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ABSTRACT: Heparin, an important polysaccharide, has been widely used for coatings of cardiovascular devices because of its
multiple biological functions including anticoagulation and inhibition of intimal hyperplasia. In this study, surface heparinization
of a commonly used 316L stainless steel (SS) was explored for preparation of a multifunctional vascular stent. Dip-coating of the
stents in an aqueous solution of dopamine and hexamethylendiamine (HD) (PDAM/HD) was presented as a facile method to
form an adhesive coating rich in primary amine groups, which was used for covalent heparin immobilization via active ester
chemistry. A heparin grafting density of about 900 ng/cm2 was achieved with this method. The retained bioactivity of the
immobilized heparin was confirmed by a remarkable prolongation of the activated partial thromboplastin time (APTT) for about
15 s, suppression of platelet adhesion, and prevention of the denaturation of adsorbed fibrinogen. The Hep-PDAM/HD also
presented a favorable microenvironment for selectively enhancing endothelial cell (EC) adhesion, proliferation, migration and
release of nitric oxide (NO), and at the same time inhibiting smooth muscle cell (SMC) adhesion and proliferation. Upon
subcutaneous implantation, the Hep-PDAM/HD exhibited mitigated tissue response, with thinner fibrous capsule and less
granulation formation compared to the control 316L SS. This number of unique functions qualifies the heparinized coating as an
attractive alternative for the design of a new generation of stents.

KEYWORDS: heparin, primary amine-rich coating, hemocompatibility, endothelial cell selectivity, competitive adhesion,
multifunctional stent

1. INTRODUCTION

Cardiovascular diseases (CVDs), mainly caused by athero-
sclerosis, present a major cause of death worldwide.
Atherosclerosis (AS) is a chronic inflammatory disease of the
artery wall, where both the innate and adaptive immune
responses contribute to the disease initiation and progression.
Interventional treatments of CVDs with vascular stents
emerged as minimal invasive alternatives to the traditional
bypass surgery. However, besides all the immediate benefits, the

stent implantation also provokes injury-induced inflammation,
proliferation and migration of smooth muscle cells (SMCs),
neointimal hyperplasia and subsequent in-stent restenosis
(ISR).1 The application of drug-eluting stents (DES) has
been reported to effectively decrease the incidence of ISR by
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50−70%.2,3 Nevertheless, the drugs loaded on DES delayed
vascular healing and re-endothelialization, which resulted in
high risk of late thrombosis.4

Endothelial cells (ECs) play key roles in maintaining vascular
homeostasis. First, the primary physiological function of ECs is
to provide an appropriate hemo-compatible surface to
guarantee blood flow.5 Additionally, healthy endothelium
effectively controls SMCs proliferation.6,7 Thus, a balanced
behavior of ECs and SMCs for reduced thrombosis and
restenosis of a stent can be obtained by selective promotion of
ECs in competitive adhesion with SMCs.8,9

Heparin, an important polysaccharide,, is a structural mimic
of the proteoglycan heparan sulfate, which is a major
anticoagulant on the endothelial surface in all tissues.10 Heparin
has been employed clinically as an anticoagulant since 1935,
and the anticoagulant mechanism of heparin depends on the
potential to preferentially interact with antithrombin III
(ATIII) and the ability of this heparin-ATIII complex to
inhibit key components in the coagulation cascade such as
Factor Xa and thrombin (Factor IIa).11,12 Additionally, heparin
has been reported to be an anti-inflammatory drug in various
models of inflammatory diseases in the 1960s.13,14 Today,
heparin has a broad spectrum of applications, from the original
use as soluble anticoagulant, via a surface-grafted anticoagulant
to structure forming components in electrostatic layer-by-layer
assemblies or in hydrogels.15,16 These applications also take use
of the affinity of fibronectin and growth factors like vascular
endothelial growth factor (VEGF) and epidermal growth factor
(EGF) to heparin and set up drug delivery systems or stimulate
cell differentiation.17−20 Various technologies have been
developed to provide heparin as stable coatings, or in
nonregulated or feedback-controlled coagulation regulated
release systems.17,21

Heparin also has the ability to suppress SMCs adhesion and
proliferation. Several in vitro studies reported that heparin
prevents intimal hyperplasia.22,23 However, there were
conflicting reports about the influence of heparin on the
growth of ECs. Heparin was partly considered to harm EC
growth according to certain studies.24,25 However, Azizkhan et
al.26 have reported that heparin possessed the ability to
promote bovine capillary endothelial cell migration but had no
impact on the proliferation. Our recent studies reported that a
surface tailored with heparin in a proper concentration could
not only improve hemocompatibility and inhibit SMC
proliferation but also enhance EC growth.15,27 However,
there have been no reports about how a heparinized surface
influences the competitive adhesion of ECs and SMCs.
The aim of this work was to develop a heparinized surface

