD Bioscien-
ces (San Jose, CA). Activated partial thromboplastin time
(APTT) kits for the anticoagulation time test were pur-
chased from Sunbio, China. For PLL and Hep solution prepa-
ration, 0.01M phosphate buffered saline (PBS, pH 7.4) was
used. All other reagents used in the experiments were of
the highest analytical purity (>99.9%).

VEGF-loaded Hep/PLL particle preparation and
immobilization
The schematic drawing and TEM images of VEGF-loaded
Hep/PLL particles are shown in Figure 1. Briefly, the Ti
samples were immersed in 2 mg/mL polydopamine solu-
tion (dissolved in 10 mM Tris buffer, pH58.5) and incu-
bated at 20�C for 12 h. Next, polydopamine-coated Ti was
ultrasonically washed with double distilled water. The
above processes were repeated three times, such that a
total of three polydopamine layers were grafted onto the
sample surfaces, and the samples were marked Ti-DM.
Then, equal volumes of 10 mg/mL Hep solution and 200
ng/mL VEGF solution were mixed together and incubated
at 37�C for 1 h. Subsequently, the mixture was added drop-
wise to 0.5 mg/mL PLL solution with equal volumes under
ultrasonic conditions to create the VEGF-loaded Hep/PLL
particles. Finally, the Ti-DM samples were immersed into
the above particle solution and incubated at 37�C for 24 h
with gentle shaking, and the particle modified surface was
labeled Ti-DM-NPV. Hep/PLL particles without VEGF were
used as the control, and the modified surface was called
Ti-DM-NP.
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Particle size and zeta potential analysis
The mean size, particle dispersion index (PDI) and zeta
potential of the VEGF-loaded Hep/PLL particles dispersed in
PBS were determined by dynamic light scattering (DLS) using
a ZETA-SIZER, MALVERN Nano-2S90 (Malvern, Malvern, UK).

FTIR
The changes in the surface the chemical structure after particle
modification were monitored using an attenuated total reflectance
Fourier transform-infrared instrument (ATR/FTIR, NICOLET
5700) with a scanning wavelength between 400 and 4000 cm21.

XPS
The surface elemental chemical composition was determined by
X-ray photoelectron spectroscopy (XPS, XSAM800, Kratos, UK).

Atom force microscopy
The surface morphology after particle immobilization was
characterized by atom force microscopy (AFM) (Nanowizard
II, JPK Instruments, Berlin, Germany) in tapping mode. AFM
was performed at RT, and image analysis was performed
with the CSPM Imager software.

Water contact angle
The surface hydrophilicity was characterized by the water
contact angle using a DSA100 (Kru€uss, Hamburg, Germany)
at RT and 60% relative humidity. For each sample, the mean
value of the contact angle was calculated from at least three
individual measurements.

Heparin binding density assay
The heparin binding density of the particle-immobilized sur-
face was quantitatively characterized by TBO assay. The
detailed experiment is described in our previous studies.16

Ti and Ti-DM were used as blank controls.

Heparin and VEGF release assay
For the VEGF release assay, the particle modified samples
were immersed in 0.5 mL PBS solution at 37�C and shaken

(60–65 rpm) for 1, 3, 5, 7, 10, 14, 21, and 28 days in an air-
tight centrifuge tube. A double-antibody sandwich ELISA
was used to quantitatively evaluate the VEGF content, and
the test was performed according to the instructions pro-
vided with the ELISA kit. VEGF-loaded particles were col-
lected via 10 min of centrifugation at 15,000 rpm and the
residual VEGF of the supernatant was detected by ELISA
assay to indirectly calculate the total VEGF-loading amount.
The cumulative release profile was normalized to the mean
value of total VEGF-loading amount. For the heparin release
assay, the release medium at each time point was collected
and the TBO assay16 was used to detect the heparin
amount.

In vitro hemocompatibility evaluation
The fresh human whole blood used in the experiments was
legally obtained from the central blood station of Chengdu,
China. The analysis was performed within 12 h after blood
donation.

