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The  biocompatibility  of currently  used  coronary  artery  stent  is  still far  from  perfect,  which  closely
related  to insufficient  endothelialization  and  thrombus  formation.  In  this  study,  heparin,  fibronectin
and  VEGF  were  immobilized  on  Ti  surface  to  construct  a multifunctional  microenvironment  with
favorable  properties  to  inhibit  thrombosis  formation  and  promote  endothelialization  simultaneously.
The  microenvironment  on  Ti  surface  was  characterized  in detail  and  demonstrated  that  the  Hep/Fn/VEGF
biofunctional  coating  was  constructed  successfully  on  Ti surface.  The  influence  of  surface  properties
such  as  chemical  composition,  roughness,  hydrophilicity,  and  binding  density  of  biomolecules  on  the
performances  of hemocompatibility  and cytocompatibility  was evaluated  and  discussed.  Modified
surface  significantly  enhanced  the  AT  III binding  density  and  prolonged  the  clotting  time.  In  vitro  platelet
adhesion  and  activation  assays  further  proved  that  the  modified  surface  presented  favorable  anti-
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ndothelialization coagulant  property.  In  addition,  the proliferation  of endothelial  progenitor  cells  (EPCs)  and  endothelial
cells  (ECs)  on  the  Hep/Fn/VEGF  biofunctional  coating  was  significantly  promoted.  In conclusion,  the
Hep/Fn/VEGF  biofunctional  coating  was  successfully  constructed  with  desirable  anticoagulant  and
endothelialization  supporting  properties.  This  work may  provide  a promising  approach  for  biofunctional
surface  modification  of  coronary  artery  stent  to acquire  a desired  multifunctional  microenvironment.

© 2014  Elsevier  B.V.  All  rights  reserved..sp
. Introduction

Cardiovascular diseases have been the leading cause of dis-
bility and mortality in modern society. In the western world,
here are more than 50% of patients with coronary artery disease
CAD) who require percutaneous transluminal coronary angio-
lasty (PTCA) annually [1,2]. These blood-contacting biomedical

www
evices benefit millions of patients. However, a significant num-
er of patients (up to 20–30%) develop restenosis 3–6 months
fter the PTCA operation [3–6]. In stent restenosis is attributed

∗ Corresponding author at: School of Material Science and Engineering, Southwest
iaotong  University, Chengdu 610031, PR China. Tel.: +86 28 87634148;
ax: +86 28 87600625.

E-mail address: chenjy@263.net (J. Chen).

ttp://dx.doi.org/10.1016/j.apsusc.2014.09.004
169-4332/© 2014 Elsevier B.V. All rights reserved.
to mechanical injury caused during the operation that subse-
quently leads to endothelial cell dysfunction, thrombosis at the
site of injury and smooth muscle cells (SMCs) proliferation and
migration. These processes contribute to neointima formation and
in stent restenosis [7–9]. Hemocompatibility of blood-contacting
biomedical devices therefore is very important for their long-term
implantation. Now, it is generally accepted that a confluent layer of
endothelial cells (ECs) is the best surface to prevent adverse cardiac
events. Delayed or insufficient endothelialization is considered as a
key factor of late-thrombosis and restenosis. Therefore, rapid in situ
re-endothelialization after cardiovascular devices implantation is
urgently required. Nowadays, a focus is made on the implanta-

tion of biofunctional materials that capture endothelial progenitor
cells (EPCs) from blood and induce differentiation to autologous
ECs. Numerous studies have demonstrated that EPCs can differ-
entiate to ECs under the inducement of specific growth factors

dx.doi.org/10.1016/j.apsusc.2014.09.004
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.09.004&domain=pdf
mailto:chenjy@263.net
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nd chemokines [10–12]. Thereby, induction of EPCs homing and
dhesion may  facilitate rapid endothelialization on the surface of
mplanted biomaterials.

A  variety of materials have been applied to improve the biocom-
atibility of cardiovascular devices, including alloys and ceramic
oatings [13], such as Ti-O2−x coating [14] and DLC films [15], and
olymer coatings [16]. Of these biomaterials, titanium (Ti) has been
xtensively used for several years due to its excellent mechanical
roperties, corrosion resistance, and particularly favorable biocom-
atibility [17]. However, for clinical applications, the long-term
iological interaction between the implant and the surrounding tis-
ues remains critical. Recently, numerous studies have suggested
hat surface-immobilization of specific biomolecules to mimetic
he native microenvironment of blood vessels would provide favor-
ble anticoagulant and induced-endothelialization properties for
iomedical devices [5]. Numerous functional biomolecules, such
s heparin [18], chitosan [19], tropoelastin [20], RGD peptides
21], anti-CD34 antibody [22], and extracellular matrix proteins
23,24] have being studied in surface biofunctional modification.
epending on the selected biomolecules, the modified surface
ill acquire favorable hemocompatibility [25,26] or cytocompat-

bility [27,28]. However, up to now, many studies have focused
n improving only one aspect of biocompatibility, and few stud-
es have simultaneously explored the hemocompatibility and
e-endothelialization. In most cases, although the hemocompatibi-
ity of biomaterials is improved with anticoagulant biomolecules,
he modified surface suppresses ECs adhesion and prolifera-
ion. In contrast, when ECs growth is significantly promoted by
dhesive biomolecules, such as extracellular matrix proteins, the
urface also becomes pro-thrombogenic. There seems to be a con-
ict between anticoagulation and re-endothelialization [29,30].
o-immobilization of specific biomolecules on an implant may
ombine the properties of each individual biomolecule, which may
elp overcome the contradiction between anticoagulation and re-
ndothelialization.