and investigate the effect on hemocompatibility, growth of
vascular cells, and tissue response. However, stent materials
usually lack functional groups for anchoring biomolecules.
Polydopamine (PDAM) is a functional coating inspired by the
secreted adhesive proteins of mussels with high 3,4-dihydroxy-
L-phenylalanine (DOPA) and lysine content, which has
attracted great attention in the biomaterials field, because of
its ability to bind strongly to almost all kinds of substrates and
provide secondary reactivity for anchoring amine- or sulfhydryl
group containing biomolecules.28−30 The PDAM-based plat-
form could also be used to graft heparin by dopamine-
conjugated heparin (hepamine) technology.31,32 However, the
PDAM coating does not provide sufficient amine groups to
directly conjugate heparin.17,31,32 For extended possibilities to
immobilize also biomolecules containing carboxyl groups, we

developed a functional polymer coating in a one-step process
by copolymerization of dopamine and hexamethylendiamine
(HD) (PDAM/HD), which presents abundant amine groups
for chemical conjugation.33 Heparin then was covalently
immobilized on the PDAM/HD coating through the reaction
of the primary amine groups of the PDAM/HD with the
carbodiimide activated carboxylic groups of heparin. This
provides a surface with multiple biofunctionalities, which can be
applied as stent coating. In this study, the hemocompatibility,
growth behaviors, competitive adhesion of vascular cells, and
host tissue response to the heparin-functionalized PDAM/HD
coating were systematically investigated.

2. EXPERIMENTAL SECTION
Preparation of PDAM/HD Coating. The copolymer coating of

PDAM/HD was deposited on mirror polished 316L SS (Φ10 mm)
through dip-coating as described before.28 In brief, dopamine
hydrochloride (1 mg/mL) and HD (2.44 mg/mL) were successively
dissolved in Tris buffer (1.2 mg/mL, pH 8.5). Then the 316L SS
substrates were immersed into the above mixed solution. After
deposition for 48 h at 20 °C, the specimens were washed in distilled
water (6 times, 5 min) to remove loosely adsorbed polymers. For the
deposition of the control PDAM, 1 mg/mL of dopamine hydro-
chloride was used and dissolved in Tris buffer (pH 8.5), and the
remaining process was equal as above. The as-deposited PDAM and
PDAM/HD coatings were subsequently thermally treated at 120 °C
under 5 × 10−4 Pa for 1 h.

Characterization of the Coating. The surface chemical
compositions of the specimens were measured by X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Electron, USA). The instrument
was equipped with a monochromatic Al Kα (1486.6 eV) X-ray source
operated at 12 kV × 15 mA at a pressure of 3 × 10−7 Pa. The graphitic
carbon peak (285 eV) was used as a reference for charge correction.

Colorimetric staining with Acid Orange II (AO II) was used to
determine amine groups.32 The thickness of the coating was detected
by a spectroscopic ellipsometer (M-2000 V, J.A. Woollam, USA) using
Cauchy model. Δ and Ψ values were measured at a wavelength of
370−1000 nm.

Heparin Conjugation and Quantification. One mg/mL of
heparin sodium salt (Potency ≥150 IU/mg, Sigma-Aldrich) was in
advance activated in water-soluble carbodiimide (WSC) solution
composed of 1 mg/mL N-(3-dimethylaminopropyl) -N′-ethylcarbo-
diimide (EDC, purity ≥98.0%, Sigma-Aldrich), 0.24 mg/mL N-
hydroxysuccinimide (NHS, purity ≥97.0%, Sigma−Aldrich), and 9.76
mg/mL 2-(N-morpholino)ethanesulfonic acid hydrate (MES, Purity
≥97.0%, Sigma−Aldrich) for 15 min. Then, the 316L SS coated with
PDAM/HD were immersed into the above heparin sodium salt
solution for incubation. After reaction for 12 h, the specimens were
washed with phosphate buffered saline (PBS) (3 times, 5 min) and
distilled water (3 times, 5 min) before surface analysis.

The amount of heparin bound to the surface of coating was
determined by a Toluidine blue-O (TBO) method.16 The stability of
the heparin bound to the PDAM/HD coating was evaluated by XPS
quantification of the surface sulfur content of Hep-PDAM/HD before
and after immersion in PBS at 37 °C under constant agitation.

Hemocompatibility. Fresh human venous blood used in
hemocompatibility evaluation was obtained from Blood Center of
Chengdu, PR China in agreement with ethic rules. The blood was
anticoagulated with trisodium citrate in a 9:1 volumetric ratio and all
experiments were carried out within 12 h after the blood donation. All
of the tests were performed at least twice with more than four parallel
samples.

