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ABSTRACT: Surface biofunctional modification of coronary artery
stents to prevent thrombosis and restenosis formation, as well as
accelerate endothelialization, has become a new hot spot. However,
bioactive coatings on implants are not yet sufficiently developed for
long-term activity, as they quickly lose efficiency in vivo and finally fail.
On the basis of a novel time-ordered concept of biofunctionality for
vascular stents, heparin/poly L-lysine nanoparticle (NP) was developed
and immobilized on a polydopamine-coated titanium surface, with the
aim of regulating and maintaining the intravascular biological response
within the normal range after biomaterial implantation. An in vitro
dynamic release model was established to mimic the blood flow
condition in vivo with three phases: (1) An early phase (1−7 days)
with release of predominantly anticoagulant and anti-inflammatory
substances and to a minor degree antiproliferative effects against
smooth muscle cells (SMCs); (2) this is followed by a phase (7−14 days) of supported endothelial cell (ECs) proliferation and
suppressed SMC proliferation with persisting high antithrombogenicity and anti-inflammatory properties of the surface. (3)
Finally, a stable stage (14−28 days) with adequate biomolecules on the surface that maintain hemocompatibility and anti
inflammation as well as inhibit SMCs proliferation and promote ECs growth. In vivo animal tests further confirmed that the NP-
modified surface provides a favorable release behavior to apply a stage-adjusted remedy. We suggested that these observations
provide important guidance and potential means for reasonable and suitable platform construction on a stent surface.
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1. INTRODUCTION
Percutaneous coronary intervention (PCI) using metal stents is
the main approach for coronary artery disease (CVD) therapy.
The main advantage of PCI is the low surgical risk and the
short recovery time. However, according to clinical results,
traditional bare metal stents present comparable rates of
adverse cardiac events and even higher rates of repeated
revascularization compared with coronary artery bypass graft
(CABG) surgery due to nonadjusted mechanical properties and
biocompatibility of the materials.1,2 Although the emergence of
drug-eluting stents (DESs) with the aim of resolving in-stent
restenosis has triggered a revolution in interventional
cardiology, side effects, such as inflammation, late thrombosis,
and late restenosis, still remain.
After PCI, the pathological evolution of the implantation site

in response to a bare metal coronary artery stent is time-
ordered and can be divided into three stages: (1) An early stage
within one month after stent implantation with the risks of

acute and subacute stent thrombosis. Acute thrombosis usually
occurs within a few minutes to hours, whereas subacute
thrombosis occurs within a few days to a month, and the
highest risk period is in the first week.3,4 Then, induced by the
mechanical vascular injury, leukocytes are recruited and
infiltrate the site of the denuded endothelium layer with
aggregated and activated blood platelets.5 The inflammatory
reaction usually occurs within a few days to weeks, and the
highest risk is also in the first week.5,6 Induced by the above-
described pathological processes, the intimal cell proliferation
rate reaches its highest level within 3−7 days, and the intimal
thickness significantly increases within 4 weeks.7−9 (2) In the
middle phase, from 1−3 months, the stent surface is still
exposed to the blood flow, but starts to be covered by the
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surrounding tissue; however, delayed or incomplete endotheli-
alization raises the risk of thrombosis and restenosis. (3) In the
late stage after 3 months, the stent is generally considered
embedded in the vascular tissue, but adverse material−tissue
interactions may be a reason for late thrombosis and restenosis.
For stent design, it is important to consider this time-ordered

pathological evolution and to apply a stage-adjusted remedy. A
reasonable modification of the stent surface should meet the
following requirements: (1) prevent thrombosis formation and
inflammatory reaction at stage 1, inhibit the excessive
proliferation of smooth muscle cells (SMCs), and prevent
intimal hyperplasia; (2) accelerate endothelialization at the
early stage to improve the formation of the confluent
endothelium layer on the stent surface within 1 month to
decrease or eliminate the adverse events at stage 2, and (3) the
exposed surface after complete elution of the drug should be
biocompatible to avoid adverse material−tissue interface
interactions.
Unfortunately, the currently applied DESs do not exhibit

such time-ordered activity. The delayed endothelium regener-
ation caused by antiproliferative drugs and the persistence of
polymer coatings may raise the incidence of adverse cardiac
events in stages 2 and 3, respectively. Biodegradable
polymer10,11 and polymer-free DES12,13 have been developed
to reduce the polymer-associated incompatibility. However, the
degradation products of biodegradable polymers may increase
the occurrence of inflammatory reactions and subsequently
cause intimal hyperplasia at stage 2, and the exposed material
surface after the complete degradation of the polymer may also
cause restenosis and late thrombosis at stage 3. For polymer-
free DES, in addition to the adverse interface reaction problem,
it is difficult to control the release kinetics of antiproliferative
drugs to within a certain range.
At present, the major challenge faced in the surface

modification of stents lies in the simultaneous prevention of
intimal hyperplasia and promotion of endothelium regener-
ation. The traditionally used antiproliferative drugs, such as
paclitaxel, sirolimus, and its derivatives, tend to discourage
endothelial cell (EC) proliferation. The combinatory applica-
tion of antiproliferative and endothelium stimulating drugs
presents no benefit.13−15 Therefore, other drugs and methods
are needed for stent surface modification to selectively inhibit
intimal hyperplasia and promote EC proliferation, and heparin
may be a potential candidate. In addition to being a widely used
anticoagulant, heparin is frequently used clinically for anti-
inflammation therapy and exhibits a significant inhibitory effect
on SMC proliferation and migration.16−18 Moreover, the
specific affinity of angiogenesis-related cytokines to heparin
makes accelerated endothelialization by surface heparinization
possible. Therefore, heparin-coated stents have emerged, but
their application remains limited for the prevention of
thrombosis and intimal hyperplasia.19,20 An overdosage of
heparin and a loss of drug release control may delay
endothelium regeneration and increase the occurrence of
adverse events at stage 2.21

To meet the requirement of time-ordered response by a
surface modification, the heparin density and release behavior
should be precisely controlled within a certain range. In the
present study, a novel heparin/poly-L-lysine (Hep/PLL)
nanoparticle has been developed and immobilized on a
dopamine-coated Ti surface to attain a heparinized surface
with high biological function and time-ordered potential.
According to our previous research,22 modification of the

concentration ratio of heparin to PLL was found to influence
the immobilized heparin density and release behavior. On the
basis of a comprehensive consideration of the biocompatibility
and time-ordered biofunctional requirements, a specific Hep/
PLL nanoparticle was finally worked out as the optimal
composition. The major advantages of a surface with
immobilized Hep/PLL nanoparticle are high anticoagulant
activity, selective inhibition of SMCs, and promotion of EC
proliferation. In this study, the time-ordered potential of this
nanoparticle-modified surface has been further demonstrated in
a dynamic release model, and the change in the biological
function of the surface at different time points of the
pathological evolution in stage 1 was investigated. In
combination with in vivo animal tests, we have demonstrated
that the NP-modified surface presents an adequate time-
ordered biofunction to selectively direct an intravascular
biological response.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Ti substrate material was cut into