Platelet adhesion. An in vitro platelet adhesion test was
performed to evaluate the antithrombogenicity of the parti-
cle modified surface. First, fresh human whole blood was
centrifuged at 1500 rpm for 15 min to collect the top layer
of platelet rich plasma (PRP). Then, 50 lL PRP was added
to each surface and incubated at 37�C for 2 h. Subsequently,
the samples were rinsed three times with PBS to remove
the weakly adsorbed platelets. Next, the adherent platelets
were fixed in 2.5% glutaraldehyde at RT for 12 h, and sub-
sequently, the samples were dehydrated with increasing
alcohol (50%, 75%, 90%, 100%; VAlcohol/VUP) and dealcohol-
ized in increasing isoamyl acetate concentrations (50%,
75%, 90%, 100%; VIsoamyl acetate/VAlcohol). Finally, the sam-
ples were vacuum dried, and the morphology of the adher-
ent platelets was observed by SEM (Philips Quanta 200).

Platelet activation and p-selectin assay. p-Selectin expres-
sion was used as a marker of platelet activation induced by
the surfaces. p-Selectin immunofluorescence staining was
used to visually observe the activation. The staining proce-
dures are described elsewhere.16

APTT. The APTT was tested to evaluate the influence of the
sample surface on the bioactivity of the plasma clotting fac-
tors, IXa, Xa, and IIa. Fresh human whole blood was first
centrifuged at 3000 rpm for 15 min to obtain platelet-poor
plasma (PPP). Subsequently, 300 lL PPP was added to the
samples and incubated at 37�C for 5 min. Then, 300 lL
APTT agent was added and incubated at 37�C for 3 min.
Then, 200 lL of the above mixture was removed and trans-
ferred to a test tube and followed by the addition of 100 lL
0.025M CaCl2. The clotting time was measured with an auto-
matic blood coagulation analyzer (ACL-200, Beckman
Coulter, USA).

In vitro cytocompatibility evaluation
EPCs and ECs culture and seeding. EPCs were isolated
from the bone marrow of Sprague-Dawley (SD) rats

FIGURE 1. (A) Sketch drawing of VEGF-loaded particles preparation

and (B) TEM images of prepared particles. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

2026 LIU ET AL. DOPAMINE COATED SURFACE WITH VEGF LOADED HEP/PLL

www.sp
m.co

m.cn

zhk
铅笔



(Sichuan University, Chengdu, China) and cultured according
to Li et al.28 with modifications. Briefly, the bone marrow
was extracted and resuspended with a-MEM containing
10% fetal bovine serum (FBS), and the resuspended cells
were then seeded in a culture flask and incubated at 37�C
with 95% air and 5% CO2. The medium was changed every
2 days, and the cells were trypsinized for subculture at con-
fluency. After one week, the cells were determined to be
highly pure bone marrow stem cells (BMSCs), and the cul-
ture medium was replaced with a-MEM containing 10%
FBS and 10 ng/mL VEGF. After 2 weeks of culture, the cells
are identified as EPCs according to the cell morphology and
specific markers.16

ECs were isolated from human umbilical veins and cul-
tured. The human umbilical cord was thoroughly washed
with sterile PBS to remove the residual blood. Then, 0.1%
type II collagenase (Gibco BRL, USA) in medium 199
(M199) was injected and incubated at 37�C for 12 min.
M199 with 10% FBS were used to stop digestion. The
resuspended cells were collected by centrifugation at
1200 rpm for 10 min, then the supernatant was removed
and the sediment was resuspended in M199 with 15% FBS
and 20 mg/mL endothelial cell growth supplement (ECGS).
Finally, the cell suspension was moved to a culture flask
and incubated at 37�C under 5% CO2.