Platelet poor plasma (PPP) was obtained by centrifugation (3000
rpm, 15 min) of fresh human whole blood. Fibrinogen (Fg)
adsorption was evaluated by incubating the samples with PPP (50
μL) at 37 °C for 120 min.34 The exposure of γ chain of adsorbed Fg
was determined by indirect immunochemistry using the conformation
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sensitive primary antibody NYB4-2xl-f (ACCURATE Chemical) as
described before.34

For determination of the activated partial thromboplastin time
(APTT), the samples were incubated with 350 μL PPP for 30 min at
37 °C. Then, the clotting time of the plasma was measured by a
coagulometer (ACL 200, Instrumentation Laboratory Co. USA) with
APTT kit.
Platelet-rich plasma (PRP) was obtained by slow centrifugation

(1500 rpm, 15 min) of fresh human whole blood. Fifty microliters of
fresh PRP was added on the samples (10 mm diameter) and incubated
for 2 h at 37 °C in humidified air. After rinsing with 0.9% NaCl
solution, they were fixed in 2.5% glutaraldehyde solution overnight,
then dehydrated and dealcoholized. After critical point drying, samples
were processed for field-emission scanning electron microscopy (SEM,
JSM-7001F, JEOL Ltd., Japan).
Expression of the platelet activation marker platelet P-selectin on

material surfaces, was determined by indirect immunofluorescence as
described elsewhere.34 The amount of platelets adherent on the
sample surfaces was determined by measuring the lactate dehydrogen-
ase (LDH) activity, released from the adherent cells upon lysis with
Triton X-100.34 Whole blood experiment was carried out under flow
conditions using a modified Chandler-Loop.34

HUVEC Culture. Harvested primary HUVECs from human
umbilical veins were cultured in a humidified incubator under 5%
CO2 at 37 °C using DMEM-F12 medium supplemented with 15%
FBS and 20 μg/mL endothelial cell growth supplement (ECGS,
Millipore, Inc.).
HUVECs were seeded on the surfaces of the samples at a density of

5 × 104 cells/cm2 (measured using a hemocytometer). Samples were
removed for analysis after 2 h, 1 and 3 days of incubation, washed, and
fixed with 2.5% glutaraldehyde overnight. For cell fluorescence
staining, all the samples were washed with PBS, incubated with
Rhodamine123 for 15 min (20 μg/mL in PBS, Sigma-Aldrich). After

three times washing with PBS, the cells were inspected and
photographed using a Leica DMRX fluorescence microscope
(DMRX, Leica, Germany). The number of HUVECs attached onto
the sample was determined from at least 12 images. Minor/major axis
ratio and projected area per cell were calculated from at least 120 cells
from six random fields. HUVEC proliferation was investigated by Cell
Counting Kit-8 (CCK-8) after incubation for 1 and 3 days,
respectively.27

For NO detection, HUVECs were seeded at high density (5 × 105

cells/cm2) onto each sample to ensure the formation of a confluent
monolayer, after adhesion for 6 h, all the samples were transferred to
new culture plates and 1 mL of fresh culture medium was added. After
6, 18, and 42 h, 150 μL of culture medium was collected. All the
collected culture media were stored at −20 °C until analysis. NO
release was determined using Griess reagent (Sigma).34

A HUVEC migration assay was performed as described in
elsewhere,34 HUVECs were seeded at a density of 5 × 105 cells/cm2

on one arm of L-shaped sample disks. After 6 h, the samples were
turned and cells could migrate to the other arm. After 1 day, the cells
were fixed and Rhodamine123 stained, thus evaluated by a
fluorescence microscope.

HUASMC Culture. Primary cultures of human umbilical artery
smooth muscle cells (HUASMCs) were obtained by slow outgrowth
from small pieces of umbilical artery media under standard cell culture
conditions in DMEM/F12 medium with 10% FBS. The culture
medium was changed every 3 days. Subculture was performed when a
degree of confluency >80% was obtained, and cells between second
and fifth passage were used.

HUASMCs were seeded on samples at a density of 5 × 104 cells/
cm2. The samples were respectively taken out after 2 h, 1 and 3 days of
incubation, washed, and fixed with 2.5% glutaraldehyde overnight. Cell
staining was performed according to the procedure as described above.
HUASMC proliferation was investigated by Cell Counting Kit-8

Figure 1. (A) XPS wide scans and (B) S 2p high-resolution spectra of the PDAM/HD coating before and after heparin conjugation; (C) comparison
of the O 1s high-resolution spectra of the PDAM/HD coating before and after heparin conjugation; (D) relative amounts of heparin retained on
Hep-PDAM/HD surfaces after immersion in PBS for various periods of time (represented by S atomic %, with 0 day set as 100%).
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(CCK-8) after incubation for 1 and 3 days, respectively, as described
above.
The HUASMCs migration assay was performed as HUVECs

migration assay described above.
Competitive Adhesion of HUVECs and HASMCs. Cell trackers

with different colors were used to distinguish HUVECs (Green
chloromethylfluorescein diacetate, CMFDA) and HASMCs (Orange
chloromethyl trimethyl rhodamine, CMTMR) in the coculture assay.35