round disks (Ø 10 mm) and mirror-polished before use. Dopamine
(DM) and poly-L-lysine (PLL, MW 150−300 kDa), toluidine blue O
(TBO), and acid orange II (AO II) were purchased from Sigma-
Aldrich. Heparin sodium (Hep, MW < 8KDa) was purchased from
Shanghai Bio science and technology company. Rhodamine, mouse
monoclonal anti human p-selectin antibody, rabbit monoclonal anti
human vWF antibody and 4′,6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma-Aldrich. Mouse TNF-α and IL-6 ELISA
kits, rabbit monoclonal anti human α-SMA antibody, fluorescein
isothiocyanate (FITC)-conjugated goat anti rabbit IgG antibody and
FITC-conjugated goat anti mouse IgG antibody were purchased from
Boster Biological Technology (Wuhan, China). Mouse monoclonal
anti human AT III antibody, horseradish peroxidase (HRP)-
conjugated goat anti mouse IgG antibody and TMB (3,3′,5,5′
tetramethylbenzidene) color developing agent were purchased from
BD Bioscience (San Jose, CA). Mouse monoclonal anti human
fibrinogen (FGN) and FGN γ chain antibody were purchased from
Abcam (UK). 0.01 M phosphate buffered saline (PBS, pH 7.4) was
used as PLL and Hep solution medium and heparin release medium.

2.2. Hep/PLL Nanoparticle Preparation and Character-
ization. First, 5 mg/mL Hep solution (in PBS, pH 7.4) was prepared
and sterile-filtered, and 0.5 mg/mL PLL was aseptically prepared; both
Hep and PLL solution were stored at 4 °C sterile sealed until use. For
Hep/PLL nanoparticle preparation, Hep and PLL solution were
warmed to 37 °C, and then an equal volume of heparin solution was
dropwise added to the PLL solution, and the mixture was subsequently
homogenized by ultrasonic treatment for 5 min.

The mean size, particle dispersion index (PDI), and zeta potential
of the prepared NP were determined by dynamic light scattering
(DLS) using a ZETA-SIZER, MALVERN Nano-2S90 (Malvern Ltd.,
Malvern, UK). Each measurement was repeated three times. The
morphology of the particles was examined by transmission electron
microscopy (Tecnai G2 F20 S-TWIN, FEI). Briefly, the nanoparticles
were precipitated from suspension by high speed centrifugation
(15,000 rpm, 10 min), the supernatant was discarded to remove free
heparin and the precipitated nanoparticles were resuspended in PBS.
Ten μL of the purified TEM sample was placed on a copper grid with
a carbon-coated Formvar film. A few minutes after the deposition, the
excess solution was removed with a strip of filter paper. The sample
was then dried at room temperature and examined by TEM.

2.3. Hep/PLL Nanoparticle Immobilization and Dynamic
Release. The prepared NPs were immobilized on dopamine (DM)
coated Ti surface. First, Ti coupons were immersed into the prepared
2 mg/mL DM solution (in Tris buffer, pH 8.5) and incubated at 20 °C
under static conditions for 12 h, then the samples were thoroughly
sonicated in ultra pure (UP) water and marked as layer one. The
second and the third DM layer were grafted by repeated incubation
and sonication. Subsequently, 500 μL of NP suspension was added to
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each sample and incubated at 37 °C for 24 h under mild shaking.
Ultimately, the samples were thoroughly rinsed with PBS and UP
water.
Heparin release from the nanoparticle immobilized samples was

determined in a medium of sterile-filtered PBS (pH 7.4) containing
0.01% NaN3. Briefly, the samples was placed in airtight centrifuge
tubes with 1.5 mL medium, and incubated at 37 °C under constant
rotation (60−65 rpm) for 1, 3, 5, 7, 10, 14, 21, and 28 days.
2.4. FTIR. The development of surface chemical group composition

during heparin release was determined by Fourier transform infrared
spectroscopy (FTIR) (NICOLET 5700 infrared spectroscopy, USA)
with the model of diffuse reflectance. Scanning was conducted in the
range from 400 to 4000 cm−1.
2.5. XPS. X-ray photoelectron spectroscopy (XPS) (Kratos Ltd.,

UK) analysis was performed on an AXIS His spectrometer with a
monochromatic Al Kα X-ray source (1486.6 eV photons, 150W) to
investigate the element composition change of the surfaces during
heparin release. The pressure in the chamber was below 2 × 10−9 Torr,
the binding energy scale was referenced by setting C1s peak at 284.6
eV.
2.6. AFM. The changes of surface topography during release were

determined by Nanowizard II atom force microscopy (AFM) (JPK
Instruments, Berlin, Germany) in contact mode at room temperature
with subsequent image analysis using CSPM Imager software. Before
AFM analysis, the samples were rinsed twice with UP water and the
surface was carefully blown dry.
2.7. Water Contact Angle. The hydrophilicity alteration of the

surfaces during release was determined by measuring the static water
contact angle using a Krüss GmbH DSA100 Mk 2 goniometer at room
temperature. A droplet of UP water was added to the dried surface,
and then the contact angle was calculated by a circle segment function
of the DSA 1.8 software. At least three different sites were taken into
measurement for each sample.
2.8. Quantitative Characterization of Heparin Residual

Density and Release Amount. during release, the residual heparin
density of the different sample surfaces at each time point was
quantified by a modified toluidine blue O (TBO) assay according to
Smith et al.23 Briefly, the samples were immersed in a 0.04 wt % TBO/
0.01 M HCl/0.2 wt % NaCl aqueous solution and incubated at 37 °C
for 4 h, then the TBO solution was removed and the samples were
thoroughly rinsed with UP water. Subsequently, the samples were
immersed in 2 mL of 80% ethanol/0.1 M NaOH mixture (v/v: 4/1)
solution to dissolve the Hep-TBO complex. The absorbance of the
eluate was measured at 530 nm and calibrated to the heparin amount
at a standard curve. The calibration standard curve was prepared as
following: 2 mL of TBO solution was added to 2 mL of known
concentration heparin solution (in PBS, pH 7.4) and then the mixture
was incubated at 37 °C for 4 h with gently shaking. The mixture was
then centrifuged at 3500 rpm for 10 min, and the Hep/TBO
precipitate was carefully rinsed with aqueous 0.01 M HCl/0.2 wt %
NaCl. Subsequently, the Hep/TBO precipitate was dissolved in 2 mL
of 80% ethanol/0.1 M NaOH mixture (v/v: 4/1) solution and the
absorbance was measured at 530 nm.
For heparin release assay, 1 mL of the release medium at different

time points was collected and 1 mL of TBO solution was added. After
incubation at 37 °C for 4 h, the Hep/TBO precipitate was centrifuged
and detected by using a same procedure of standard curve preparation.
2.9. Quantitative Characterization of the Residual Amine

Density. The change of the exposed amine density during release was
determined by modified acid orange II (AO II) assay according to
Hamerli et al.24 Briefly, the samples were incubated in 1 mL of 0.5 mM
AO II in HCl solution (pH 3) at 37 °C for 6 h and then rinsed
thoroughly with HCl solution. The excess solution was subsequently
absorbed by filter paper and the samples were immersed into 1 mL
NaOH solution (pH 10) with gently shaking for 15 min. The
absorbance of the eluate was measured at 485 nm and calibrated at a
standard curve of defined AO II concentrations.
2.10. Blood Compatibility Evaluation. After different release

periods, the samples were collected and the blood compatibility was
evaluated. Fresh citrate anticoagulated human whole blood used in

blood compatibility evaluation was obtained from Chengdu Blood
Center, China, following the legal rules for work with human material.
The experiment was performed within 12 h after the blood donation.