Prior to cell seeding, the Ti and Ti-DM samples were
sterilized with a high-pressure sterilizer at 120�C for 2 h.
The PLL and VEGF solution were aseptically prepared, and
the heparin solution was filtered with a Millipore filter. The
particle preparation and immobilization were performed
under aseptic condition. The EPCs and ECs were seeded at
a concentration of 5 3 104 cells/per sample at 37�C. The
medium used for cell seeding was similar to the cell culture
but did not contain cytokines (VEGF or ECGS). The medium
was changed every 2 days.

Fluorescence staining. Rhodamine 123 fluorescence stain-
ing was used to observe the morphology of adherent cells.
After the predetermined time points (1 day, 3 days, and 5
days), the adherent cells were fixed in 2.5% glutaraldehyde
for 12 h at RT. Then, the cells were stained at 37�C with
rhodamine 123 (5 mg/mL, 50 lL per sample) for 20 min.
After thoroughly washing with PBS, the samples were
visualized by fluorescent microscopy (Zeiss, Germany). All
procedures were performed in the dark.

EPC and EC proliferation: CCK-8. The cell counting kit-8
(CCK-8) (Dojindo, Japan) was used to evaluate the prolifera-
tion activity of different cells on each sample surface after

1, 3, and 5 days of culture. First, the samples were trans-
ferred to new 24-well plates, and then 400 lL fresh
medium containing 10% CCK-8 reagent was added to each
well and incubated at 37�C for an additional 3 h. Next, 150
lL culture medium was transferred into a 96-well plate and
the absorbance was measured at 450 nm with a microplate
reader.

Statistical analysis
At least three independent experiments were performed for
the assay described above. The data are presented as the
mean6 standard deviation (SD) One-way ANOVA in origin
8.0 was used to determine the statistical significance
between and within groups. Values of p<0.05 were consid-
ered significant.

RESULTS

Size and zeta potential of particles
According to our previous study, the formation of Hep/PLL
particles is primarily mediated by intermolecular electro-
static interactions, and the concentration ratio of each bio-
molecule is critical to the size and stability of the formed
particle, which indicates that the loading of VEGF affects the
particle structure. Growth factors complexed with heparin
promote a stronger interaction and more compact Hep/PLL
particle formation.29 As verification of the phenomenon, the
size of the VEGF-loaded particles (NPV) was smaller than
the non-VEGF loaded particles (NP), as shown Table I. How-
ever, the two types of particles share the same level of zeta
potential. The absolute value of the zeta potential for both
the NP and NPV were above 30 mV, which indicates that the
particle system is moderately stable.30 The polydispersity
index (PDI) was used to reflect the uniformity of the formed
particles. As shown in Table I, the PDI value of both the NP
and NPV was smaller than 0.2, which indicates the excellent
distribution of the prepared particles.

FTIR and XPS
FTIR analysis was used to detect the surface chemical group
composition. As shown in Figure 2(A), compared to the Ti-
DM, new peaks were observed after NP and NPV immobili-
zation. A broad peak range from 3680 cm21 to 3300 cm21

is attributed to PLL-derived amine (ANHA, ANH2A) and
AOH stretching vibrations. The samples also presented
peaks at 1666 cm21 and 1565 cm21, which correspond to
PLL-derived amide I (C@O) and II (CAN, NAH) bond
stretching vibrations, respectively. The characteristic absorp-
tion peaks of heparin are observed at 1233 cm21 and
1042 cm21, and correspond to the CAOAC and S@O bonds,
respectively. XPS analysis was used to further understand
the changes of the surface chemical compositions during
particle immobilization. Figure 2(B) shows the XPS wide-
scan spectra of different sample surfaces. After NP and NPV
immobilization, new S2s (�234.6 eV) and S2p (�168.8 eV)
peaks appeared in the spectrum after particle immobiliza-
tion, which further confirmed the existence of heparin. The
elemental percentage composition was calculated and listed
in Table II, and compared to Ti-DM-NP, the sulfur (S)

TABLE I. The Size, PDI and Zeta Potential of Different

Nanoparticles

Sample
Mean

Size (nm) PDI
Zeta

Potential (mV)

NP 399 0.047 231.7
NPV 334 0.062 231.3
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content is higher on the NPV modified surface, which indi-
cates that the heparin binding density on the Ti-DM-NPV
surface may higher than on Ti-DM-NP.