Cells were incubated with the cell tracker dyes for labeling and then
seed on the samples by mixing the HUVECs and HASMCs
suspensions at a volume rate of 1:1 using DMEM-F12 medium
supplemented with 10% FBS. The densities of both kinds of cells were
5 × 104 cells/cm2 each.36 The competitive cell adhesion was examined
after 2 h incubation in a humidified atmosphere with 5% CO2 and 95%
air. The cells were inspected and photographed using fluorescence
microscope. The average density of adherent cells was determined
from more than 12 images.
In Vivo Subcutaneous Implantation Studies. All animal

experiments were carried out in accordance with protocols approved
by the Local Ethical Committee and Laboratory Animal Admin-
istration Rules of China. Four healthy New Zealand white rabbits
(weight about 4 kg, aged from 9 to 10 months) were used. Bare 316L
SS disks (3 × 4 mm2, both surfaces mirror-polished) and 316L SS
disks with PDAM/HD coating, Hep-PDAM/HD coating were
subcutaneously implanted on both sides of the back. After 2 and 9
weeks, the samples with the surrounding tissues were excised to
evaluate the tissue responses in situ. The collected tissues were fixed in
10% formaldehyde for 2−3 days. The metal samples were removed
and the remaining tissues were thoroughly washed, dehydrated in
graded ethanol, saturated with xylene and embedded in paraffin.
Histological analysis of the paraffin sections were carried out, such as
hematoxylin and eosin (HE) staining and Masson’s trichrome staining.
Statistical Analysis. AO II, TBO test, all blood and cell assay were

carried out at least three times with more than four parallel samples.
The dates were offered as mean ± standard deviation (SD). Statistical
analysis were completed using one-way analysis of variance (ANOVA),
with *p < 0.05 suggesting significant difference.

3. RESULTS AND DISCUSSION
Grazing incidence attenuated total reflection Fourier transform
infrared spectroscopy (GATR-FTIR) was performed to analyze

the chemical structures of PDAM, PDAM/HD and Hep-
PDAM/HD (see Figure S1 in the Supporting Information).
Except the basic features of the chemical structure of the
PDAM coating, there were some obvious differences in the C−
H and N−H peaks observed on PDAM/HD. It is noteworthy
that there was a considerably reinforcement of the peaks that

relate to the stretching vibrations of ν−N−H (−NH2) at 3340
and 3270 cm−1 and deformation vibrations of γ (NH) at 700
cm−1, suggesting the presence of copolymerization reaction of
dopamine with HD as well as a good retention of −NH2 of
HD. In the spectrum of the Hep-PDAM/HD, the characteristic
heparin peaks could be observed at 1235 and 3490 cm−1,
ascribed to SO bond and −COOH, respectively. Note that
the remarkable reinforced peak of amide I and II (−CONH) at
1668 and 1565 cm−1 in Hep-PDAM/HD spectrum revealed the
condensation reaction between the −COOH and −NH2. XPS
analysis also showed a significant difference in the chemical
compositions between PDAM and PDAM/HD. The addition
of HD clearly altered the surface chemical compositions of the
coatings, as seen in a significant increase in the nitrogen
content, and a decay in the contents of carbon and oxygen of
the PDAM/HD (see Table S1 in the Supporting Information).
Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analyses were performed for
further understanding of the possible polymerization process
(see Figure S2 in the Supporting Information). Before the
analysis of polymerization mechanism of the PDAM/HD, the
analysis of the MALDI-TOF MS spectrum of PDAM was first
carried out. The recent studies showed that the PDAM
formation was associated with a complex polymer structure and
the mechanism of buildup. Vecchia et al.37 found that PDAM
consists of three main building blocks, uncyclized catechol-
amine/quinones, cyclized 5,6-dihy-droxyindole (DHI) units,
and pyrrolecarboxylic acid moieties. Hong et al.38 have reported
that a variety of possible intermolecular interactions such as
ionic, cation−π, π−π, quadrupole−quadrupole, and hydrogen
bonding (H-bonding) interactions contributed to the physical
self-assembly pathway to PDAM formation. Our result of
MALDI-TOF MS spectrum of PDAM (see Figure S2A, C in
the Supporting Information) also confirmed such a polymer-
ization mechanism, and the incorporation of Tris into PDAM
was also demonstrated by the detection of the peaks at 409,
391, and 273 m/z. For the PDAM/HD synthesis, the
introduction of HD significantly influenced the self-polymer-
ization manner of dopamine (see Figure S2B, D in the
Supporting Information), the incorporation of HD into PDAM
was mainly based on Michael addition and Schiff base
chemistries, as well as the electrostatic interaction of −NH3

+

of HD and O− of Tris or dopamine (this can be evidenced by
the presence of the peak of −NH3

+ around 401.7 eV shown in
Figure S3 in the Supporting Information). Additionally, an AO
II test showed that the amine group density of PDAM/HD
coating was 30 nmol/cm2. The thickness was 140 nm
determined by ellipsometry.
Heparin was covalently immobilized on PDAM/HD coating

using carbodiimide coupling chemistry. XPS analysis revealed a
clear S 2p signal (Figure 1A, B), confirming the successful
immobilization of heparin on the PDAM/HD surface. The
conjugation of heparin significantly changed the chemical
composition of the surface by a remarkable decrease in carbon
content and increase in oxygen and sulfur content (see Table
S1 in the Supporting Information). Furthermore, the
appearance of the new peaks of −NHSO3

− at 401.3 eV (see
Figure S3 in the Supporting Information) and OSO3

− at 532
eV (Figure 1C) also provided evidence of the successful
immobilization of heparin onto the PDAM/HD coating. The
density of heparin grafted on the coating plays a substantial role
in selectively directing the behaviors of platelet and vascular
cells.15 Thus, TBO test was further performed to determine the