2.10.1. Platelet Adhesion and Activation. The changes of surface
blood compatibility during heparin release were evaluated by in vitro
platelet adhesion and activation. Platelet-rich plasma (PRP) was first
separated from fresh human whole blood by centrifugation at 1500
rpm for 15 min. Fifty microliters of PRP was then added to sample
surfaces and incubated at 37 °C. After 1 h, the samples were gently
rinsed 3 times with PBS and subsequently used for lactate
dehydrogenase (LDH) assay, p-selectin assay and immunofluorescence
staining, respectively.

The LDH assay was used to quantify the amount of adherent
platelets on different sample surfaces. Briefly, 50 μL of 1% Triton X-
100 was added to sample surfaces and incubated at 37 °C, after 5 min,
25 μL of lysate were transferred from each surface and mixed with 200
μL tris (hydroxymethyl) aminomethane base buffer mixture containing
0.28 mg/mL nicotinamide adenine dinucleotide (NADH) and 0.187
mg/mL pyruvate in a 96-well plate. Subsequently, the absorbance was
measured in a microplate reader at 340 nm. The released LDH activity
from the adherent platelets on sample surfaces was calibrated at a
calibration curve of a defined concentration of lysed platelets.

The p-selectin expression was quantified to evaluate the activation
degree of adherent platelets on the different surfaces. First, 30 μL of
mouse monoclonal antihuman p-selectin antibody (first antibody) was
added to each sample surface and incubated at 37 °C for 1 h. The
samples were then rinsed 3 times with PBS and incubated in goat
serum at 37 °C for 1 h to block nonspecific adsorption. Subsequently,
30 μL of HRP-conjugated goat anti mouse IgG antibody (second
antibody) wasadded. After rinsed 3 times with PBS, 100 μL of TMB
agent was added to each surface and incubated at room temperature
for 10 min under dark condition, and 50 μL of 1 M H2SO4 was then
added to each sample to stop the color reaction. Ultimately, 100 μL of
reaction solution was transferred from the surface into a 96-well plate
and the absorbance was measured at 450 nm.

P-selectin immunofluorescence staining was prepared to observe the
platelet adhesion and activation profile visually. The samples were first
fixed in 4% paraformaldehyde for 12 h at room temperature. After
being rinsed 3 times with PBS, the samples were then blocked by goat
serum and mouse monoclonal antihuman p-selectin antibody was
added to each sample by using a same procedure of p-selectin quantity
characterization. Subsequently, 30 μL of FITC-conjugated goat anti
mouse IgG antibody was added to the samples and incubated at 37 °C
for 30 min. After being rinsed 3 times with PBS, the samples were
ultimately observed by fluorescence microscopy (Olympus IX51,
Japan).

2.10.2. AT III Binding and APTT Assay. The development of
anticoagulant activity of the residual heparin during the release were
evaluated by antithrombin III (AT III) binding and activated partial
thromboplastin time (APTT) assay. The amount of absorbed AT III
on sample surfaces was determined semiquantitatively by immuno-
chemistry as described previously.25

For APTT assay, 350 μL of PPP was first added to samples and
incubated at 37 °C for 15 min. One hundred microliters of the
incubated PPP was then transferred to the test tube and analyzed in an
automatic blood coagulation analyzer (ACL-200, Beckman Coulter,
USA) according to the test prescription.

2.10.3. FGN Adsorption and Conformation Change. Fibrinogen
(FGN) adsorption and conformation change on different sample
surfaces were evaluated to further determine the development of the
anticoagulant activity during release. Both FGN adsorption and
conformation change assay were detected using indirect immuno-
chemistry using appropriate antibodies for total fibrinogen and FGN γ
chain, respectively, as described elsewhere.25

2.11. Anti-inflammation Ability Evaluation. Macrophage cells
seeding and TNF-α release assay were prepared to evaluate the
alteration of anti-inflammation potential of NP-modified surfaces
during release.

2.11.1. Macrophage Cell Isolation and Seeding. Macrophage cells
were isolated from the peritoneum of Sprague−Dawley (SD) rat
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(Dashuo Co., Ltd., Chengdu) and cultured according to Li et al.26 The
cell density was adjusted to 1 × 105 cells/mL in DMEM for the
experiments.
For macrophage cells seeding, 1 mL of cell suspension was added to

the samples and incubated at 37 °C under 5% CO2. Nonadherent cells
were removed by washing with PBS after 2 h incubation, and 1 mL of
fresh DMEM was then added to the samples for 24 h continuous
incubation. Thereafter, the supernatant of each sample was collected
for TNF-α and IL-6 assay. The samples were rinsed 3 times with PBS
and fixed in 4% paraformaldehyde for 12 h at room temperature. Fifty
microliters of rhodamine was then added to each sample surface and
incubated at 37 °C for 30 min. After being rinsed 3 times with PBS,
the samples were observed by fluorescence microscopy.
2.11.2. TNF-α and IL-6 Assay. Double-antibody sandwich ELISA

was used to quantitative evaluate the tumor necrosis factor (TNF-α)
and interleukin-6 (IL-6) content of collected supernatants. Briefly, 100
μL of each collected supernatant was added to a rabbit anti mouse
TNF-α or IL-6 antibody-coated 96-well plate, and the test was set
according to package insert directions of ELISA kit.
2.12. Cellular Compatibility Evaluation. In vitro EC and SMC

performance on the samples was analyzed to investigate the
antirestenosis potential and the potential for accelerated endothelium
regeneration of the NP-modified surfaces at different stages during
release.
2.12.1. EC and SMC Isolation and Culture. Endothelial cells (ECs)

were isolated from human umbilical vein. Briefly, the lumen of
umbilical vein was first thoroughly washed with physiological saline to
remove the residual blood. Medium 199 (M199) containing 0.1% type
II collagenase was then injected and incubated at 37 °C for 15 min.
The digestion was stopped by filling M199 containing 10% FBS.
Thereafter, the cell suspension were eluted and centrifuged at 1000
rpm for 8 min, the supernatant was subsequently removed and the
precipitate of ECs were resuspended in M199 containing 15% FBS and
20 μg/mL endothelial cell growth supplement (ECGS) and incubated
at 37 °C under 5% CO2.
Smooth muscle cells (SMCs) were isolated from human umbilical