For this purpose, heparin (Hep), fibronectin (Fn), and vascular
ndothelial growth factor (VEGF) were chosen as the constituents
or surface modification in the present study. Heparin is a widely
sed anticoagulant in the clinical treatment of venous throm-
oembolism and acute coronary syndromes [31]. It interacts with
ntithrombin III (AT III) and promotes AT III-mediated inhibition
f the coagulation pathway by increasing the affinity of AT III to
hrombin [32]. Heparin can also suppress SMCs adhesion and pro-
iferation [33]. Moreover, the activity of heparin binding growth
actors can be enhanced by interaction with heparin [34]. Fn as one
f the most important ECM proteins produced by ECs, SMCs, and
broblasts consists of two  monomers linked by a disulfide bond
t their C termini [23]. Fn possesses multiple binding domains to
nteract with ECM proteins, cell surface integrins, and growth fac-
ors [35]. In particular, Fn can interact with the specific integrins
5�1 and �v�3 expressed on ECs, and thereby promotes cell adhe-
ion and migration [36]. However, Fn is also reported to participate
n platelet adhesion and aggregation through the integrin aIIb�3
eceptors on the platelet membrane [37]. Therefore, surface modi-
cation of blood contacting materials by Fn only is not suitable, but
omplexes of heparin and Fn may  change their individual proper-
ies, which result in an improved hemocompatibility and support
f ECs and EPCs adhesion [38,39]. Besides, heparin is a highly acidic
olecule, whereas the isoelectric point of Fn is at ∼5.5. Therefore,

nder weak acidic conditions an electrostatic Hep/Fn complex can
e formed. VEGF is one of the most potent and widely used key reg-
lators of ECs survival, EPCs differentiation and new blood vessel

www.sp
ormation [40–43]. VEGF has five isomers, namely VEGF121, 165,
83, 189, and 206, which exhibit differences in their amino acids
nd heparin binding sites. Among these, VEGF 165 possesses the
est heparin binding activity and simulates ECs growth.
Fig. 1. Sketch of Hep/Fn/VEGF biofunctional coating on Ti substrate.

In this study, Hep/Fn complex was prepared under acidic
conditions according to our previous investigations [38,39] and
electrostatically assembled to an NaOH activated Ti surface, with
the aim of construct a multifunctional microenvironment with
favorable properties to inhibit thrombosis formation and promote
endothelialization simultaneously. VEGF was further introduced to
the surface via specific interaction with heparin to induce EPCs
adhesion and proliferation. In this work, taking the influence of
surface physicochemical properties into consideration, we expect
the Hep/Fn/VEGF modified surface can selectively inhibit platelets
adhesion and activation and promote ECs and EPCs proliferation.

2.  Materials and methods

2.1.  Reagents

Ti  substrates (99.5% purity, Baoji, China, Ø 10 mm)  were mirror-
polished and ultrasonically cleaned three times successively with
acetone, absolute alcohol and deionized water (dH2O) for 5 min
each and then dried. 0.1 M phosphate buffered saline (PBS, pH
7.4) was purchased from Hyclone Co. Ltd., and adjusted to pH 4
when used as the solvent of heparin and Fn solution. Low molec-
ular weight heparin (≥160 U/mg) was  purchased from Shanghai
Bioscience and technology. Fn (from human), VEGF-A (from
human), Poly-l-lysine (PLL, MW 150,000–300,000), Toluidine Blue
O (TBO), Acid Orange II (AO II), rhodamine 123, 4′,6-diamidino-2-
phenylindole (DAPI) and mouse monoclonal anti-human p-selectin
antibody were purchased from Sigma–Aldrich. Mouse polyclonal
antihuman Fn antibody, mouse monoclonal anti-human AT III anti-
body, horseradish peroxidase (HRP) conjugated goat anti-mouse
IgG antibody and TMB  (3,3′,5,5′-tetramethylbenzidene) for the
immunochemistry tests, F12, DMEM culture medium for cells cul-
ture and proliferation test were purchased from BD Biosciences,
San Jose, CA. Activated partial thromboplastin time (APTT) kits for
coagulation time test were purchased from Sunbio, China. Fluo-
rescein isothiocyanate (FITC)-conjugated rabbit anti human VEGF
antibody and FITC-conjugated goat anti-mouse IgG antibody were
purchased from Boster Biological Technology (Wuhan, China). All
the other reagents used in the experiments were of the highest
analytical purity (>99.9%).

2.2.  Preparation of Hep/Fn/VEGF biofunctional coatings on Ti

.co
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The  fabrication process of Hep/Fn/VEGF biofunctional coating
on Ti substrate is schematically shown in Fig. 1. First, Ti substrates
were activated by 3 M NaOH solution at 80 ◦C for 12 h to produce



X. Wang et al. / Applied Surface Sc

Table  1
Explanation of the samples.

Sample ID Preparation of the samples

Ti Pristine titanium
TiOH Pristine Ti activated by 3 M NaOH
TiOHP TiOH amine by 2.5 mg/mL PLL
TiOHPH TiOHP interacted with 2.5 mg/mL  heparin
TiOHPF TiOHP interacted with 50 �g/mL fibronectin
TiOHPHF TiOHP interacted with equal volume of 5 mg/mL  heparin
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ulation time was  evaluated by a clotting time analyzer (ACL-200,
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(pH  4) and 100 �g/mL fibronectin (pH 4) mixture
TiOHPHFV TiOHPHF interacted with 100 ng/mL VEGF

 negatively charged super hydrophilic surface, and then the sam-
les were boiled with dH2O at 80 ◦C for 12 h to remove the residual
aOH. Second, above samples were immersed in 2.5 mg/mL  PLL

olution and reacted at 4 ◦C for 12 h to obtain an amino-rich surface.
hird, equal volume of 5 mg/mL  heparin (pH 4) and 100 �g/mL Fn
pH 4) were mixed and blended thoroughly at 37 ◦C for 1 h, and then
he PLL coated samples were subsequently immersed in Hep/Fn

ixture and reacted at 37 ◦C for 3 h; in addition, samples reacted
lone with 2.5 mg/mL  heparin or 50 �g/mL Fn were used as con-
rol. Thereafter, 50 �L of VEGF solution (100 ng/mL) was  added to
ep/Fn immobilized surface and incubated at 37 ◦C for 2 h. Each

tep before interacting with biomolecules, the samples was rinsed
ith dH2O to remove the unattached biomolecules. The explana-

ion of different samples was listed in Table 1.

