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ABSTRACT: To improve the blood compatibility and
endothelialization simultaneously and to ensure the long-
term effectiveness of the cardiovascular implants, we
developed a surface modification method, enabling the
coimmobilization of biomolecules to metal surfaces. In the
present study, a heparin and fibronectin mixture (Hep/Fn)
covalently immobilized on a titanium (Ti) substrate for
biocompatibility was investigated. Different systems [N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide and N-hy-
droxysuccinimide, electrostatic] were used for the forma-
tion of Hep/Fn layers. Atomic force microscopy (AFM)
showed that the roughness of the silanized Ti surface
decreased after the immobilization of Hep/Fn. Fourier transform infrared spectroscopy (FTIR), Toluidine Blue O (TBO) test,
and immunochemistry assay showed that Hep/Fn mixture was successfully immobilized on Ti surface. Blood compatibility tests
(hemolysis rate, APTT, platelet adhesion, fibrinogen conformational change) showed that the coimmobilized films of Hep/Fn
mixture reduced blood hemolysis rate, prolonged blood coagulation time, reduced platelets activation and aggregation, and induced
less fibrinogen conformational change compared with a bare Ti surface. Endothelial cell (EC) seeding showed more EC with better
morphology on pH 4 samples than on pH 7 and EDC/NHS samples, which showed rounded and aggregated cells. Systematic
evaluation showed that the pH 4 samples also had much better blood compatibility. All results suggest that the coimmobilized films
of Hep/Fn can confer excellent antithrombotic properties and with good endothelialization. We envisage that this method will
provide a potential and effective solution for the surface modification of cardiovascular implant materials.

’ INTRODUCTION

A truly biocompatible biomaterial should perform its function
without causing undue host response or resulting adverse clinical
reaction.1 As regards cardiovascular implants that contact blood
directly, such as pacemaker components, heart valves, and end-
ovascular stents,2 blood compatibility is the first consideration,
especially in the early stages after implantation. As an initial reac-
tion to an implanted biomaterials, the adsorption of plasma
proteins and the adhesion of platelets may induce thrombus
formation and implant failure. Endothelialization is another
consideration, particularly for long-term implantation. Implants
completely covered by endothelial cells (ECs) will not cause
thrombotic events and will perform their function for extended
periods. Late thrombosis with adverse clinical outcomes occurs
when stent endothelialisation is delayed or absent.3

Many efforts to enhance the biocompatibility of cardiovascular
biomaterials have been explored, including heat treatment,4 coa-
ting device materials with biocompatible films (such as DLC,5

Ti-O,6 and polymers7,8), and immobilizing biomolecules (hep-
arin,9 chitosan10). In addition, direct endothelial cell seeding and
endothelialization11 using biomolecules (tropoelastin,12 collagen,13

and RGD peptides14) is also considered a useful method for
improving biocompatibility, although the limited stability of
biomolecules in vivo is still a drawback to clinical translation.
Even though blood compatibility and endothelialization of im-
plants have been greatly improved, the previous studies have
shown that anticoagulation and endothelialization simultaneously
are contradictory processes. In general, when blood compatibility
is improved with anticoagulation molecules, the growth of EC
will be inhibited,15 whereas when the growth of EC is promoted
with extracelluarmatrixmolecules, blood compatibility declines.16,17

Therefore, most current studies focus only on one aspect of
biocompatibility: blood compatibility or endothelialization, and
few studies have investigated both aspects simultaneously.18,19

However, the development of biomaterials that can inhibit throm-
bus formation and accelerate endothelialization simultaneously
will inevitably have major significance for the long-term implan-
tation of biomedical devices.
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In this study, Ti plates were chosen as the substrates because
Ti and its alloy are widely used for cardiovascular implants.20 We
report on the surface modification of Ti using alkali activation
(NaOH) and silanization with γ-aminopropyltriethoxysilane
(APTE) for obtaining amino reactive groups, which can be used
to immobilize covalently biomolecules.21 There are many differ-
ent methods for the immobilization of biomolecules onto a
surface, for example, physical adsorption, encapsulation, entrap-
ment, and covalent binding. The advantages of covalent immo-
bilization are that immobilized biomolecules are not easily removed
by physical force (e.g., rinsing) and are robust enough to with-
stand in vivo exposure, although the bioactivity of the biomole-
cules may be influenced. To the best of our knowledge, bio-
materials covalently modified with different biomolecules can
retain the properties of the biomolecule used.22 The immobiliza-
tion of different biomolecules on biomaterial surfaces has been
proven to improve blood compatibility10 or to enhance cell attach-
ment and proliferation.23 Usually, the method for immobilizing
biomolecules consists of two steps: one biomolecule is first
immobilized, and then the second biomolecule is attached,22