artery. Briefly, adventitia layer and endothelium layer that surrounded
umbilical artery were first stripped away and the residual tissue was cut
into small pieces. Then, the artery pieces were cultured in Dulbecco’s
Modified Eagle Medium/F12 (DMEM/F12) containing 10% FBS at
37 °C under 5% CO2. SMCs were obtained by outgrowth from these
tissue pieces.
2.12.2. Cell Seeding on Sample Surfaces. All the samples were

sterilized by ozone before cell seeding. ECs and SMCs were seeded on
the samples at an identical density of 5 × 104 cells/cm2 and incubated
at 37 °C under 5% CO2 for 1 day and 3 days.
2.12.3. Cell Proliferation Assay. The density and proliferation

activity of different cells on different sample surfaces were investigated
by manual cell counting and Cell Counting Kit-8 (CCK-8) assay,

respectively. For CCK-8 assay, after 1 day and 3 days culture, the
supernatant medium was removed and the samples were gently rinsed
with PBS. Then 400 μL of fresh culture medium containing 10%
CCK-8 reagent was added to the samples and incubated at 37 °C
under 5% CO2 for 3 h. The medium containing 10% CCK-8 was used
as blank control. Subsequently, the absorbance was measured at 450
nm.

2.12.4. Immunofluorescence Staining. Immunofluorescence stain-
ing was preformed to indentify the types and observe the morphology
of adherent cells on different sample surfaces. First, after 3 days
culture, the samples were rinsed 3 times with PBS and then fixed in 4%
paraformaldehyde for 12 h at room temperature. Thereafter, the
samples were incubated with goat serum at 37 °C for 1 h to block the
nonspecific adsorption. Thirty microliters of specific monoclonal
rabbit IgG (first antibody) was added to sample surfaces and incubated
at 37 °C for 30 min. After being rinsed 3 times with PBS, FITC-
conjugated goat anti rabbit IgG antibody (second antibody) was added
to samples and incubated at 37 °C for 30 min. The samples were
subsequently thoroughly rinsed 3 times with PBS and observed by
fluorescence microscopy. Here, the first antibody used for EC and
SMC staining were rabbit monoclonal anti human vWF antibody and
rabbit monoclonal anti human α-SMA antibody, respectively.

2.13. In Vivo Animal Experiment. In vivo experiment test was
carried out by implanting the NP-modified samples into dog femoral
arteries for 4 weeks. Ti was used as positive control. Two holes with a
diameter of ∼0.5 mm were predrilled at either end of 3 × 5 mm2,
double-sided polished and coated samples. The Ti- and dopamine-
coated samples were first sterilized by autoclavation and the NP were
prepared and immobilized under sterile conditions.

Three adult dogs (20−30 kg) were used in this experiment and each
dog received four samples, two of each type. The samples were
implanted and affixed to the inner surface of femoral artery by a
medical suture passing through the sample hole. The dogs did not
receive any anticoagulation after surgical. After implantation for 4
weeks, the samples were excised and rinsed by heparin solution to
remove the residual blood, then observed immediately using a
tridimensional microscope (Motic Images Plus 2.0 ML). Subsequently,
the samples were fixed in 4% paraformaldehyde for 24 h at room
temperature. After dehydration and critical point drying, the samples
were observed by scanning electron microscopy.

2.14. Statistic Analysis. At least three independent experiments
were performed for the tests described above. The data were analyzed
with the software SPSS 11.5 and expressed as mean ± standard
deviation (SD). The statistical significance between and within groups
were determined by using two-way ANOVA in origin 8.0. The
probability values P < 0.05 were considered significant difference (*P
< 0.05).

Figure 1. (A) Schematic drawing of Hep/PLL nanoparticle formation; (B) TEM images of prepared nanoparticle.
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3. RESULTS
3.1. Morphology, Size, and Zeta Potential of Hep/PLL

Nanoparticles. As shown in Figure 1A, in the neutral
condition (PBS, pH 7.4), the highly negative charge density
of heparin (Hep) contributed to its very strong electrostatic
interaction with positively charged poly L-lysine (PLL), and led
to the assembly of three-dimensional particle. TEM results
(Figure 1B) further proved that the particles were successfully
prepared and the particle size was in a nanoscale range.
Following ZETA-SIZER tests, the mean size of NP was 389

nm (Table 1). Particle dispersion index (PDI) is an important

indicator to reflect the size distribution of particle suspension,
and generally considered uniform when PDI value is less than
0.2. The determined values, listed in Table 1, indicate that the
prepared NP presents favorable uniformity. The zeta potential
of the NP suspension was above −30 mV (Table 1), promising
sufficient stability of the formed nanoparticles.22

3.2. FTIR and XPS Result. The changes of surface chemical
composition during release were determined by FTIR and XPS.
Noticeable new peaks appeared in the FTIR spectra (Figure
2A) after NP immobilization compared to Ti-DM. A broad
peak in the range from 3640 to 3370 cm−1 was considered as
the overlap stretching vibrations peak of hydroxyl (−OH) and
amine (−NH2, −NH−) groups. The peak at 1600 cm−1

presents the vibration of the benzene ring framework of DM,
and this peak shifted to 1640 cm−1 after NP immobilization,
which may be contributed to the influence of amide I (CO)
bond stretching vibrations. A new small peak could also be
observed at 1520 cm−1, which corresponds to the stretching
vibrations of the amide II (C−N, N−H) bond. The emergence
of amine groups, amide I and II demonstrates the existence of
PLL. Heparin is rich in carboxyl group (−COOH) and sulfonic
group (−SO3), and characteristic absorption peaks could also
be observed at 1288, 1223, and 1042 cm−1, which are ascribed
to the C−O−S, SO, and C−O−C bond, respectively. With
the prolongation of release period, the intensity of those
characteristic peaks gradually decreased, and it seems hard to
distinguish the coated surfaces from the DM control after 28
days.
XPS analysis was used to further determine the elemental

composition of sample surfaces. As shown in Figure 2B, new S
2s (∼234.6 eV) and S 2p (∼168.8 eV) peaks appeared in the
spectrum after NP immobilization, and these peak could be
observed even after 28 days, which indicates residual heparin on
sample surfaces throughout the whole release process. The
elemental content of the surface was calculated (Table 2).
Obviously, the sulfur content presented a decreasing trend
during release, and significantly dropped from 2.55% at 0 day to
1.02% at 28 day. Nitrogen showed an increasing tendency first
(8.07% at 0 day to 10.87% at 10 day), then decreased again
(10.87% at 10 day to 9.01% at 28 day). As described in 3.1, the
surface of nanoparticles was mainly composed of heparin, and
thereby with the continual release of heparin, the inner PLL
may be exposed and cause the initial increase of the nitrogen
content. Then, the PLL also elutes from the surface and the
nitrogen content decreases again.