AFM images of particles immobilized surface
The morphological changes after particle immobilization
were determined by AFM assay. As shown in Figure 3, the
control DM appears nearly uniformly flat. The particles on
the NP and NPV modified surfaces were uniformly distrib-
uted with a mean size of 300�400 nm, which corresponds
to the with ZETA-SIZER results (Table I), and there is no sig-
nificant difference in the morphology between the NP and
NPV, indicating that VEGF loading may not affect particle
structure.

Water contact angle
The surface hydrophilicity before and after particle immobi-
lization was characterized by a water contact angle assay.
According to Figure 4, after DM deposition, the water con-
tact angle was increased from 52.762.89� to 58.56 3.04�,
suggesting that this was due to the exposure of hydrophobic
groups, such as the benzene ring of DM. After NP and NPV

immobilization, the water contact angle was dramatically
decreased because of the hydrophilic groups in heparin and
PLL, such as hydroxyl, amine, carboxyl, and sulfo groups.
However, no significant difference was observed between
NP and NPV.

Quantity of exposed heparin by TBO
Because the diffusion of the TBO reagent into the dense
particles may be hindered, the heparin only exposed outer-
most layer is detected by TBO assay. As shown in Figure 5,
the exposed heparin density on the NP immobilized surface
was approximately 14.261.7 lg/cm2, which is consistent
with our previous study.16 However, the heparin exposed
density increased to 16.76 2.3 lg/cm2 on the NPV modified
surface. This may be partially due to the existence of VEGF,
which contains amine groups that facilitate the interaction
between the particles and DM coating. The Ti-DM surface
showed a low false positive in TBO assay, which may be
related to the non-specific adsorption of the test reagent
and partial dissolution of DM in the NaOH/ethanol solution
during the assay. Moreover, although the PLL content in the
particles should be lower than heparin, it may neutralize
the negative charges of heparin and cause some departure
from the actual heparin amount.

In vitro release of heparin and VEGF
The cumulative release profile of heparin and VEGF at each
time point was quantified by TBO assay and ELISA, respec-
tively. Ti-DM-NP was used as a blank control. As shown in
Figure 6, the VEGF release was similar heparin within 14
days, but slightly higher from 14 to 28 days. This result
indicates that the VEGF release kinetics is highly correlated
to the heparin release rate. According to our previous study,
the heparin release profile was closely related to the parti-
cle structure due to the specific interaction between heparin
and VEGF. It is reasonable to conclude that the specific 3D
structure may indirectly regulate VEGF release. However,
the difference between the heparin and VEGF release rate
between 14 and 28 days may occur for the following two
reasons: first, the residual particle has high stability and the
long chain structure of heparin may contribute to decreas-
ing the elution rate, whereas the VEGF that electrostatically
binds to heparin may continual released from the parti-
cle31,32; and second, the released PLL may neutralize the
heparin charges and cause the detected heparin amount to
be lower than the actual heparin amount.

Blood compatibility evaluation
Platelet adhesion and activation. The adhesion and activa-
tion behavior of platelets on a biomaterial surface are highly