.3. Qualitative characterization of Hep/Fn/VEGF biofunctional
oating

.3.1.  XPS
The  surface chemical compositions of the samples were deter-

ined by standardized X-ray photoelectron spectroscopy (XPS)
easurement on an AXIS His spectrometer with a monochro-
atic A1 K� X-ray source (1486.6 eV photons, 150 W).  The chamber

ressure was below 2 × 10−9 Torr. The binding energy scale was
alibrated by setting the C1s peak at 284.6 eV.

.3.2.  AFM
The  surface topography and the roughness before and after

ep/Fn/VEGF immobilization were characterized by an Atomic
orce microscope (AFM) in tapping mode [44]. AFM was  performed
t room temperature and the image analysis was processed by
SPM Imager software.

.3.3.  Water contact angle measurement
A contact angle apparatus (JY-82, China) with a horizontal

icroscope was used for measuring the static water contact angle
n samples surface. The test was performed at room temperature
nd the contact angle was calculated by a circle segment function
f the DSA 1.8 software.

.3.4.  VEGF immunofluorescence staining
Immunofluorescence staining was used to qualitative character-

ze the immobilized VEGF on samples surface. In brief, the samples
ere firstly fixed with 2.5% glutaraldehyde in PBS for 2–4 h and

hen blocked with 1 wt% bovine serum albumin (BSA) at 37 ◦C for
0 min. Subsequently, the samples were rinsed three times with
BS and then 50 �L fluorescein isothiocyanate (FITC) conjugated
abbit anti-human VEGF antibody (1/100 dilution in PBS) was added

www.sp
o samples surface and incubated at 37 ◦C for 30 min  in dark. After
insing with PBS, the samples were observed and photographed by

 fluorescence microscope (DMRX, Leica, Germany).
ience 320 (2014) 871–882 873

2.4. Quantitative characterization of Hep/Fn/VEGF biofunctional
coating

2.4.1.  Heparin quantification
The  amount of immobilized heparin on the samples was mea-

sured using the TBO assay. In brief, the samples were incubated in
5 mL  TBO solution (0.04 wt% TBO in 0.01 M HC1/0.2 wt% NaC1) at
37 ◦C for 4 h in order that the Hep/TBO complex was formed on the
samples surfaces. Then the samples were thoroughly rinsed with
dH2O three times and immersed in 5 mL  of 80% ethanol/0.1 M NaOH
(v/v: 4/1) solution to dissolve the Hep/TBO complex. Subsequently,
the extinction of above eluate was determined in a microplate
reader (Quant, Bio-tek instruments Inc.) at 530 nm wavelength. The
amount of immobilized heparin on different samples surface were
calculated according to a calibration standard curve.

The  calibration curve was  prepared as following: equal volume
of 0.04 wt% TBO was  firstly added to a known concentration of
heparin solution and incubated at 37 ◦C for 4 h. Then the mixture
was centrifuged at 3500 rpm for 10 min, and the Hep/TBO precip-
itate was  dissolved in 5 mL  of 80% ethanol/0.1 M NaOH (v/v: 4/1)
thoroughly.

2.4.2. Semi-quantitative determination of fibronectin
The amount of immobilized Fn on samples surface was deter-

mined by semi-quantitative immunochemistry. The process was
described as following: the samples were firstly blocked with 1 wt%
BSA and rinsed three times with PBS. Then 20 �L mouse monoclonal
anti-human Fn antibody (1/250 dilution in PBS) was added to the
samples surface and incubated at 37 ◦C for 1 h. After PBS rinsing,
20 �L horseradish peroxidase (HRP) conjugated goat anti-mouse
IgG antibody (1/100 dilution in PBS) was added to samples sur-
face and incubated at 37 ◦C for 1 h. Thereafter, the samples were
rinsed three times again with PBS and 120 �L TMB  was added to
the samples surface and incubated in dark for 10 min, 50 �L 1 M
H2SO4 was subsequently added to stop the peroxidase catalyzed
reaction. Ultimately, 120 �L reacting solution was transferred from
each samples surface into a 96-well plate and determined in a
microplate reader at 450 nm wavelength.

2.5. Hemocompatibility evaluation of Hep/Fn/VEGF biofunctional
coating

2.5.1.  AT III binding to heparin
The amount of absorbed AT III on the samples surface was mea-

sured semi-quantitatively by immunochemistry. For preparation,
fresh human whole citrate anticoagulated blood was centrifuged
at 3000 rpm for 15 min  to obtain platelet-poor plasma (PPP). Then
50 �L PPP was  added to samples surface and incubated at 37 ◦C for
15 min. The following detecting process was  similar with the proce-
dure of Fn semi-quantitative characterization except for the type
of used antibody, here, mouse anti-goat antibody (1/200 dilution
in PBS) and HRP conjugated goat anti-rabbit polyclonal antibody
(1/200 dilution in PBS) were used as first antibody and second
antibody, respectively.

2.5.2.  Clotting time assay
The activated partial thromboplastin time (APTT) was  used to

evaluate the influence of heparinized surface on the intrinsic coag-
ulation system. Briefly, the samples were first immersed in 350 �L
PPP and incubated at 37 ◦C for 30 min. Then, 300 �L incubated PPP
from each sample was transferred to the test tube. Finally, the coag-

.co
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Beckman Coulter, USA).
For  prothrombin time (PT) and thrombin time (TT) assay, 100 �L

PT or TT reagent was firstly mixed with 100 �L incubated PPP and

zhk
铅笔
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Fig. 2. (A) XPS full spectrum and (B) sulfur high resolution spectrum o

ncubated at 37 ◦C for 30 min, subsequently the clotting time was
easured using the clotting time analyzer.