but the bioactivity of the first immobilized biomolecule may be
influenced by the succeeding biomolecule immobilization pro-
cess. The simultaneous coimmobilization of different biomole-
cules could avoid this problem, especially because each biomolecule
has a chance to be exposed to target proteins or cells, although
this is rarely reported.24 Therefore, the coimmobilization of
anticoagulant and endothelialized biomolecules is postulated to
improve blood compatibility and accelerate endothelialization of
biomaterials simultaneously. Here two biomolecules, heparin
and fibronectin, were chosen as the components for simulta-
neous coimmobilization. Heparin is an important anticoagulant
clinically for minimizing thrombus formation on artificial sur-
faces25 and is capable of interacting with numerous proteins
associated with cell attachment (e.g., fibronectin, vitronectin)
and with proliferation.26 Heparin has an incontrovertible effect
on inhibiting thrombus formation by catalytically increasing the
binding rate of antithrombin III (ATIII) to thrombin.27 Covalent
immobilization of heparin and chitosan on PLA was shown to
reduce platelet adhesion and increase fibroblasts attachment.10

The effect of heparin immobilization on endothelial cell prolif-
eration is not consistent15,28 with inhibition or promotion.
Fibronectin (440 kD) is an extracellular matrix protein known
to promote cell attachment, spreading,29 differentiation,30 and
phagocytosis31 through its argininie-glycine-asparagine (RGD)
sequence. Fibronectin immobilized on silanized Ti surface was
found to enhance the attachment of fibroblasts.21 Fibronectin
can also participate in platelet adhesion and aggregation via
specific integrin receptors on the platelet membrane.32 However,
heparin and fibronectin can form complexes (Hep/Fn) under
physiological conditions by heparin binding to a site on the
fibronectin chain; this binding could combine individual biolo-
gical functions. The simultaneous coimmobilization of heparin
and fibronectin is thus anticipated to promote both anticoagulant
effect and endotheliazation. Two systems for the formation of
Hep/Fn were chosen: one was the N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide and N-hydroxysuccinimide (EDC/NHS)
cross-linking system. EDC/NHS can activate carboxyl acid
groups and promote their covalent binding to amino groups;
this has been proved to be noncytotoxic33 and biocompatible.34

The immobilization of heparin to EDC/NHS cross-linked collagen
was proved to improve in vivo blood compatibility by Wissink
et al.,35 but the influence of EDC/NHS on endothelialization was

not clear, although new, untried cross-linkers may also cause
problems. A complex of heparin and fibronectin is thus formed
by binding of the activated carboxyl groups on heparin to the
amino groups on fibronectin. Another approach is to use elec-
trostatic attraction, typically used for layer-by-layer assembly
(LbL). The deposition of heparin/chitosan by the LbL method
was shown to improve the biocompatibility of a coronary stent
system19 and also antibacterial properties.36 However, most bio-
molecules used in LbL are polysaccharides or polyelectolytes,
whereas few reports refer to ECM proteins, which would have
useful important roles in cell attachment and proliferation.
Relevant to our study is that heparin carries a net negative charges
even at very low pH, whereas the isoelectric point of fibronectin
is ∼5.5, and thus heparin and fibronectin form complexes
through electrostatic attraction at appropriate pH values. After
the formation of Hep/Fn, complexes were immobilized on
silanized Ti surfaces. The aim of this work was to develop a
ready to use surface on metallic or other inorganic substrates,
possessing both anticoagulation and endothelialization properties.

In the present work, we demonstrate the construction and
evaluation of coimmobilized Hep/Fn films on Ti substrate for
surface modification for blood-contacting devices. The modifica-
tion of the Ti substrate was characterized by AFM, FTIR, and
contact angle measurement, and the quantity of immobilized
heparin and fibronectin deposited was investigated by TBO and
immunochemistry, respectively, to determine if the coimmobi-
lization of the Hep/Fn mixture improved biocompatibility,
hemolysis rate, contact activation, and the deposition of blood
platelets; endothelial cells seeding and proliferation was also
studied. The effects of these coimmobilized Hep/Fn films on
the simultaneous improvement of the blood compatibility and
endothelialization are first investigated here in vitro, however, it
is anticipated that this Hep/Fn coatings will have potential for
improving the biocompatibility of clinical blood-contacting bio-
material devices.