TABLE II. The Chemical Elemental Semi-quantitative Results

on the Surface of Dopamine Coating and Nanoparticles

Samples C% N% O% S% Ti%

Ti-DM 72.0 9.1 18.9 0.0 0.0
Ti-DM-NP 65.9 9.9 22.9 1.3 0.0
Ti-DM-NPV 65.4 9.8 23.1 1.7 0.0

FIGURE 2. (A) FTIR spectra and (B) XPS wide-scan spectra of different

samples. (a)�(c) refers to Ti-DM, Ti-DM-NP, and Ti-DM-NPV, respec-

tively. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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correlated to the occurrence of thrombus and other adverse
events. SEM images (Fig. 7) showed that a large number of
platelets aggregated on the Ti and Ti-DM surfaces and the
adherent platelets presented will a fully spreading shape,
which indicated high activation and poor blood compatibil-
ity. On the NP and NPV modified surface, although some pla-
telets were adhered to the bare polydopamine area, the
density of the adhered platelets was significantly decreased
(*p<0.05) and had a round shape (Fig. 7). The p-selectin
immunofluorescence staining result demonstrated that the
expression of p-selectin on NP and NPV surface was signifi-
cantly decreased compared to the Ti and Ti-DM surfaces
(Fig. 7), which is attributed to the combined action of the
exposed heparin and locally released heparin.

APTT. Activated partial thromboplastic time (APTT) assay,
which is highly sensitive for heparin, was used to further
evaluate the anticoagulation potency of particle-immobilized
surfaces. As shown in Figure 8, the APTT value of PPP was
�31 s (normal range: 22–38 s), and the DM coating had no
obvious influence on the clotting time. After NP and NPV
immobilization, the APTT value was significantly prolonged
to 66.468.4 s and 74.76 9.6 s, respectively. This was posi-
tive correlated with the heparin binding density result
shown in Figure 5 and further indicates that VEGF promotes
particle immobilization. This result indicates that the NP

and NPV modified surfaces possess excellent anticoagulant
efficiency.

EPC and EC cellular compatibility evaluation
In vitro EC proliferation and migration and EPC proliferation
was assessed to evaluate the endothelialization potential of
modified surfaces. In this study, EPCs were identified by
their typical cobblestone-like morphology and the specific
expression of CD34, Flk-1 and vWF and were distinguished
from ECs by proliferation (Supporting Information Fig. S1).
According to Figure 9, after culture for 1, 3, and 5 days,
EPC proliferation on NP-modified surfaces was not changed
compared to Ti and Ti-DM. On the NPV modified surface,
however, EPC proliferation was significantly increased com-
pared to other groups (*p< 0.05), and the adherent cells
displayed typical cobble-stone morphology with outgrowth
and formed a confluent cell layer on the sample surface at
day 3.

As shown in Figure 10, compared to Ti, EC proliferation
on the NP-modified surface was inhibited, which was differ-
ent from the EPC growth profile. However, the ECs adhered
to the NPV modified surface displayed significantly higher
proliferation after culture for 3 and 5 days (*p< 0.05).
Notably, on Ti, Ti-DM, and Ti-DM-NP surfaces, the growth of
ECs was greatly decreased and the adherent cells displayed
shrinkage morphology. In comparison, the cells adhered

FIGURE 3. AFM images of the morphology of: (A) Ti-DM, (B) Ti-DM-NP, and (C) Ti-DM-NPV. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIGURE 4. Water contact angle of different samples surface (mean 6 SD,

N 5 4). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 5. Quantitative characterization of heparin exposing density

on NP and NPV immobilized surface by TBO assay (mean 6 SD,

N 5 6). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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onto the NPV modified surface maintained favorable growth
morphology, indicating significant EC survival (Fig. 10).

Scarification is a common method to evaluate cell migra-
tion,33 but is not appropriate for particle-immobilized surfa-
ces due to the damage of surface properties during this
process. Here, a new method is introduced and shown in
Figure 11. Compared to Ti-DM, the NP-modified surface dis-
played no positive effects on EC migration. However, the
migration distance of ECs on NPV-modified surface reached
8586 78 mm after 1 day, which was approximately 1.6
times higher than on the Ti-DM surface and 1.8 times
higher compared with the Ti-DM-NP surface. This result
suggests that the combination of VEGF may greatly facilitate
in situ endothelialization.