.5.3. Platelet analysis
In  vitro platelet adhesion was used to determine amount, mor-

hology and aggregation of the adherent platelets on different
amples. First, fresh human whole citrate anticoagulated blood was
entrifuged at 1500 rpm for 15 min  to obtain platelet-rich plasma
PRP), and 50 �L PRP was added on samples surface and incubated
t 37 ◦C for 1 h. Then the samples were rinsed 3 times with PBS and
xed in 2.5% glutaraldehyde for 12 h at room temperature. There-
fter, the samples were inspected by scanning electron microscopy
SEM, Philips Quanta 200) after standard dehydration and dealco-
olization. LDH test was used to detect the amount of adherent
latelets. Briefly, 50 �L PRP was added to samples surface and incu-
ated at 37 ◦C for 1 h. After rinsing with PBS, 40 �L 1% Triton-X
00 was added to each sample and incubated 5 min  at 37 ◦C. Sub-
equently, 25 �L lysate was transferred from the surfaces into a
6-well plate and 200 �L chromogenic agent (10 mg/mL  Pyr and
0 mg/mL  NADH powder dissolved in Tris base buffer) was  added
efore test. The absorbance of different samples was recorded in a
icroplate reader at 340 nm wavelength.
P-selectin was quantified by immunochemistry to evaluate the

ctivation degree of adherent platelets on different samples sur-
ace. The method was similar to AT III binding assay, and the only
ifferent was that the first antibody was mouse anti-human p-
electin monoclonal antibody.

.6.  Cellular compatibility evaluation of Hep/Fn/VEGF
iofunctional coating

.6.1.  EPCs, ECs culture and seeding
EPCs were isolated from femur and tibia bone marrow of

prague-Dawley (SD) rat. The bone marrow was firstly extracted
nd flushed into suspension with �-Modified Eagle’s Medium (�-
EM)  containing 10% fetal bovine serum (FBS), the suspended cells
ere then transferred into a culture flask and cultivated in incu-

ator at 37 ◦C under 5% CO2 [45]. Subculture was performed when
onfluency was more than 80%. The cells were digested and subcul-
ured 2–3 times in one week and the pure bone stem cells (BMSCs)
ere obtained. Then, BMSCs were cultivated in �-MEM containing

0% FBS and 10 ng/mL VEGF, and subcultured for about 3–4 times
o acquire EPCs. Finally, cells were designated as EPCs based on the
dentification of morphology and specific markers.

ECs were isolated from human umbilical vein by collagenase

www.sp
igestion method and cultivated in Dulbecco’s Modified Eagle
edium/F12 (DMEM/F12) containing 20% FBS, 20 �g/mL endothe-

ial cell growth supplement (ECGS) and 2 �mol/L glutamine (Gln).
fter 24 h, the culture medium was removed and the cells were
iOH; (b) TiOHP; (c) TiOHPH; (d) TiOHPF; (e) TiOHPHF; (f) TiOHPHFV.

rinsed  with 0.9% NaCl to remove the residual blood cells, and then
fresh medium were added. Before use, the medium was  renewed
every two  days.

Prior  to seeding the cells, all the pristine Ti and TiOH sam-
ples were sterilized by autoclavation at 120 ◦C for 30 min. The PLL
solution, heparin solution, Fn solution and VEGF solution were
sterile-filtered. The TiOHP, TiOHPH, TiOHPF, TiOHPHF, TiOHPHFV
samples were prepared under aseptic conditions. Then EPCs, ECs
were seeded on the samples surface at a density of 5 × 104 cells/mL
and incubated at 37 ◦C under 5% CO2 for 1 day and 3 days.

2.6.2. EPCs, ECs proliferation assay and fluorescence staining
The  cell proliferation ability on different sample surfaces was

evaluated by calculating cells number after 1 and 3 days culture,
respectively. Fluorescence staining was  used to observe the mor-
phology of EPCs or ECs on different samples surface. Briefly, after
cell culture, the samples were rinsed three times with PBS, and then
fixed in 2.5% glutaraldehyde for 12 h at room temperature. After
rinsing with PBS, rhodamine 123 was subsequently added to each
sample surface and incubated at 37 ◦C for 20 min  under dark condi-
tion. Thereafter, the samples were rinsed three times with PBS and
observed by fluorescence microscopy.

2.7. Statistical analysis

At  least three independent experiments and four parallel sam-
ples were performed for the assays described above. The data
was analyzed with the SPSS 11.5 software and expressed as
mean ± standard deviation (SD). The statistical difference analysis
was performed by the origin 8.0 software. The probability values
p < 0.05 were considered to indicate significant differences statisti-
cally (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results

3.1. Qualitative characterization results of Hep/Fn/VEGF
biofunctional coating

3.1.1.  XPS
XPS  was  used to characterize the alteration of surface chemical

composition during biomolecules immobilization. The XPS spec-
tra of different samples with the element peaks indicated is shown
in Fig. 2A. Ca2p peaks (∼346.9 eV) appeared probably due to the
contamination during NaOH activation, because the NaOH reagent
used in this study contains trace amounts of calcium salt. Compared

.co
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with TiOH samples, Ti2p peaks (∼460 eV) decreased and new N1s
peaks (∼400 eV) appeared on TiOHP samples. High resolution sul-
phur (in Fig. 2B) shows that sulphur appeared on TiOHPH, TiOHPHF
and TiOHPHFV compared with TiOH samples. In combination with
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Table  2
Elemental composition of different samples surface determined by XPS.

Sample ID C% N% O% S%

TiOH 42.7 ± 1.1 0.1 ± 0.02 57.2 ± 1.1 0
TiOHP 52.0 ± 1.6 5.5 ± 0.5 42.5 ± 2.1 0
TiOHPH 50.8 ± 1.1 5.4 ± 0.6 42.7 ± 0.9 1.1 ± 0.2
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TiOHPHF 46.8 ± 2.8 6.6 ± 0.7 45.8 ± 3.1 0.8 ± 0.1
TiOHPHFV 51.4 ± 1.1 6.8 ± 0.5 41.2 ± 1.5 0.6 ± 0.06

he chemical elemental semi-quantitative results that are listed
n Table 2, it can be concluded that nitrogen appeared on TiOHP
amples and the nitrogen content increased on TiOHPH, TiOHPHF
nd TiOHPHF samples compared with TiOHP, and each is different.
hat is more, sulphur appeared on TiOHPH, TiOHPHF and TiOH-

HFV samples but the content decreased successively (Table 2).
his result indicated the heparin was successfully immobilized on
LL coated surface, and the VEGF binding may  block the exposure of
eparin and thereby cause the decreasing of sulphur content. More-
ver, the increasing of nitrogen content may  indicated the success
mmobilization of Fn and VEGF, but specific analysis of the quantity
nd activity of the biomolecules is mandatory.