’MATERIALS AND METHODS

Materials and Reagents. Ti substrates (10 � 10 mm) were
prepared using 99.5% pure Ti foils (Baoji, China). Ultrapure water
(>18.2 MΩ, Millipore Milli-Q system) was used in the experiments.
Phosphate buffer saline (PBS, 0.067 M, pH 7.3) was purchased from
Hyclone and adjusted to pH 4 with HCl. H2SO4 (1 M) in PBS was used
as a stop solution for immunochemistry assay. N-Hydroxy-2,5-dioxo-
pyrolidine-3-sulfonicacid sodium salt (NHS, 1mM, purity: >99%), 5 mM

Figure 1. Sketch map of the preparation of Hep/Fn coimmobilization
films on Ti substrate.
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1-ethyl-3-dimethylaminopropyl carbodiimide (EDC), γ-aminopropyl-
triethoxysilane (APTE), TBO, and acid orange 7 (AO) were purchased
from Sigma-Aldrich. Heparin from porcine intestinal mucosa and fibro-
nectin from humanwere purchased from Sigma-Aldrich.Mousemono-
clonal antihuman Fn RGD antibody, mouse polyclonal antihuman Fn
antibody, mousemonoclonal antihuman fibrinogen (FGN) γ chain anti-
body, horseradish peroxidase (HRP)-conjugated goat antimouse IgG
antibody and TMB (3,30,5,50-tetramethylbenzidene) for the ELISA tests
were purchased from BD Biosciences, San Jose, CA. Fluorescein isothi-
ocyanate (FITC)-labeled mouse polyclonal antihuman Fn antibody for
Fn staining and Alcian blue 8GX for Hep staining were purchased from
Sigma-Aldrich. An activated partial thromboplastin time (APTT) kit for
the anticoagulation properties test was purchased from Sunbio, China.
M199 culture medium and Alamar Blue reagent for EC culture and pro-
liferation test were purchased from BD Biosciences, San Jose, CA. The
actin staining reagent kit (SABC-FITC) for the EC cytoskeleton was
purchased from Boshide, China. All other reagents used in the experi-
ments were of the highest analytical purity (>99.9%).
Fabrication of Hep/Fn Coimmobilization films on Ti Sub-

strate. Figure 1 shows the fabrication process of Hep/Fn coimmobi-
lization films on Ti substrate. Ti foils were polished and ultrasonically
cleaned twice in acetone, ethanol, and deionized water (dH2O) for 5min
each and then were dried in an oven at 60 �C for 2 h before use. The
cleaned Ti plates were immersed in 2.5 M NaOH solution at 80 �C for
24 h and then thoroughly rinsed with dH2O and blown dry. This process
produced a very hydrophilic substrate, which was then silanized by
immersing into a 2% v/v solution of the APTE in 99.8% anhydrous
ethanol for 10 h to generate an amino surface, and this surface was
sonicated in ethanol for 5 min to remove the physisorbed molecules and
to obtain the silane monolayer. The silanized surfaces were then func-
tionalized by grafting the Hep/Fn mixture at 37 �C for 2 h and then
rinsed with PBS to remove the unattached Hep and Fn molecules. Here
5 mg/mL Hep and 100 μg/mL Fn in PBS were premixtured with the
volume ratio of 1:1 under different conditions before immobilization,
that is, pH 7 (control), pH 4, and with EDC/NHS cross-linking,
respectively. At pH 7, Hep can bind to the Hep binding site on Fn
chains by hydrophobic interaction or hydrogen bond formation. At pH
4, Hep can bind to Fn by electrostatic interactions because of the nega-
tive charge on Hep and the positive charge on Fn (pI(Fn) ≈ 5.5). For
EDC/NHS cross-linking, EDC and NHS were diluted in PBS (pH 7.3)
and used within half an hour. V(EDC/NHS)/V(Hep/Fn) used was1:10. Hep
here could bind to Fn by the interaction between activated carboxyl and
amino groups on the Fn. Samples with Hep/Fn mixtures on Ti are
denoted pH 7, pH 4, and EDC/NHS in the study. Ti substrate activated
by NaOH is denoted TiOH, the silanized TiOH surface by APTE was
denoted TiOHA, and the TiOHA surface immobilized with Hep/Fn
mixture was denoted TiOHAHF. Pristine Ti was used as the reference
(Table 1).
AFM. The surface topography and roughness of the treated samples