3.3. AFM images of nanoparticle morphology. The
alteration of NP-modified surface topography was investigated
by AFM.
As shown in Figure 3, the bare DM coating presented a quite

smooth morphology. The particles on the NP immobilized
surface were uniformly distributed with a mean size of ∼390
nm. During release, the particle maintained sphere morphology
at day 1 but significantly changed and presented irregular
degradation morphology at day 3 as sign of a rapid release of
the biomolecules. Then, the particle size remain presented a
rapid decreasing tendency from day 5 to day 10 (∼250 nm at
day 5, ∼150 nm at day 7 and ∼100 nm at day 10), as well as the
residual NP density. After that, no obvious changes of NP size
could be observed from day 14 to day 28, but the NP density
was slightly decreased, which may indicate that the
biomolecules release behavior was tended to balance. After 28
days, there were still small amounts of NP left in the surfaces,
which may contribute to the prevention of adverse cardiac
events in the long term.

3.4. Quantitative Characterization Result of Heparin
and Amine. The cumulative release amount of heparin and
the residual density at each time point were quantified by TBO
assay. Additionally, the change of the exposed amine density
during release was determined by AO II assay.
Consistent with the AFM result, the NP immobilized surface

initially presented a rapid heparin release behavior, the
cumulative release amount of heparin at 10 day reached 7.8
± 1.5 μg, and the residual heparin amount decreased from 12.2
± 1.4 μg to 5.2 ± 0.6 μg (Figure 4A). Subsequently the heparin
release curves tended to balance and there was still 3.8 ± 0.5 μg
left on the surface after 28 days (Figure 4A). However, a
different tendency was observed in amine density. The exposed
amine density was continually increased from the initial 7.4 ±
0.5 nmol/cm2 to 8.9 ± 0.6 nmol/cm2 after 7 days, and then
presented a slow downward trend and decreased to 7.1 ± 0.2
nmol/cm2 at 28 day (Figure 4B). This result further confirms
the assumption of AFM study and also confirms the observed
trends of nitrogen content in the XPS result (Table 1).

3.5. Surface Hydrophilicity. Surface hydrophilicity is an
important factor, which influences the amount of absorbed
proteins, and subsequently the adhesion and fate of cells.27 The
hydrophilicity of solid materials surface was characterized by
water contact angle analysis.
As shown in Figure 5, the water contact angle on Ti surface

was 70.1 ± 4.5° and slightly decreased to 63.1 ± 4.3° on DM
coated surface. The DM coating consists of numerous
hydrophobic benzene rings and hydrophilic amine groups,
phenolic hydroxyl group and benzoquinonyl, which have an
integral effect on the surface hydrophilicity. Heparin and PLL
are rich in hydrophilic groups, such as hydroxyl, amine, carboxyl
and sulfo groups. Thereby, the water contact angle significantly
decreased after NP immobilization (Figure 5). During release,
the surface hydrophilic presented no significant changes from
day 0 to day 5 and the contact angles remained between 20 and
30° (Figure 5). With ongoing release, however, the contact
angle tended to increase and reached 44.5 ± 5.3° at day 28. It
can be concluded that after 28 days, the Hep-PLL immobilized
surface still exhibited better hydrophilicity than the only DM-
coated surface.

3.6. Blood Compatibility Evaluation. 3.6.1. Platelet
Adhesion and Activation. P-selectin is a thrombo-inflamma-
tory molecule involved in platelet activation and aggregation.
Figure 6A shows the p-selectin staining of adhered platelet on

Table 1. Properties of Hep/PLL Nanoparticle

description size (nm) PDI zeta potential (mV)

Hep-PLL nanoparticle 389 ± 51 0.12 ± 0.06 −31.3 ± 1.8
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the samples. Obviously, platelets adherent on Ti- and DM-
coated surface presented more prominent spreading and
aggregation as signs of low hemocompatibility compared to
the few platelets, exhibiting round shape on the NP-modified
surface (0D). The density of adherent platelets on the sample
surfaces gradually increased over the release period and
presented evident spreading morphology on samples with
release times over 14 days.
LDH from the cytoplasm of adherent blood platelets is

released when the cells are lysed by the detergent Triton-X 100,
and its amount is proportional to the cell number.28 Consistent
with the staining result, the relative amount of LDH (Figure

6B) and p-selectin (Figure 6C) greatly decreased on the NP-
immobilized surface and presented no significant changes in the
initial 10 days. Although the LDH release and p-selectin
expression curve exhibiting an upward tendency when release
period was above 14 days, the surface blood compatibility
remains better than that of the Ti- and DM-coated surface even
after 28 days.

3.6.2. AT III Binding and APTT Results. Activated partial
thromboplastin time (APTT) is a common clinical coagulation
test that is highly sensitive to heparin. According to Figure 7,
the APTT value of platelet poor plasma (PPP) incubated with
Ti or DM was in the normal range of blood clotting time (22−

Figure 2. Surface chemical composition characterization. (A) FTIR spectra and (B) XPS wide-scan of NP-modified surfaces after dynamic release for
different times. DM-coated Ti was used as blank control.
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38 s), whereas the immobilization of NP completely suppressed
coagulation (clotting time >189 s) (Figure 7). With the
prolongation of release time, the APTT value gradually
decreased and the tendency was consistent with the heparin
residual amount curve (Figure 4A). After 28 days, although the
mean APTT value of NP-modified surface was decreased to 45
s, approximately 14 s prolongation compared with Ti and DM
(Figure 7), indicating that the samples still show anticoagulant
properties.
AT III binding ability on sample surfaces was used to

evaluate the development of the anticoagulant property during
release. As shown in Figure 7, although a trace amount of AT
III adsorbed on the Ti and DM surface, the anticoagulant
activity however has no enhancement without the participation
of heparin and thereby the APTT value was not prolonged.
During release, the AT III binding curve exhibits a similar
tendency as the curve of the residual heparin amount and
further confirms the APTT result.
3.6.3. FGN Adsorption and Conformation Change.

Fibrinogen (FGN) adsorption and subsequent conformation
change on materials surface plays a critical role in platelet
adhesion, aggregation and activation.
Compared with pure Ti and DM, the amount of adsorbed

FGN was slightly decreased on NP immobilized surface,
increased again and reached a constant level after 7 days
(Figure 8). Although the negatively charged Hep/PLL
nanoparticle should inhibit FGN adsorption in theory, protein
adsorption on materials surface not only depends on the surface
charge, but also determined by surface roughness, hydro-
philicity, architecture, and chemical composition. The specific
three-dimensional structure of NP and exposed dopamine
coating may facilitate protein adsorption and thereby cause no
significant decreasing of FGN adsorption on NP-modified
surfaces during release compared to Ti (Figure 8). However,
although the amount of adsorbed FGN was comparable, the
biological conformation was very different on different sample
surfaces. According to Figure 8, the FGN conformation change
on the NP-immobilized surface was greatly decreased compared
with Ti and DM (*p < 0.05), and also after 28 days dynamic
release, the surface presented high efficiency to prevent FGN
activation. The activation ratio calculated by dividing the mean
value of FGN conformation change into FGN adsorption value
further provides evidence that the NP-modified surface
possesses powerful activity in preventing FGN conformation
change.
3.7. Anti-inflammation Evaluation. The morphology and