Figure 2. Relative amounts of adsorbed fibrinogen and exposure of γ
chain on 316L SS, PDAM/HD and Hep-PDAM/HD. Data presented
as mean ± SD and analyzed using a one-way ANOVA, **p < 0.01,
***p < 0.001.
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amount of heparin bound to the PDAM/HD surface. The
result showed that approximate 900 ng/cm2 of heparin was
introduced to the PDAM/HD coating.
The stability of heparin is important for the safe performance

and sufficient anticoagulation of vascular stents or grafts
decorated with heparin. Nuner et al.39 demonstrated that
local heparin delivery could inhibit thrombus formation at a
heparin amount that is several orders of magnitude lower than
required as systemic dose, and local delivery of heparin is not
related to the prolongation of bleeding parameters. Herein,
robust heparin binding should be safe in clinical use. Covalent
immobilization improves the stability and persistence, and it
avoids the burst release of the immobilized biomolecules
compared to physical and electrostatic adsorption.32 Figure 1D
exhibits the relative amount of heparin retained on Hep-
PDAM/HD surfaces after immersion into PBS for various
periods of time (presented by sulfur atomic %, rated to 0 day as
100%). After continuous immersion in PBS for 30 days, the
Hep-PDAM/HD retained about 80% of the S content,
indicating an excellent stability of heparin, and suggesting the
potential for application in long-term implanted vascular
devices.
For blood-contacting materials, hemocompatibility is the

leading requirement in directing the design of vascular devices.
As blood is the first body fluid come into contact with implants
after implantation into the blood vessel, special attention must
be paid to the behavior of blood components. A blood-
contacting material with ideal hemocompatibility should not
induce any activation or denaturation of blood components.
Plasma proteins have the tendency to adsorb quickly onto a

material surface and subsequently mediate platelet adhesion
and trigger blood coagulation, leading to thrombus formation.40

The amount and conformational change of adsorbed Fg, i.e.,
exposure of the γ chain (HHLGGAKQAGDV at γ 400−411),41
plays a key role in the interactions between platelets and
materials. As shown in Figure 2, there was much more Fg
adsorbed on PDAM/HD surface compared to 316 L SS. This
may due to the amine-rich surface with less negative charges.

Figure 3. (A) Representative SEM images of platelets adherent on 316L SS, and the PDAM/HD coating before and after heparin conjugation; (B)
representative images of P-selectin staining, showing activated platelets labeled with a green fluorescent dye.

Figure 4. Relative amount of adherent platelets (results gained by
LDH assay) and activated platelets (results gained by GMP-140 assay)
on 316L SS, PDAM/HD and Hep-PDAM/HD. Data presented as
mean ± SD and analyzed using a one-way ANOVA, **p < 0.01, ***p
< 0.001.

Figure 5. APTTs of native plasma, and plasma after incubation with
316L SS and PDAM/HD coating before and after heparin conjugation.
Data presented as mean ± SD and analyzed using a one-way ANOVA,
***p < 0.001.
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Additionally, the chemical interactions between PDAM/HD
and Fg may also lead to more Fg adsorption.42−44 However, the
introduction of heparin significantly decreased the Fg
adsorption. This indicates that Hep-PDAM/HD resists Fg
adsorption, and this already contributes to an improved
hemocompatibility. It has been demonstrated that the exposure

of γ chain sequences allowes Fg to bind to the GPIIb/IIIa
integrin receptor on the platelet membrane.45 The denaturation
of Fg is considered to be more important for platelet adhesion
and thrombus formation than the absolute amount of adsorbed
Fg.46,47 As shown in Figure 2, the PDAM/HD coating on 316 L
SS stimulated Fg activation. This may be attributed to the

Figure 6. Representative SEM images of 316L SS and the PDAM/HD coating before and after heparin conjugation after incubation in a modified
Chandler loop with whole blood for 2 h.

Figure 7. Rhodamine123 fluorescence staining of HUVECs cultured on the 316L SS, PDAM/HD, and Hep-PDAM/HD surfaces after culture of 1
and 3 days.
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positively charged PDAM/HD coating due to its amine-rich
groups and the highly negatively charged Hep-PDAM/HD,
which may either accelerate or prevent proteins on the
materials surface from denaturation by accelerating or
preventing charge transfer from the protein into the material.48

However, the conjugation of heparin to the PDAM/HD surface
resulted in a significantly suppressed exposure of γ chain of Fg.
Adhesion and activation levels of platelets are essential

parameters in the evaluation of the hemocompatibility of
biomaterials. The activation level of adherent platelets is closely
connected with their morphology, with five classic stages
defined as round, dendritic, spreading dendritic, spreading and
fully spreading in correlation with increased activated levels.49