(prinstine Ti, TiOH, TiOHA, and TiOHA coimmobilized with Hep/Fn)
were investigated using a Nanowizard II AFM (JPK Instruments, Berlin,
Germany) in tappingmode. AFM test was performed at room temperature

in air at a scan rate of 0.5 Hz using Si cantilevers. Image analysis was
performed using the CSPM Imager software.
FTIR. FTIR can be used to identify pure compounds and any func-

tionalities present by the vibrational modes of specific chemical bonds in
the sample. The infrared absorption spectra of the pristine Ti and
TiOHA coimmobilized with Hep/Fn were obtained using a Fourier
transform infrared (FTIR, NICOLET 5700) spectrometer in diffuse
reflectance mode. For each spectrum obtained, a total of 64 scans were
accumulated at 4 cm-1 resolution. Scanning was conducted in the range
from 400 to 4000 cm-1.
The Acid Orange 7 (AO) Test. To determine the amine con-

centration of the surfaces, TiOHA sampleswere immersed in 500μmol/L
AO-HCl (pH3) solution dissolved in water in a 500 μL well. After
shaking for at least for 5 h at 37 �C, the samples were rinsed three times
with the pH 3 HCl solution. Then, the samples were immersed into pH
12 NaOH solution in a 500 μL well and shaken for 15 min at room
temperature to dissolve the adsorbed AO. Finally, 150 μL of desorbed
AO supernatant was added to a 96-well plate, and the optical density
(OD) was recordedwith amicroplate reader (μQuant, Biotek instruments)
at 485 nm. The AO concentration was parallel to the amine concentra-
tion on the samples.
Contact Angle Measurement. Static (sessile drop) water con-

tact angles (CAs) were determined with a contact angle apparatus (JY-
82, China). Samples were fixed to a glass slide, and a droplet of Milli-Q
water was added to the surface. The CA of each drop on the surface was
recorded using a horizontal microscope; the equilibration time of the
droplet was 3 s before the measurement. The mean value of the CA was
calculated from at least three individual measurements taken at different
locations on the examined samples.
Toluidine Blue O Assay. The amount of immobilized heparin on

samples was determined by a TBO assay, as described by Smith et al.37 In
brief, the samples immobilized with heparin were incubated in 5 mL of
a freshly prepared solution of 0.04 wt % TBO in aqueous 0.01 M HC1/
0.2 wt % NaC1. Then, the samples were gently shaken at 37 �C for 4 h
and rinsed twice with demineralized water; during this process, theHep/
TBO complex was formed on the sample surface. Following this, 5 mL of
a 4/1 (v/v) mixture of ethanol and aqueous 0.1 M NaOH was added,
and the Hep/TBO complex dissolved and was released into the fluid
phase. After complete dissolution of the complex, 200 μL of supernatant
was added to a 96-well plate, and the OD value was obtained with a
microplate reader at 530 nm. The OD value was used to calculate the
amount of immobilized heparin from a calibration curve.

The heparin calibration curve was prepared as follows: To a heparin
solution of known concentration, the same volume of a freshly prepared
TBO solution was added. The mixture was shaken at 37 �C for 4 h, and
Hep/TBO complex precipitated. Then, the mixture was centrifugated at
3500 rpm for 10 min. Subsequently, the precipitate was rinsed with
aqueous 0.01MHC1/0.2 wt %NaC1 and dissolved in 5mL of a 4/1 (v/v)
mixture of ethanol and aqueous 0.1 M NaOH. The OD value was
obtained with a microplate reader at 530 nm.
Alcian Blue 8GX Staining-Heparin Qualitative Character-

ization. Alcian Blue staining was used to view the immobilized heparin

Table 1. Explanation of the Samples

sample ID preparation of the samples

Ti pristine titanium

TiOH pristine Ti activated by NaOH

TiOHA TiOH silanized by APTE

TiOHAHF TiOHA immobilized with Hep/Fn mixture

pH 7 (TiOHAHF/pH 7) TiOHA immobilized with Hep/Fn that mixtured under physiological conditions