number of adherent macrophages on different sample surfaces,
as well as the release of TNF-α and IL-6 after 24 h incubation,

were detected and are given in Figure 9. The fluorescence
images (Figure 9A) show that the macrophages extended
pseudopods and presented irregular shape on the Ti and Ti-
DM surfaces, whereas fewer pseudopods extended and the
round shape appeared for macrophages on the NP-modified
surface. The number of adherent macrophages on the NP-
modified surface was significantly lower than that on Ti and Ti-
DM surface (*p < 0.05), but it increased slightly during the
release period. Interestingly, the pure DM coating could inhibit
macrophages adhesion (#p < 0.05), which was considered due
to the immunomodulatory effects of dopamine on inflamma-
tion.29 Once the macrophages adhere on a biomaterials surface,
inflammatory cytokines are quickly produced and reach their
peak concentrations within 24 h.30 Therefore, a single
incubation time of 24 h was selected in this study. As shown
in Figure 9 , with the prolongation of release period, the
amount of released TNF-α and IL-6 on the NP-modified
surface slightly increased, but remained lower than that on Ti
and Ti-DM surface after 28 days (*p < 0.05). In addition, the
TNF-α and IL-6 level were normalized to the adherent cell
number (Figure 9 B). The result further proved that the NP-
modified surface could not only prevent macrophages adhesion
and activation, but also reduced the release of inflammatory
cytokines from the single cell.

3.8. Cytocompatibility Evaluation. ECs and SMCs were
seeded on the sample surfaces to evaluate the development of
cytocompatibility of the NP-modified surface during the
release. Immunofluorescence staining was used to identify the
cell types and detect the morphologies of adherent cells. Cell
counting kit-8 (CCK-8) assay was performed to investigate the
cell activity. The CCK-8 value at day 3 was normalized to the
mean value at day 1 with the aim of calculating the proliferation
rate of adherent cells.
As shown in Figure 10A1, the adherent cell density and

activity were significantly decreased compared with Ti and Ti-
DM (Figure 10 A2). With extended release time, however, the
cell density, projected area, activity and proliferation rate
gradually increased (Figure 10 A1 and A2). ECs grown on
samples, which were eluted for more than 10 days showed
higher metabolic activity and proliferation rate than Ti and Ti-
DM (*p < 0.05). On the other hand, the metabolic activity and
proliferation rate of adherent SMCs were also greatly decreased
(*p < 0.05) on NP-modified surface compared with Ti and Ti-
DM, and presented a slowly rising trend with the prolongation
of the release period (Figure 10 B2). According to the SMCs
immunofluorescence staining result (Figure 10 B1), the
morphology of SMCs transformed from the normal spindle
shape on Ti and Ti-DM surface, to an unhealthy round or
irregular shape on the NP-modified surface, and returned to
normal on samples with extended release period. Although the
spreading area and metabolic activity of SMCs were
significantly increased compared with 0D when the release
time exceeded 14 days (#p < 0.05), the CCK-8 value and
proliferation rate were obviously lower than Ti and Ti-DM (*p
< 0.05) (Figure 10 B2).

3.9. In Vivo Animal Test. In vivo animal tests were
performed in dog femoral arteries to further evaluate the “time-
ordered” potential of the NP-modified surface. To acquire the
real biological response after material implantation, the dogs
did not receive any anticoagulation after surgery. Figure 11
shows the typical optical microscope and SEM images of the
control Ti and the NP-modified discs after 4 weeks
implantation. Obviously there was severe thrombus formation

Table 2. Elemental Composition of Samples Surface during
Dynamic Release Determined by XPS

release days C (%) N (%) O (%) S (%)

Ti-DM 75.41 6.80 17.79 0.00
0D 64.56 8.07 24.82 2.55
1D 64.16 8.82 24.90 2.12
3D 64.31 9.86 23.94 1.89
5D 64.61 10.32 23.27 1.80
7D 63.77 10.87 23.38 1.98
10D 67.25 8.41 22.46 1.88
14D 67.77 9.08 21.54 1.61
21D 66.86 9.03 22.71 1.40
28D 67.56 9.01 22.41 1.02
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on Ti surface and even extended to the inner surface of blood
vessel. In addition, a thick neo-intimal was formed on the Ti
surface and the tissue around the rim of Ti disc presented long
fusiform shape in the SEM images, which resembles smooth
muscle tissue and indicates serious intimal hyperplasia and
incomplete endothelialization (Figure 11). In contrast, the NP-
modified surface presented no thrombus formation, and the
thickness of neointimal tissue was significantly thinner than on

the Ti surface. The NP-modified surface presented evenly
covered by confluent endothelium in the SEM images, and it
could be identified that tightly endothelium layer was formed
and aligned in the direction of the blood flow. The in vivo
results demonstrate that the NP-modified surface effectively
inhibits thrombus formation and intimal hyperplasia, and it
supports endothelium regeneration.

Figure 3. AFM morphology images of the alteration of NP-modified surface during dynamic release. DM coated Ti was used as blank control.
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4. DISCUSSION
The emergency of DES triggered a revolution in intervention
cardiology. By the release of antiproliferative drugs from a stent
surface, DES apply local pharmacotherapy to inhibit vascular
SMC proliferation and thereby contribute to a reduction of
50−70% in the restenosis rate compared with bare metal stent
(BMS).31 However, late thrombosis and restenosis caused by
delayed endothelialization continue to be the major constraint
in clinical application. Nowadays, biofunctional surface
modifications to prevent thrombosis formation, intimal hyper-
plasia, inflammation, as well as induce endothelium regener-
ation have been become a new hotspot. By specific biofunc-
tional molecule screening, bioactivity promoting, optimized
coating technologies, control of dosage and release behavior,
and appropriate combination of surface chemistry and
architecture, surface biofunctional modification techniques
have made remarkable achievements. However, numerous
surface modifications could provide favorable biocompatibility
in vitro but exhibited dissatisfactory performance in vivo. Even
for the clinically applied CD34 antibody-coated stent, higher
rates of stent thrombosis and major adverse cardiac events were
presented after 6 months compared to bare 316L SS stent.32

The main reason for the difference between in vitro and in vivo
results is seen in inadequate biocompatibility evaluation
protocols. Insufficient knowledge about the biological processes

in vivo and simplistic biocompatibility evaluation in vitro made
it difficult to predict the pathologic processes at the
implantation site in response to a foreign material. Thereby,
it is important when designing a study that the physiological
time course of the biological response to an implant material is
considered appropriately.
As described above, the pathologic response after BMS

implantation follows a defined sequence. Once the biomaterials
come in contact with blood flow, plasma proteins including
albumin, immunoglobulin and fibrinogen begin to adhere to the
surface within milliseconds.33 Then, platelets and other blood
cells interact with the absorbed protein layer and adhere on the
biomaterial surfaces. High levels of fibrinogen adsorption and
conformation changes on the surface facilitate platelets
adhesion and activation, and may cause acute thrombosis
within minutes to hours. On the other side, endothelium injury
caused by biomaterial implantation may trigger the activation of
surrounding ECs. Those activated ECs and activated platelets
release chemokines and proinflammatory factors to induce
monocyte recruitment to the implantation site, leading to an
inflammatory response.34,35 The inflammatory reaction gen-
erally occurs within days to weeks, with a maximum at 1−2
days according to in vivo studies and clinical observations.5,36