.1.2. AFM
Surface morphology and roughness of different samples were

nvestigated by AFM. As shown in Fig. 3A and Table 3, pristine
i surface presents a flat and smooth morphology, with an aver-
ge roughness of Ra = 3.65 ± 0.27 nm.  After NaOH activation, the
oughness increased to Ra = 38 ± 1.51 nm and presented a uni-
orm taper-pointed granules forming morphology, which has been
emonstrated composed of micron and submicron pores [46]. The
urface roughness after heparin, Fn and VEGF immobilizing was
educed to Ra = 29.2 ± 2.45 nm,  which was attributed to the fact that
he biomolecules filled the pores of TiOHP surface during the fabri-
ation process. This is an indication that heparin, Fn and VEGF exist
n biofunctional coating.

.1.3.  Water contact angle
Surface  hydrophilicity is a non-specific but sensitive method to

alidate the success of a surface modification. In this experiment,
ater contact angle of different sample surfaces was measured

o assess the alteration of surface hydrophilicity during fabrica-
ion process. As shown in Fig. 3B, in comparison with pristine Ti,
he water contact angle significantly decreased after NaOH acti-

.sp
ation and presented super-hydrophilicity, which was  considered
ue to the synergy effect of abundant hydrophilic hydroxyl group

 OH) and capillary action of pore structure. Heparin and Fn were
ich in hydrophilic groups, including hydroxyl, amine, carboxyl and

ig. 3. (A) AFM morphology images of (a) pristine Ti; (b) TiOH; (c) TiOHPH; (d) TiOHPF;
mean ± SD, N = 6, *p < 0.05).
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sulfo group. Surface single immobilization with either heparin or Fn
seems maintain the super-hydrophilic characteristic. However, the
water contact angle was slightly increased on TiOHPHF and TiOH-
PHFV samples surface, which was  considered maybe partly due
to the exposure of hydrophobic groups caused by the interaction
between heparin, Fn and VEGF. Compared with Ti, the Hep/Fn/VEGF
biofunctional coating still was substantially more hydrophilic.

3.1.4.  VEGF immunofluorescence staining
Immunofluorescence staining was  used in this work to verify the

presence of VEGF. VEGF appeared as green clusters on TiOHPHFV
samples surface in Fig. 4, in contrast with the blank group, which
showed no staining using the same procedure. Although the spe-
cific conformation of VEGF cannot be observed due to its nanoscale
dimension, the immunofluorescence confirmed that VEGF was suc-
cessfully immobilized on the materials surface.

3.2. Quantification of Hep/Fn/VEGF biofunctional coating

3.2.1.  Quantification of heparin
The exposed heparin density on the samples surface was shown

in Fig. 5A. NaOH activation caused a false positive heparin detection,
which attributed to a non-specific adsorption of TBO to the micro-
pore structure. The heparin density of TiOHPH sample, however,
was significantly higher than the blank group of Ti (7.43 �g/cm2

vs 0.99 �g/cm2) and TiOH (7.43 �g/cm2 vs 2.16 �g/cm2), as well as
the control group of TiOHPF (7.43 �g/cm2 vs 1.02 �g/cm2). The hep-
arin density on TiOHPHF surface was slightly decreased compared
with TiOHPH (6.53 �g/cm2 vs 7.43 �g/cm2), which was  mainly
attributed to charge neutralization of Fn to heparin. VEGF can also
interact with heparin via its heparin binding domain, which thereby
reduced the exposed heparin density on TiOHPHV surface further
(5.89 �g/cm2). In all, this result indicated that heparin was  suc-
cessfully immobilized on the materials surface, and presented a
sufficient amount (much higher than 13.7 pmol/cm2) to prevent
thrombosis formation according to Byun et al. [47].

3.2.2. Semi-quantitative characterization of fibronectin
The amount of Fn on the samples surface was  determined

semiquantitatively by immunochemistry. As shown in Fig. 5B, com-
pared to Ti, the TiOH samples exhibited slightly higher non-specific
adsorption of the detection antibody, which also can be attributed
to the microporous surface structure. On the Fn immobilized sur-

.co
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faces, TiOHPF, TiOHPHF and TiOHPHFV, Fn could be clearly detected
by immunochemistry, confirming that Fn was successfully immo-
bilized on the materials. However, due to the steric hindrance of
heparin and VEGF to Fn during the fabrication, the exposed Fn

 (e) TiOHPHF; (f) TiOHPHFV; (B) Water contact angle of different sample surfaces
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Fig. 4. VEGF immunofluorescence stain

ensity was also slightly decreased on TiOHPHF and TiOHPHFV
amples surface.

.3.  Hemocompatibility evaluation of Hep/Fn/VEGF biofunctional
oating
.3.1.  AT III binding
The  anticoagulant effect of the Hep/Fn/VEGF biofunctional coat-

ng mainly depends on the interaction of heparin with AT III,

ig. 5. (A) Amount of exposed heparin on the different sample surfaces; (B) Semi-
uantitative characterization of exposed fibronectin on the different sample surfaces
mean ± SD, N = 6, **p < 0.01).
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ages of (A) TiOHPHF and (B) TiOHPHFV.

which greatly accelerates the inactivation of thrombin. Thereby,
the amount of absorbed AT III on different sample surfaces was
determined to evaluate the anticoagulant potency of the biofunc-
tional coating. As shown in Fig. 6, in comparison with the blank
group of Ti and TiOH, the surface immobilized only with heparin
significantly promoted the adsorption of AT III, whereas isolated
Fn adsorption did not influence the AT III binding. Consistent with
the determined heparin amount (Fig. 5A), the AT III binding on
TiOHPHF and TiOHPHFV samples surface were slightly decreased
compared with TiOHPH samples, attributed to the occupation of
the AT III binding sequences of heparin by Fn and VEGF. But in total,
the amount of absorbed AT III on TiOHPHFV samples surface was
significantly enhanced compared to the blank control group. This
provides the basis for an improved anticoagulant potential of the
Hep/Fn/VEGF biofunctional coating.