DISCUSSION

A single functional modification of the coronary artery stent
surface is insufficient to meet the clinical requirements for
biocompatibility. Currently, surface multifunctional modifica-
tion to construct a biomimetic microenvironment for selec-
tive direction of platelets and vascular cells behavior has
become an attractive target. Numerous approaches, such as
layer-by-layer assembly or co-immobilization, have been
used for surface multifunction environment construction.34

However, the correct combination of surface biological prop-
erties and architecture have not been identified. An impor-
tant limitation is to effectively conjugate biofunctional
molecules to inorganic surfaces while maintaining sufficient
binding density, bioactivity, and durability. The emergence
of polydopamine coating significantly facilitates the

FIGURE 6. The release kinetics of heparin and VEGF from NPV modi-

fied surface. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 7. Right: Platelet counting result. (mean 6 SD, N 5 6, *p< 0.05). Left: (A1)�(D1) represent the SEM images of adherent platelets on vari-

ous substrates; (A2)�(D2) refers to p-selectin immunofluorescence staining of adherent platelets on various substrates. (A) Ti, (B) Ti-DM, (C) Ti-

DM-NP, (D) Ti-DM-NPV. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 8. APTT on Ti-DM, Ti-DM-NP, and Ti-DM-NPV(mean 6 SD,

N 5 4, *p< 0.05). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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immobilization of amino or sulfhydryl group containing mol-
ecules to material surfaces.22 However, for blood contact
surface modification, improving the hemocompatibility of
the polydopamine coating should be the primary task.

Heparin as an anticoagulant has been used clinically for
over 70 years. In recent decades, heparin was shown to
inhibit SMC over-proliferation and inflammation, and
improve endothelialization.35–37 The multifunctional prop-
erty of heparin depends on the intermolecular interactions
with various heparin-binding proteins, including comple-
ment protein,38 cell membrane ligands,39 and endothelium
growth factors. The incorporation of heparin into biomateri-
als to improve hemocompatibility, control drug delivery and
direct cellular behavior is now an area of focus. However,
for surface heparinization of cardiovascular devices, covalent
conjugation continues to be the most commonly used
method, which may destroy the conformation of the heparin
and decrease the anticoagulation potency. In our previous
study, novel hep/PLL particles were developed for surface
heparinization of DM coating, and the structure and binding
density of these particles can be controlled.16 In the present

study, the specific interaction between heparin and VEGF
was utilized21,40 and a novel VEGF-loaded hep/PLL particle
was prepared and immobilized on DM coated Ti surface, to
control the long-term release of VEGF and effectively accel-
erate endothelialization based on hemocompatibility.

VEGF-loaded hep/PLL particles with favorable uniform-
ity and stability were prepared with a specific process. The
success of immobilization on DM-coated particles was moni-
tored by FTIR, XPS, and AFM assay. Furthermore, the hepa-
rin and VEGF release behavior was well controlled on the
NPV modified surface (Fig. 6), and combined with our
recent study,41 the result indicates that the superior stabil-
ity of the particles may contribute to controlling the biomo-
lecule delivery. Many studies have also demonstrated that
the heparin binding proteins bind to heparin with a dissoci-
ation constant of up to 102621029M KD

42; therefore, the
specific interaction between heparin and VEGF may also be
beneficial for controlling VEGF release. In conclusion, under
the combined action of heparin and the specific 3D struc-
ture of the particles, VEGF showed controlled and sustained
release behavior within 28 days (Fig. 6). High levels of

FIGURE 9. Rhodamine 123 fluorescence staining of adherent EPCs on different sample surfaces and related CCK-8 result after 1, 3, and 5 days of

culture. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 10. Rhodamine 123 fluorescence staining of adherent ECs on different sample surfaces and related CCK-8 result after 1, 3, and 5 days of

culture. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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VEGF in the local microenvironment may be detrimental to
vascular injury healing and even promote the formation of
malformed vessels.43 Therefore, the present study may pro-
vide a method for the controlled delivery of cytokines.