Inflammation accelerates platelets activation and subacute
thrombus formation,34 and stimulates excessive SMC prolifer-
ation and intimal hyperplasia.5,37 Although numerous clinical
follow-up studies show a peak of intimal hyperplasia at 3−6
months,38,39 the rapid proliferation of SMCs induced by
endothelium and inflammation shows its peak at 1−2 weeks
and tends to balance after 4 weeks.40,41 Excessive proliferation
of SMCs at early stage is closely related to the occurrence of
middle-to-late restenosis. Thereafter, incomplete endotheliali-
zation and insufficient biocompatibility of the exposed surface
are major reasons for in-stent thrombosis and restenosis at
middle stage (1−3 months). For BMS, the material is
completely embedded in new born vascular tissue, and adverse
tissue-material interface interaction may trigger negative
remodeling of the neointima and cause the occurrence of late
restenosis.
For new concepts of cardiovascular stent design, especially

for biofunctional surface modification, the polymer coating is
typically abolished and the exposed biomaterial surface will
directly interact with the microenvironment in vivo. Thereby, it

Figure 4. (A) Quantitative characterization of the cumulative release and residual amount of heparin at each time point during dynamic release
(mean ± SD, N = 12); (B) exposed amine density during dynamic release (mean ± SD, N = 12).

Figure 5. Alteration of surface water contact angle during the process
of dynamic release (mean ± SD, N = 6).
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is important for surface modification to take the time-ordered
development of the implantation site of BMS into consid-
eration and apply right remedy at the different stages. As we
suggested, a reasonable biofunctional modification on cardio-
vascular material surfaces should first provide powerful effects
in preventing the occurrence of thrombosis, inflammation, and
SMC overproliferation for 2 weeks at least, and continue
maintaining favorable hemocompatibility and anti intimal
hyperplasia ability for another 2 weeks at least. On this basis,
accelerate endothelialization as soon as possible and form a
confluent endothelium layer within 1−3 months, with the aim
of preventing the occurrence of thrombosis and restenosis at
middle and late stage.

Ti and its alloys have been widely used in orthopedic, dental
biomedical, and stent applications because of their excellent
mechanical properties and biocompatibility. Recently, dop-
amine has attached much attention for its ability to form firmly
adhesive interaction with almost all kinds of surfaces, in
particular with metal surfaces by forming strong coordination
bonds. Besides, dopamine coating has a specific reactivity for
biomolecules containing sulfhydryl or amine groups and greatly
facilitates the surface biofunctional modification of Ti.42,43

However, although the dopamine coating has been reported

Figure 6. (A) P-selectin immunofluorescence staining of adhered platelets on different sample surfaces; (B) semiquantitative characterization of
LDH release; (C) semiquantitative characterization of p-selectin expression. (mean ± SD, N = 6, *p < 0.05 means significant difference in compared
with Ti and Ti-DM).

Figure 7. Alteration of AT III binding amount and clotting time of
NP-modified surfaces during dynamic release. (mean ± SD, N = 6).

Figure 8. FGN adsorption and conformation change on different
sample surfaces. The black dashed line refers to FGN activation ratio
and calculated by dividing the mean absorbance value of FGN
conformation change by that of adsorption. (mean ± SD, N = 6, *p <
0.05 means significant difference in compared with Ti and Ti-DM).
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has the ability to suppress excessive SMCs proliferation, poor
blood compatibility strictly excluded the clinical application. In
our previous study, a heparin gradient density was constructed
on a dopamine coated surface by immobilizing Hep/PLL
nanoparticles, with the aim of investigating the influence of
heparin dosage on vascular cells behavior.22 On this basis, a
special type of Hep/PLL nanoparticle was selected and used for
surface modification of dopamine-coated Ti. This type of
particle processes favorable stability, sufficient binding density,

and an adequate heparin release behavior, and is expected to
meet the requirements of “time-order”.
An in vitro dynamic release model that mimics in vivo blood

flow condition was set up in this study to investigate the release
behavior of heparin and PLL and the alteration of
physicochemical surface properties, as well as the resulting
changes of surface biocompatibility. The alterations of chemical
surface composition and morphology were monitored by FTIR,
XPS, and AFM. Successful immobilization of the NP on the
dopamine surface was demonstrated. During of the release

Figure 9. (A) Rhodamine fluorescence staining of the morphology of adhered macrophages on different samples surface; (B) expression of TNF-α
and IL-6 released by adhered macrophages after 24 h incubation, the date listed in the table were normalized to the mean value of adhered cell
number. (mean ± SD, N = 6, *p < 0.05 means significant difference in compared with Ti and Ti-DM, #p < 0.05 means significant difference in
compared with Ti).

Figure 10. Immunofluorescence staining of specific cell surface antigens of (A1) vWF for ECs and (B1) α-actin for SMCs after 3 days culture, (A2,
B2) CCK-8 value detected after 1 day and 3 days culture. The CCK-8 value at day 3 was normalized to day1 to calculate the proliferation ratio.
(mean ± SD, N = 6, *p < 0.05 means significant difference compared to Ti and Ti-DM, #p < 0.05 means significant difference compared to 0D).
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period, the intensity of specific FTIR absorption peaks (Figure
2A) and the sulfur content (Table 2) gradually decreased. AFM
images showed that the size and the density of immobilized NP
were significantly decreased within 1−7 days, reaching a steady
state in the following 3 weeks (Figure 3). XPS and AFM results
demonstrated that there were still trace amounts of heparin left
on the surface after 28 days. Consistent with these observations,
the release behavior of heparin (Figure 4A) showed a rapid
release within 7 days, which then tended to balance. The initial
burst release of heparin is suggested necessary for preventing
acute/subacute thrombosis and inflammation after the stent
implantation.44 The exposed amine density on the NP-modified
surface during release was increased within the first 5 days, and
then gradually decreased (Figure 4B). This was attributed to a
preferential heparin exposure on the NP surface and exposure
of internal PLL after the heparin burst release. However, with
extended release period, PLL eluted from the surface, seen in a
decreased amine density. According to our previous study, the
amine density in this range does no harm to the cell growth.22