3.3.2. Clotting time
APTT,  PT and TT were applied here to evaluate the anticoagulant

potential of the surfaces in vitro. According to Fig. 7, the sam-
ples surface without heparin immobilization, including the blank
group of Ti and TiOH and the control group of TiOHPF, presented
no prolonged APTT, PT and TT values compared with plasma, which
indicated that the NaOH activation and Fn immobilization have no
influence on the clotting time. APTT was highly sensitive to heparin,

.co
m.cn
and it was found that the APTT value of TiOHPH samples was pro-
longed by almost 45 s compared with PPP (Fig. 7A), while TT value
prolonged about 4 s (Fig. 7B). Consistent with the AT III binding
result (Fig. 6), the APTT values with TiOHPHF and TiOHPHFV were

Fig. 6. Relative amount of AT III binding on different samples surface (mean ± SD,
N = 6, *p < 0.05 indicates significant difference compared with Ti and TiOH).
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ig. 7. Clotting time evaluation of different samples. (A) APTT result and (B) PT and
T result (mean ± SD, N = 6).

 bit lower than with the TiOHPH samples, but still exceeded the
lasma values by more than 30 s (Fig. 7A), confirming the favorable
nticoagulant property of the Hep/Fn/VEGF biofunctional coating.
owever, the heparinized surface seems has no significant influ-
nce on PT value (Fig. 7B), which may  be partly due to the sensitivity
f heparin to factor IXa was higher than IIa and XIa, though the exact
echanisms remain to be resolved.

.3.3. Platelet adhesion and activation
For blood contacting biomaterials, activation of platelets and

ggregate formation on materials surface may  directly lead to
hrombosis formation. Therefore, in vitro platelet adhesion and
ctivation were tested here to further evaluate the hemocom-
atibility of the biofunctional coating, and the results are shown

n Fig. 8. Fig. 8A shows the SEM images of platelets morphol-
gy on different sample surfaces. Obviously, large amounts of
latelets aggregated on the blank Ti and TiOH surfaces, displaying
endritic or spreading dendritic morphology as sign of high
ctivation. Immobilization of Fn only had no beneficial effect on
he hemocompatibility, but seemed to promote platelet adhesion,
s determined in the LDH assay (Fig. 8B), which was prepared for
emi-quantitative evaluation of the amount of adherent platelets.

www.sp
n the heparin modified surface, including TiOHPH, TiOHPHF
nd TiOHPHFV, the density of adherent platelets was significantly
ecreased, and the cells mainly presented a round shape (Fig. 8A),

ndicating minor activation and favorable hemocompatibility.
ience 320 (2014) 871–882 877

The result of LDH assay (Fig. 8B) further proved that the platelet
adhesion was  strongly reduced by the presence of heparin.

In  addition, the platelet activation marker p-selectin on the var-
ious surfaces was determined. According to Fig. 8C, consistent with
the SEM result, the heparin containing surfaces TiOHPH, TiOHPHF
and TiOHPHFV, presented adequately inhibited platelet activa-
tion compared with the blanks and the control group TiOHPF. In
total, the Hep/Fn/VEGF biofunctional coating presented a favorable
antithrombotic property concerning plasmatic and platelet activa-
tion.

3.4. Cellular compatibility of the Hep/Fn/VEGF biofunctional
coating

Endothelial progenitor cells (EPCs) are widely regarded to
an important role in vascular endothelium injury healing and
angiogenesis. Since the discovery of EPCs, the mechanism of
endothelialization has been redefined based on the synergy action
of ECs migration from the surrounding vascular tissue and EPCs
homing from the bone marrow. Therefore, EPCs and ECs prolif-
eration on the different samples was  measured by cell counting
and rhodamine 123 fluorescence staining to evaluate differences
of cytocompatibility after the biofunctional modification.

Fig. 9 shows the cells counting and proliferation ratio results
and fluorescence staining images of EPCs after incubation for 1
and 3 days. NaOH activation and isolated heparin immobilization
had negative effect on EPCs adhesion and proliferation compared
to bare Ti, which is mainly attributed to the high negatively
charged characteristic of the TiOH surface and heparin. However,
the immobilization of Fn improved EPCs adhesion and proliferation
compared with TiOH, and the adherent cell density was compara-
ble to that of Ti, as well as the cell projected area. On TiOHPHF
surface, both the adherent density and proliferation ratio of EPCs
were greatly increased in compared with TiOHPH and TiOHPF, this
was considered partly due to the interaction of heparin and Fn,
which may  contribute to maintain Fn in its bioactive conformation
and facilitate cellular adhesion and proliferation. In addition, VEGF
significantly promoted the adhesion and proliferation of EPCs in
compared with Ti (*p < 0.05), confirming a favorable cytocompati-
bility of the Hep/Fn/VEGF coating for EPCs.

The result of ECs proliferation on the different surfaces is shown
in Fig. 10. Similar to the EPCs growth tendency, the NaOH activa-
tion and heparin immobilization presented inhibitory effect on ECs
growth, but the combination of heparin and Fn showed beneficial
effect on ECs adhesion and proliferation. The existence of VEGF,
however, showed no significant effect on ECs growth at day 1. But
the cell density and proliferation ratio of ECs on TiOHPHFV sam-
ples at day 3 were significantly enhanced in compared with other
groups (*p < 0.05), and the adherent ECs presented the typical ellip-
tical shape (Fig. 10) on TiOHPHFV, indicating that the Hep/Fn/VEGF
coating could promote ECs spreading and proliferation.