Figure 3A shows SEM images of platelets adherent on the
different samples. Clearly, most platelets aggregated on 316 L
SS and exhibited spreading dendritic and spreading stages. The
deposition of PDAM/HD further trigger platelet activation,
large amount of spreading even fully spreading platelets were
present. In contrast, on the Hep-PDAM/HD surface, only a
small number of platelets was observed. These significant
differences were further confirmed by the P-selectin stain
(Figure 3B). P-selectin, a 140-kDa granule integral membrane
glycoprotein also called GMP-140, which belongs to the
selectin family, can be up-regulated by a factor of 10 on the
surface membrane of activated platelets.50,51 As P-selectin is
highly related to platelet activation, the decreased amount on

the Hep-PDAM/HD surface indicated good hemocompati-
bility.
Adhesion density and activity of the platelets was further

quantified by LDH and P-selectin assay, respectively. As shown
in Figure 4, the Hep-PDAM/HD coating exhibited significant
inhibition in platelet adhesion compared to both 316 L SS and
PDAM/HD. In agreement with P-selectin visualization (Figure
3B), PDAM/HD up-regulated the expression of GMP-140
compared to 316 L SS, but after heparin conjugation, the GMP-
140 expression was substantially reduced, demonstrating a
significant inhibition of the platelet activation. The obvious
lower P-selectin expression of platelets on the Hep-PDAM/HD
surface promises less platelet aggregation and less platelet clot
formation.
APTT test was performed to measure the potency of the

samples in delaying coagulation through the intrinsic
coagulation mechanism. It is well-known that heparin exerts
its anticoagulant properties by binding to ATIII specifically and
inactivating the clotting Factors IXa, Xa, and IIa. As shown in
Figure 5, there was no significant difference in the APTT
among the control plasma, 316L SS and PDAM/HD. However,
the conjugation of heparin to PDAM/HD remarkably
prolonged the APTT for about 15s.
In this work, a whole blood assay was carried out under flow

condition to synthetically evaluate the thrombogenicity of the
316L SS, PDAM/HD and Hep-PDAM/HD. As shown in
Figure 6, there was severe platelet activation and red blood cell
aggregation on both 316L SS and PDAM/HD surfaces. As
expected, with the minimal activation of platelets or plasma
coagulation cascade even under flow conditions, the Hep-
PDAM/HD coating exhibited hemocompatibility surpassed the
clinical standard SS.
A native intact endothelium as the inner lining of the blood

vessels is fundamental to maintain cardiovascular homeostasis
and has a tight control over SMCs proliferation and platelets
activity. The potential to regenerate healthy endothelium plays
a key role in determining success or failure of a stent coating in
vivo. Promoted attachment, spreading, proliferation, migration,
and function of EC are crucial factors for complete
endothelialization. Thus, the growth behavior of ECs on
Hep-PDAM/HD was systematically evaluated.
Generally speaking, mammalian cells experience a cell

adhesion process consisting of cell attachment, spreading,
cytoskeleton organization, and development of focal adhe-
sion.52 In this work, cell attachment was first explored as the

Figure 8. (A) Amounts of HUVECs attached onto the 316L SS, PDAM/HD, and Hep-PDAM/HD surfaces after 2 h culture, calculated from at least
12 images; (B) proliferation of HUVECs cultured on the 316L SS, PDAM/HD and Hep-PDAM/HD surfaces after 1 and 3 days culture (using
CCK-8 kit). Data presented as mean ± SD and analyzed using a one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 9. NO levels released to the culture media for the 316L SS,
PDAM/HD, and Hep-PDAM/HD (size of the samples: Φ18 mm, n =
4). Data presented as mean ± SD and analyzed using a one-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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interaction between cells and substrates. A 2 h short-time
culture of HUVECs revealed that the PDAM/HD coating
provided a better microenvironment to support EC attachment
and spreading compared to 316L SS (Figure 7), as evidenced
by a significant increase of about 15.4% in the number of
adherent cells (Figure 8A) and of about 78.7% in the projected
area per cell (see Figure S4A in the Supporting Information).
The immobilization of the heparin on the PDAM/HD coating
resulted in a further enhancement in cell attachment and
spreading, with an increase of 37.4% in the number of adherent
cells and 18.1% in the projected area per cell.
The fluorescence microscopy revealed the best cytoskeleton

development of HUVECs grown on the Hep-PDAM/HD
coating (Figure 7). After 1 day’s culture, the cells grown on
Hep-PDAM/HD had a remarkably larger projected area (see
Figure S4A in the Supporting Information) and lower minor/
major axis ratio (see Figure S4B in the Supporting Information)
than 316 L SS and PDAM/HD, which present accelerated cell
spreading and cytoskeleton stretching. While the projected area
of cells grown on PDAM/HD and Hep-PDAM/HD coating
increased with the extension of culture time, the shape index (0
for a straight line and 1 for perfectly round) of cells on Hep-
PDAM/HD remained lower than on 316 L SS (see Figure S4B
in the Supporting Information), revealing the better cell
function.53