The hydrophilicity of the NP-modified surface was significantly
promoted, although the water contact angle gradually increased
with the prolongation of release period, the surface remained
hydrophilic (Figure 5).
The alteration of the surface chemistry, architecture, and

hydrophilicity trigger quantitative and qualitative changes in the
absorbed proteins, and affect the subsequent adhesion of blood
platelets and behavior of blood vessel cells.45 Thereby, assays
for in vitro hemocompatibility, inflammatory reaction, and
cytocompatibility were carried out, as well as in vivo animal
tests to evaluate the time-ordered potential of the NP-modified
surface during release. The blood compatibility of NP-modified
surface correlated positively with the residual heparin density.
The burst release of heparin can prevent acute thrombosis at
the initial stage, but AT III binding and APTT results (Figure
7) demonstrated that the surface anticoagulation potency of
NP-modified surface significantly decreased within this burst

release phase (1−7 days). Also, fibrinogen absorption tests
indicated a low activation ratio of the absorbed fibrinogen on
the surfaces during the 1 to 7 days (Figure 8), and platelet
adhesion and activation results (Figure 6) further demonstrated
that the NP-modified surface was competent to provide
excellent blood compatibility within 7 days. After the 7 days
release period, however, the fibrinogen activation rate increased
(Figure 8) and the adherent platelets were partially activated
(Figure 6A). However, LDH release and p-selectin expression
show that number and activation level of adherent platelets on
the NP-modified surface also after 28 days remained
significantly lower than on control Ti and Ti-DM (Figure 6B,
C). Thus, the NP-modified surface meets the requirements of
blood compatibility in the time-ordered process.
Inflammation in response to EC and platelet activation plays

a critical role in the occurrence of subacute thrombosis and
intimal hyperplasia. As a widely used anticoagulant, heparin also
exhibits favorable anti-inflammatory effects in clinical therapy.46

In this study, the time-ordered anti-inflammatory potential of
NP was evaluated by investigating the influence of release
period on the macrophage behavior. TNF-α and IL-6
synthesized by adherent macrophages are two important
mediators in the inflammatory response. The NP-modified
surface strongly inhibited macrophage adhesion and activation
(Figure 9A). With the prolongation of release period, the
number of adhered macrophages increased (Figure 9B), but
they did not show signs of activation. TNF-α and IL-6 release
further demonstrated that the residual heparin on NP-modified
surface also after 28 days elution was sufficient to suppress
inflammation (Figure 9B). By inhibit platelets activation, the
NP-modified surface was expected to provide a more efficient
effect in preventing the recruitment and activation of
macrophages.35 Besides, the clinically applied immunomodula-
tor dopamine was found to suppress inflammation also in the
form of a surface coating (Figure 9),29 so the exposed free
dopamine coating during the heparin release provides an

Figure 11. OM and SEM images of pristine Ti and NP-modified Ti implanted into femoral artery of dogs for 4 weeks. Left: (A, B) SEM morphology
of the side edge tissue and the middle place tissue, respectively, and (C) thrombus morphology at the end of the sample; Right: (A−C) tissue
morphology at the side edge, middle place, and the end of the samples, respectively.
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additional anti-inflammatory effect. In all, the NP-modified
surface meets the required anti-inflammatory properties in the
time-ordered process of stent healing.
Similar to the antiproliferative drugs, which are commonly

used in current drug-eluting stents, heparin also possesses
favorable antirestenosis properties and has been adopted as
surface coating of cardiovascular stent for clinical use.47,48

Numerous studies have shown that heparin is readily bound
and internalized by ECs and SMCs.49,50 Through electrostatic
interaction with positively charged proteins, internalized
heparin blocks some important intracellular signaling pathways,
such as p38 mitogen-activated protein kinase (MAPK)- and
nuclear factor-κB (NF-κB)-mediated intracellular transcription
pathway,51,52 PI3K/Akt-mediated cell proliferation and cyto-
chrome c-mediated cell respiration,53,54 and thereby inhibit cell
adhesion, migration, and proliferation behaviors. In addition,
the high negatively charged characteristic of heparin and
heparinized surfaces prevent cell adhesion and proliferation.
Therefore, although the heparin-modified surface can inhibit
excessive SMCs proliferation, it may also delay endothelializa-
tion. According to our previous study, a heparin density on a
biomaterial surfaces in the range of 3−7 μg/cm2 selectively
inhibits SMCs proliferation but promotes EC proliferation.22

This phenomenon has been attributed to the specific
interaction between heparin and growth factors such as
VEGF, stromal cell derived factor-1α (SDF-1α and various
extracellular cell matrix (ECM) proteins, which stimulate EC
growth. The binding of these cytokines and proteins to heparin
enhances their bioactivity and extends their half-life,55 this
behavior endows heparin with endothelialization stimulating
properties. In this study, the proliferation and spreading of ECs
and SMCs on NP-modified surface were significantly reduced
due to the high heparin density (Figure 10). However, the
proliferation metabolic activity of ECs and on the NP-modified
surface rapidly improved with the prolongation of release
period. For SMCs, although the proliferation activity was
gradually increased during release, the growth was still
significantly inhibited (P < 0.05) on the NP-modified surface

after 28 days, compared with Ti or Ti-DM. On the whole, the
NP-modified surface presents negative effects on ECs and
SMCs growth in an early phase, but selectively accelerates ECs
growth and inhibits SMCs proliferation after 10 days.
In vivo animal tests showed serious thrombus formation and

intimal hyperplasia on the Ti surface after 4 weeks implantation
(Figure 11). In contrast, the NP-modified surface showed no
thrombus formation, but it was covered with confluent and flat
endothelium, and thinner neointimal tissue than the control
(Figure 11). This result further demonstrates that the
dopamine-coated Ti surface modified by Hep/PLL nano-
particles was competent to provide a time-adjusted response to
the pathological processes at the vessel wall after manipulation
(Figure 12). Although the surface biocompatibility should be
further evaluated through long-term in vivo experiments, the
good performance in the early phase is a prerequisite to prevent
adverse cardiac events in the middle and late phases. For the
biofunctional surface modification of cardiovascular stents,
because of the limitation of technology and biomaterial itself, it
is hard to make the constructed functional layer to long-term
direct the whole body biological response. The meaning of
time-ordered surface modification is providing the time-
adjusted remedy and guidance for the intravascular biological
response after biomaterial implantation, and keeping the blood
coagulation, inflammation reaction, and tissue regeneration in
the normal range. On this basis, accelerated in situ
endothelialization by induced stem/progenitor cell mobilization
and differentiation will be studied as a next step.

5. CONCLUSION

A novel concept of time-ordered surface biofunctional
modification has been introduced in the present work. On
the basis of our previous study, we immobilized heparin/poly-L-
lysine nanoparticles on a dopamine-coated surface and set up
an in vitro dynamic release model to mimic in vivo blood fluid
condition. With the prolongation of the release period, the
physicochemical surface properties and biocompatibility was
changed correspondingly. In conclusion, the NP-modified

Figure 12. Stage-adjusted therapy potential of NP-modified surface to the intravascular biological response during dynamic release.
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surface possesses excellent properties against thrombosis,
inflammation, and SMC proliferation within the first 7 days,
but also suppresses ECs proliferation during this time. After 7
days, the NP-modified surface was able to selectively inhibit
excessive SMCs proliferation and at the same time promote
ECs growth. Up to the end of the analysis time of 28 days, the
modified surface presented favorable blood compatibility and
anti-inflammatory effect, as well as prevent intimal hyperplasia.
This work provides a potential application in the surface
modification of cardiovascular stent for time-adjusted intra-
vascular biological response.
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