For the surface modification of blood contact materials,
improving the hemocompatibility is the most basic requirement.
Heparin is a heterogeneous mix of mucopolysaccharides, which
may bind to the anticoagulant antithrombin III (AT III), thereby
effectively enhancing the blocking effect to thrombin and other
activated clotting factors, such as Xa, IXa, XIa, and XIIa.44 The
anticoagulant potency of heparinized surface primarily depends
on the heparin binding density and activity. Yang et al.35 demon-
strated that surface binding to �280 ng/cm2 heparin (bioactiv-
ity well retained) is sufficient to provide favorable anti-
coagulation. In this study, the heparin binding density of the NP-
and NPV-modified surface reached 14.26 1.7 lg/cm2 and
16.76 2.3 lg/cm2, respectively (Fig. 5). The APTT results
showed that the clotting times of particles on the immobilized
surface were prolonged by 80�100 s (Fig. 8), and this prolonga-
tion is positively correlated with heparin binding density and
indicates significant inhibition of the activation of plasma clot-
ting factors. In vitro platelet adhesion and activation also dem-
onstrated that both the NP- and NPV-modified surface
effectively inhibit platelet adhesion and activation. These results
suggest that the heparin embedded in particles maintains favor-
able anticoagulation activity and that the hemocompatibility of
the modified surface was greatly improved.

Cell adhesion and proliferation on material surfaces
largely depends on the surface physical and chemical prop-
erties, such as hydrophilicity, topography, and ligand density.
According to our previous study,16 the heparin binding den-
sity of Hep/PLL particle modified surface at the range of
3�7 mg/cm2 results in excellent hemocompatibility and pro-
tection from SMC over-proliferation, but accelerates endo-
thelialization. However, EC growth may be inhibited when

the heparin density is greater than 10 mg/cm2. In this study,
the NP-modified surface had several beneficial effects on EC
migration (Fig. 11) and EPC growth (Fig. 9). EC prolifera-
tion, however, was inhibited (Fig. 10). This was attributed
to the large negatively charged heparin, which blocks
important intercellular signaling pathways closely related to
cell adhesion, proliferation and survival.45,46 However, on
the NPV-modified surface, the adhesion, and proliferation of
EPCs and ECs were significantly increased (Figs. 9 and 10).
This was partially due to the positive effect of VEGF on cell
proliferation and survival.47 Furthermore, the interaction
between VEGF and heparin may also contribute to a pro-
longed half-life and activity of VEGF, and may decrease the
negative effect of heparin on cell growth.

Surface multifunctional modification using simple but
effective methods is the primary objective of stent develop-
ment, but the bioactivity and density of functional biomole-
cules should be precisely controlled. In this study, the
specific intermolecular interactions among heparin, VEGF,
and PLL, were used to successfully develop a novel type of
VEGF-loaded heparin/PLL particle for surface anticoagula-
tion and to accelerate endothelialization modification of
DM-coated Ti. The bioactivity of VEGF and heparin was
retained, and the NPV-modified surface presented superior
anticoagulation properties and promoted endothelialization
in vitro. However, the in vivo induction of endothelium
regeneration, and maintenance of long-term biocompatibility
was difficult to predict and further studies are necessary.

CONCLUSIONS

Based on our previous study, a novel VEGF loaded hep/PLL
particles was developed and immobilized on a DM-coated Ti
surface. The specific structure of the particles and intermo-
lecular interactions between heparin and VEGF contribute

FIGURE 11. Migration assay of ECs from DM coated surface to Ti-DM, Ti-DM-NP, and Ti-DM-NPV surfaces. Left: Schematic drawing of migration

assay. Right: rhodamine fluorescence staining result. The migration distance was calculated from at least nine images. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to the long-term uniform release of VEGF. Both NP- and
NPV-modified surfaces displayed superior hemocompatibil-
ity, but NP inhibits EC proliferation. VEGF loading effectively
promoted EC migration and growth, and EPC proliferation.
This study identifies a promising approach for surface mul-
tifunctional modification of cardiovascular stents tailored
for platelet and vascular cell behavior.
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