Furthermore, the proliferation of HUVECs cultured on the
Hep-PDAM/HD was greatly faster than on either the 316L SS
or the PDAM/HD (Figure 8B). The above data indicate that
the HUVECs on the Hep-PDAM/HD followed the afore-
mentioned general adhesion processes of substrate attachment,

spreading, and cytoskeleton development and then prolifer-
ation in a well-defined way.
Healthy ECs in native blood vessels can inhibit platelet

activation and aggregation, regulate vasodilation and suppress
SMC proliferation by producing NO continuously.54,55 It is of
great importance to maintain the special function of releasing
NO of the adherent ECs on Hep-PDAM/HD. Herein, the NO
release per cell was determined to evaluate the EC function. As
shown in Figure 9, the PDAM/HD coating promoted the
release of NO compared to 316L SS, whereas Hep-PDAM/HD
further enhanced the NO production.
The migration of healthy ECs into the damaged vessel area is

a key approach of endothelium regeneration. As reported, the
elongated cells could not only improve proliferation and
extracellular matrix production, but also possess higher
migration speed.53,56 As shown in Figure 10, the migration
distance and number of migrated cells on PDAM/HD coating
were much larger than that on 316 L SS. After heparin
immobilization, there was a significantly enhanced migration
distance and increased amount of migrating ECs, which
confirmed the deduction for the analysis of cell morphology.
These results indicated that the Hep-PDAM/HD coating

improves the attachment, spreading, proliferation and migration
behavior as well as promotes the release of NO, suggesting a
promising potential for accelerating the re-endothelialization
process on a stent.
The interactions between heparin and various growth factors

(such as, VEFG, EGF) consequently offer the possibility of
promoted endothelialization. Gong et al.57 reported that after
implantation of heparin coated stents in porcine coronary

Figure 10. (A) Migration and (B) migration distance, (C) density of migrating cells, and (D) amount of migrating HUVECs on the 316L SS,
PDAM/HD, and Hep-PDAM/HD surfaces after 1 day culture. The data were calculated from at least 12 images. Data presented as mean ± SD and
analyzed using a one−-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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arteries for 1 month, the surface with 2.6 μg/cm2 heparin
density was fully covered by ECs, whereas the 6.3 μg/cm2

heparin surface was only incompletely covered. In our previous
study, we found that a surface with low heparin density down to
∼3.5 μg/cm2 selectively inhibits SMC proliferation but
promote EC growth.27,30 In this work, the conjugated heparin
density was ∼900 ng/cm2, which also exhibited enhanced ECs
growth.
The stent implantation process is associated with acute vessel

wall injury which induces pathological complications, hence
triggers VSMC proliferation resulting in in-stent restenosis
(ISR).58,59 Inhibition of VSCM proliferation is the key
challenge for the prevention of ISR. In addition to the well-
known anticoagulant function, heparin is known to show a
remarkable antiproliferative effect on VSMCs, further, it is an
effective modulator to induce the expression of contractile
SMC phenotype markers.22,60,61 In this work, the HUASMC
growth behavior was evaluated. The Hep-PDAM/HD coating
significantly reduced cell adhesion after 2 h, with 67.2 and 75%
decrease compared to 316 L SS and PDAM/HD coating (see
Figure S5 in the Supporting Information). The analysis for the

morphology (Figure 11A) and proliferation (Figure 11B) of
HUASMCs revealed that the Hep-PDAM/HD coating
effectively inhibited cell adhesion and proliferation. It was
noteworthy that the migration behavior of HUASMCs on Hep-
PDAM/HD surface was remarkably reduced (Figure 11C),
manifested in both the migration distances and the density of
the migrated cells. These results suggest that the Hep-PDAM/
HD coating may help to mitigate restenosis.
Since the function of a healthy and intact endothelium in the

prevention and reduction of restenosis and thrombosis has
been highlighted, numerous strategies have been developed to
accelerate endothelialization.62,63 However, most strategies
focused on only enhancing ECs growth, while ignoring
antiproliferative and anticoagulant properties.64 These efforts
might be misleading and meaningless in vivo. For instance, the
recently developed anti-CD34 antibody coated stent (Genous
Bioengineered R stent, Orbus Medical Technologies) has
shown rapid endothelialization after implantation in clinical
trials. However, long-term studies revealed that the antireste-
nosis effects were not as remarkable as expected, and there was
no significant reduction in neointimal hyperplasia compared

Figure 11. (A) Rhodamine123 fluorescence staining and (B) proliferation of HUASMCs on the 316L SS, PDAM/HDm and Hep-PDAM/HD
surfaces after culture of 1 and 3 days. (C) Migration of HUASMCs on the 316L SS, PDAM/HD, and Hep-PDAM/HD surfaces after 1 day culture.
Data presented as mean ± SD and analyzed using a one-way ANOVA, *p < 0.05, ***p < 0.001.
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with the conventional bare metal stent implantation.64