4. Discussion

Implanted cardiovascular devices should inhibit thrombus for-
mation and promote re-endothelialization simultaneously. Up to
now, these requirements for the biocompatibility have been only
partly achieved, and it is an ongoing challenge to obtain the
ideal combination of surface chemistry and architecture to solve
this problem. Surface modification with single molecules always
lacks the ability for combined improvement of hemocompatibility

.co
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and re-endothelialization after biomedical implantation. There-
fore, a multifunctional microenvironment by combining specific
biomolecules appears necessary to mimic  the native microenvi-
ronment of the blood vessel wall. In the present study, heparin, Fn
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ig. 8. (A) SEM images of adherent platelets on different samples surface; (B) sem
-selectin  expression (mean ± SD, N = 6, *p < 0.05 means significant difference in co

nd VEGF were immobilized on Ti surface. Heparin is an impor-
ant anticoagulant which can strongly promote the AT III mediated
nhibition of coagulation [32], it also has favorable pharmacologic
ffects in preventing inflammation and intimal hyperplasia. Fn,
s an individual component of ECM, strongly promotes cell adhe-
ion and migration, via interaction with integrins �5�1 and �v�3,
hich are highly expressed on ECs and EPCs [37]. VEGF is another
idely used cytokine in endothelium regeneration and angiogen-

sis, which can significantly improve ECs proliferation, survival
nd migration, as well as induce EPCs mobilization and differen-
iation to ECs. This study takes advantage of the specific interaction
etween Hep and Fn, and between Hep and VEGF for the formation
f a Hep/Fn/VEGF biofunctional coating with the aim of promoting
emocompatibility and re-endothelialization simultaneously.

Fn  is a heparin binding protein, besides, in acidic PBS solution

www
pH 4), Fn is positively charged and heparin is negatively charged,
hich may  further facilitate the Hep/Fn complex formation. NaOH

ctivation of Ti generates a negatively charged hydroxyl-rich
urface, and thereby contributes to the electrostatic binding of
titative characterization of LDH release; (C) semi-quantitative characterization of
d with Ti and TiOH).

positively  charged PLL, which is amino-rich. Subsequently, the
Hep/Fn complexes can bind to the amino-rich surface by electro-
static interaction. VEGF is also loaded on the surface via utilizing
its specific interaction with heparin. The changes of the surface
chemical composition during the fabrication were confirmed by
XPS (Fig. 2), the presence of VEGF and Fn were further probed by
immunochemistry and immunofluorescence (Figs. 4 and 5B), and
heparin on the surface was verified using the electrostatic interac-
tion with the dye TBO (Fig. 5A). Using these techniques, it could be
confirmed that the biomolecules were successfully immobilized
on the Ti surface, and the anti-coagulant and endothelialization
stimulating property had to be analyzed.

4.1. Influence of the surface characters on the biocompatibility of
the  Hep/Fn/VEGF coating
4.1.1.  Influence of the surface hydrophilicity
Platelets and vascular cell attachment on a surface largely

depend on the presence of adsorbed proteins from culture medium,
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ig. 9. EPCs fluorescence staining and cell counting result on different sample surfa
mean ± SD, N = 6, *p < 0.05 means significant difference in compared with Ti and Ti

lood plasma or ECM components. The physical and chemical prop-
rties of the surface, such as chemical composition, hydrophilicity
nd topology, determine the composition and conformation of the
dsorbed protein layers with impact on hemocompatibility and cel-
ular behavior. Differences in surface hydrophilicity may  trigger
uantitative and qualitative variations in the absorbed proteins,
enerally, serum albumin is preferentially and strongly absorbed
n hydrophobic surfaces, but adhesive proteins, such as Fn and Vn,
re preferentially absorbed on hydrophilic surfaces [48]. As the cell
embranes are hydrophilic, a hydrophilic material surface is suit-

ble for cells adhesion and proliferation. However, very hydrophilic
urfaces do not allow protein adsorption and cell adhesion any
ore. Thereby, increasing surface hydrophilicity in adequate range
ay  be a way to direct platelets and vascular cells adhesion behav-

or. In this study, The NaOH activated surfaces was  very hydrophilic
nd may  contribute to preventing platelets adhesion and activation
Fig. 8), but also do harm to ECs and EPCs growth (Figs. 9 and 10).
his phenomenon was partly attributed to the low protein adsorp-
ion on super-hydrophilic surface, and thereby specific adhesion
igands should be introduced to selectively inhibit platelets adhe-
ion but has no harm to vascular cells growth.

.1.2. Influence of the surface roughness
Increasing the surface roughness also supports the adsorp-

ion of plasma proteins and thereby enhances the adhesion and
urvival of vascular cells. When cells contact with a material,

www.sp
ntracellular kinase of signaling pathways are activated by inter-
ct with adsorbed adhesive proteins, and thereby promoting cells
seudopodia extension, and finally adhering on the material sur-
ace after morphologic changes. It has been reported that a porous
he cell density at day 3 was normalized to day 1 to calculate the proliferation ratio

surface  structure can promote cells pseudopodia extension,
enhancing the force between the cell layers and material sur-
face [49]. Thus ECs can easily migrate and proliferate under the
physiological flow shear stress, accelerating in situ endothelializa-
tion. However, extra surface roughness usually means larger area
exposed to the platelets. Platelet adhesion and thrombogenesis
accelerate when the surface roughness exceeds 50 nm [50], and
a surface with micrometer-scale roughness induces more platelet
adhesion early after exposure to blood [51]. However, Chung
et al. [52] demonstrated that a surface roughness in the range of
10–100 nm also promotes ECs adhesion and proliferation. There-
fore, it can be concluded that a surface roughness up to 50 nm may
contribute to accelerated endothelium regeneration with reduced
platelet adhesion. In all, proper surface roughness may  promote
endothelialization but not trigger thrombus formation. According
to Table 2, the roughness of Hep/Fn/VEGF biofunctional coating
increased in the desired range below 50 nm compared with Ti,
which was  considered may  provide an adequate template for cell
adhesion and growth (Table 3).