Insufficient specifity of the anti-CD34 antibody for EPCs has
been considered to be the major reason. The handicap of EPCs
in the competitive growth with SMCs at stent implantation site
was ignored. SMCs in atherosclerosis and in culture mainly
have a proliferating and synthetic phenotype. A confluent and

adherent layer of endothelium can be cultured on quiescent
SMCs but not on synthetic SMCs.65 Thus, special attention
should be paid not only to rapid endothelialization of the stent,
but also to consider the competitive growth between ECs and
SMCs and the influence of SMCs phenotype.
Therefore, a coculture assay was further carried out to test

the competitive attachment and growth of HUVECs and
HUASMCs.35 Cell trackers were used to label the cells before
cultivation, HUVECs were marked green and HUASMCs
orange, respectively. The fluorescence micrographs and number
of the adherent cells after 2 h are shown in Figure 12A, B. The
amount of HUVECs and HUASMCs adherent on 316 L SS was
almost equivalent. Although there were considerably higher
amounts of both cells on the PDAM/HD coating, the ratio of
HUVECs to HUASMCs was enhanced. After heparin
conjugation, the amount of adherent HUVECs was dramatically
enhanced, while the amount of HUASMCs was remarkably
reduced, showing competitive adhesion advantage of HUVECs
over HUASMCs with significantly increased ratio of HUVECs/
HUASMCs. Additionally, the Hep-PDAM/HD coating sig-
nificantly enhanced HUVECs growth and remarkably inhibited
HUASMCs growth after 1 day culture compared to 316L SS
and PDAM/HD coating (see Figure S6 in the Supporting
Information).
Atherosclerosis is a chronic inflammation in arteries,

characterized by a large amount of lipid deposition onto
blood vessel walls, a variety of inflammatory cells (such as
macrophages, lymphocytes and neutrophils) infiltration and
SMCs hyperplasia. It has also been demonstrated that both
local and systemic inflammation promote neointimal prolifer-
ation through the stent struts and play a pivotal role in the
pathogenesis of ISR.1 A complex series of inflammatory events
modulated by several types of inflammatory cells are involved in
the tissue responses to implanted biomaterials. Meanwhile,

Figure 12. (A) CMFDA-labeled HUVECs (green) and CMTMR-labeled HUASMCs (orange) after 2 h coculture on the 316L SS, PDAM/HD, and
Hep-PDAM/HD surfaces. (B) Left Y axis shows the amount of cells adherent on the surface and the right Y axis shows the ratio of HUVECs/
HUASMCs, determined from at least six images. Data presented as mean ± SD and analyzed using a one-way ANOVA, *p < 0.05, ***p < 0.001
(Hep-PDAM/HD vs PDAM/HD), ¶¶¶p < 0.001 (Hep-PDAM/HD vs 316L SS), ###p < 0.001 (HUVECs vs HUASMCs).

Figure 13. (A) HE and Masson’s (B) trichrome stainings of
subcutaneous tissues around bare and PDAM/HD, Hep-PDAM/HD
coated 316L SS implants after 2 and 9 weeks implantation,
respectively. * Represents the implant site.
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tissue response may impair the safety, function and perform-
ance of implanted medical devices via interaction with
biological components.66,67 Thus, lighter tissue response is
expected as a valuable characteristic of vascular stent coatings.
The tissue response to Hep-PDAM/HD coating was

evaluated by subcutaneous implantation in rabbits for different
periods of time. Then a quantitative histological analysis was
carried out (Figure 13). Bare 316L SS, PDAM/HD, and Hep-
PDAM/HD-coated 316L SS did not induce local toxic effects
and obvious local tissue reactions. For control 316L SS, much
granulation and a thick fibrous capsule (185 ± 34 μm) were
observed, indicating a slight inflammatory response (Figure
13A1 and B1). The introduction of PDAM/HD coating
attenuated the granulation response and fibrous capsule
formation (109 ± 22 μm) (Figure 13A2 and B2). For Hep-
PDAM/HD coated 316L SS, there was even less granulation
and a thinner fibrous capsule (83 ± 20 μm) formed at the
tissue/material interface (Figure 13A3 and B3). Fibrous
encapsulation often separates the implanted foreign body
from normal host tissue sites. Dense and frequently poorly
vascularized capsules may compromise the performance of the
implanted medical devices (e.g., vascular stents) and pose a risk
of infection for the implanted site. The thicker fibrous
encapsulation implies more serious tissue response.66,68 For 9
weeks’ implantation, no significant difference in fibrous
encapsulation was observed between the control 316L SS (76
± 11 μm), PDAM/HD (74 ± 8 μm), and Hep-PDAM/HD (71
± 10 μm) coated 316L SS (Figure 13A3, A4, A5 and B3, B4,
B5). Overall, the introduction of Hep-PDAM/HD coating had
mitigated tissue response around the implantation site,
suggesting an excellent and acceptable application in surface
modification of vascular stents for demanding long-term
performance.

4. CONCLUSION
We presented a facile method to prepare a multifunctional
coating through covalent immobilization of heparin onto a
PDAM/HD coating, which is rich in amine groups. The Hep-
PDAM/HD coating not only showed remarkable improvement
in hemocompatibility but also considerable enhancement in
HUVEC adhesion, proliferation, migration, and NO release,
whereas there was substantial inhibition in HUASMCs
adhesion and proliferation. Moreover, the coating provided a
beneficial platform for competitive adhesion in HUVECs over
HUASMCs. It is worth mentioning that the Hep-PDAM/HD
coating also exhibited excellent tissue compatibility, which is
one of the most valuable characteristics of stent coating. These
results suggest a promising potential of the Hep-PDAM/HD
coating to avoid vascular stent associated complications. Thus,
the considerations into how Hep-PDAM/HD coating interacts
with vascular tissue in vivo will be covered in future work.
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