4.2. Influence of the biomolecules

Heparin  is a glycosaminoglycan and presents the highest nega-
tive charge density of any known biological molecules, also known
to exhibit different or even totally opposite function on regulat-
ing vascular cells behaviors in different setup [53–55]. The over

.

dosage of heparin on cardiovascular devices may  delay endothe-
lium regeneration and raise the risk of late thrombotic events. In
contrast, Fn can strongly promote ECs adhesion, proliferation and
migration, and may compensate for the adverse effects of heparin to
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ig. 10. ECs fluorescence staining and cell counting result on different sample surfa
mean ± SD, N = 6, *p < 0.05 means significant difference in compared with Ti and Ti

Cs. However, Fn also stimulates platelet adhesion and aggregation
hrough their integrin aIIb�3 receptors [37]. Therefore the surface
inding density of heparin and Fn should be probably adjusted. We
reviously optimized the coating protocol for this aspect [38] and
pplied this also here. In addition, VEGF got introduced to further
romote the endothelialization of the modified surface. Although
EGF in the coating slightly decreased the AT III binding (Fig. 6)
nd clotting time (Fig. 7), number and activation degree of adherent
latelets on the Hep/Fn/VEGF coating was significantly decreased
ompared with Ti and TiOH samples (Fig. 8), indicating that the bio-
unctional coating provided an excellent anticoagulant property to
he Ti material.

Besides providing superior hemocompatibility, implanted car-
iovascular devices must facilitate rapid endothelialization. As
escribed, however, heparinized surfaces are always considered
o suppress ECs adhesion and proliferation due to insufficient cel-
ular binding sites and their high negative charge characteristic.
n this study, this is circumvented, because Fn and VEGF intro-
uce abundant binding sites for the interaction with ECs and EPCs.
ccording to Figs. 9 and 10, NaOH treated Ti inhibited ECs and

www.sp
PCs adhesion and proliferation, and the surface with only hep-
rin immobilized also did not show any beneficial effect on EPCs
nd ECs adhesion, but the cells present shrinkage morphology on

able 3
oughness of different samples surface determined by AFM.

Ti TiOH TiOHPH 

Sa (nm) 3.65 ± 0.27 38 ± 1.51 34.5 ± 0.56
Sq  (nm) 3.72 ± 0.63 41.2 ± 0.65 41.2 ± 0.65
he cell density at day 3 was normalized to day 1 to calculate the proliferation ratio

the TiOHPH surface. In contrast, the Hep/Fn immobilized surface
significantly promoted EPCs and ECs adhesion and proliferation,
and the introduction of VEGF further improved the growth pro-
file.

Fn as a promoting vascular cells adhesion biomacromolecule,
forms complexes with heparin by specific interaction with the
heparin binding sites. VEGF also has heparin binding sites for spe-
cific interaction with heparin. In the Hep/Fn/VEGF biofunctional
coating, heparin and Fn cross twisting with each other and VEGF
distributes irregularly in this Hep/Fn complex, achieving balance
by mutual competitive adsorption. Therefore, each biomolecule
is subject to steric hindrance from other biomolecules, which
may lead to shielding and consumption of some biological active
sites. However, obviously, despite shielding the molecules still
exhibit sufficient bioactivity for the desired blood compatibility.
The exposed heparin exhibits preferable hemocompatibility by
interaction with AT III (Fig. 8); Fn can significantly promote vascu-
lar cell adhesion and proliferation by its RGD cellular binding sites
(Figs. 9 and 10); and VEGF promotes EPCs and ECs adhesion and
proliferation (Figs. 9 and 10), contributing to re-endothelialization.

.

In total, the Hep/Fn/VEGF coating exhibits preferable hemocom-
patibility and capability for endothelialization, providing an EPC
homing microenvironment for in situ endothelialization.

TiOHPF TiOHPHF TiOHPHFV

 30 ± 0.98 31.9 ± 0.76 29.2 ± 2.45
 33.9 ± 1.09 33.8 ± 1.83 31 ± 4.68
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Proper combination of physicochemical and biological sur-
ace properties is necessary for improving the biocompatibility of
ardiovascular devices. This can be achieved by multifunctional
urface modification based on specific biomolecules. This study
akes advantage of the intermolecular interactions between the
iomolecules, heparin, Fn and VEGF for their immobilization on

 Ti surface. The bioactivity of different biomolecules was  well
etained and the biocompatibility of biofunctional coating was
roved excellent. Further investigation will focus on the biocom-
atibility evaluation of the Hep/Fn/VEGF biofunctional coating by

n vitro induced-endothelialization studies and in vivo animal
xperiments.

. Conclusion

The major challenge in the biocompatible design of stent
urfaces faced today is the conflict of hemocompatibility and
timulation of endothelialization at the same time. Some antico-
gulant molecules prevent re-endothelialization, whereas a few
ndothelialization promoting molecules deteriorate hemocompa-
ibility. In the present work, a multifunctional microenvironment
as constructed on Ti surface by heparin, fibronectin and VEGF to

upport induced endothelialization. XPS, toluidine blue O binding
nd immunochemistry results demonstrated that all biomolecules
ere immobilized successfully on an activated Ti surface, con-

tructing the Hep/Fn/VEGF biofunctional coating. The surface
oughness and water contact angle measurement stated that
he Hep/Fn/VEGF biofunctional coating was smoother and more
ydrophilic than the native Ti surface. In hemocompatibility
valuation, higher AT III binding density, prolonged APTT val-
es, less platelet activation and aggregation were exhibited on
he Hep/Fn/VEGF biofunctional coating compared with Ti. The
ep/Fn/VEGF biofunctional coating significantly promotes EPCs
nd ECs attachment, spreading and proliferation, maintaining
avorable biological activity. Besides, influence of the surface
haracters and biomolecules interaction on the Hep/Fn/VEGF bio-
ompatibility was analyzed in this work. It was demonstrated that
he suitable surface hydrophilicity and proper surface roughness
ere beneficial to promote anticoagulant and re-endothelial per-

ormance of biomaterials. The Hep/Fn/VEGF biofunctional coating
aintained favorable hemocompatibility and promoted the re-

ndothelialization simultaneously. This method can be extended
o other biomolecule immobilization on different biomateri-
ls to obtain diverse biofunction. It is possible to immobilize
iomolecules with different functions on an implant surface to
onstruct a biomimetic microenvironment by competing and bal-
ncing between biomolecules. Taking advantage of each molecule,

 desired functional microenvironment can be obtained. Therefore,
his work provides a promising approach to mimic  native biolog-
cal microenvironment for implantation devices to obtain desired
ong-term biocompatibility.
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