EDC/NHS (TiOHAHF/EDC/NHS) TiOHA immobilized with Hep/Fn that mixtured under EDC/NHS cross-linking conditions

pH 4 (TiOHAHF/pH 4) TiOHA immobilized with Hep/Fn that mixtured under electrostatic attraction conditions
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on the samples surface. Themethod reported elsewhere byWissink et al.35

was modified for our study. In brief, the samples were blocked with 1 wt
% BSA in PBS at 37 �C for 1 h and rinsed with PBS. Then, a solution of
Alcian Blue 8GX (2%w/v) in 3% acetic acid solution was added, and the
samples were stained at 37 �C for 30 min. After washing five times with
dH2O (totally 15 min), the samples were observed by optical micro-
scopy (Leica, Germany).
Immunochemistry Assay for the Quantity of Fn, the

Exposure of Fn-RGD Exposure and FGN γ Chain. The quantity
of bound Fn, the exposure of Fn-RGD exposure, and FGN γ chain on
sample surface were all determined by an indirect immunochemistry
method. In brief, the samples were first blocked with 1 wt % BSA in PBS
at 37 �C for 30 min. Subsequently, the mouse monoclonal antihuman
antibody (anti-Fn, Fn-RGD or FGN γ chain, diluted 1:250 in PBS) was
added and incubated at 37 �C for 1 h; then, the samples were thoroughly
rinsed three times with PBS. Thereafter, HRP conjugated goat anti-
mouse IgG antibody (diluted 1:100 in PBS) was added and incubated at
37 �C for another 1 h. The samples were washed three times again with
PBS. Furthermore, the 100 μL TMB solution was added on the sample
surfaces and reacted in dark for 10 min (blue color), and then 50 μL of 1
M H2SO4 was used to stop the peroxidase-catalyzed reaction (yellow
color). Finally, 130 μL supernatant was transferred to a 96-well plate,
and the absorbance at 450 nmwasmeasured on amicroplate reader. The
concentration of fibronectin and the degree of exposure of Fn-RGD or
FGN γ chain was obtained by comparison with the calibration curve. All
experiments were done in quadruplicate.
Fibronectin Qualitative Characterization. For the qualitative

characterization of bound Fn, FITC-labeled mouse polyclonal antihu-
man Fn antibody was used to stain the immobilized Fn on sample sur-
faces. The procedure used was introduced as follows: The samples were
first fixed with 2.5% glutaraldehyde in PBS at room temperature for 30
min and then blocked with 1 wt % BSA in PBS at 37 �C for 30 min.
Subsequently, the FITC-labeled mouse polyclonal antihuman Fn anti-
body (diluted 1:100 in PBS) was added and incubated at 37 �C for 1 h;
then, the samples were thoroughly rinsed five times with PBS. Finally,
samples were observed using a fluorescence microscope (Leica, Germany).
Hemolysis Rate Test. The samples were immersed in diluted

blood solution containing 2% fresh anticoagulated (ACD) human blood
and 98% physiological salt solution and incubated at 37 �C for 1 h. After
centrifugation at 3000 rpm for 5 min, the absorbance of the solution was
recorded as Dt. Under the same conditions, the solution containing 2%
ACD blood and 98% physiological salt solution was used as a negative
reference, and the solution containing 2% ACD blood and 98% distilled
water was used as a positive reference. These absorbances were recorded
as Dnc and Dpc, respectively. The hemolysis rate R of the samples was
calculated using the following formula

R ¼ Dt - Dnc

Dpc -Dnc
� 100

APTT. The anticoagulation property of the coimmobilized samples
was determined by means of an APTT assay. Fresh frozen human
platelet poor plasma (PPP) was thawed at 37 �C. PPP (500 μL) was
added to the samples and incubated at 37 �C for 15min. Then, 100 μL of
incubated PPP was transferred to a test tube and 100 μL APTT reagent
was added, followed by incubation at 37 �C for 3min. Subsequently, 100μL
of an aqueous 0.025 M CaC12 solution was added. The suspension was
stirred by a magnetic stirrer, and coagulation time was determined at
37 �C using a coagulation instrument (Hospitex Diagnostics, Italy).
Platelet Adhesion Test. A platelet adhesion test was used to

evaluate the adhesion behavior and activation of the platelets on the sam-
ples. Fresh human whole blood was taken from a healthy volunteer and
anticoagulated with 0.109M solution of sodium citrate at a dilution ratio
of 9:1 (blood/sodium citrate solution). Then platelet-rich plasma (PRP)
was obtained by centrifuging anticoagulated blood at 1500 rpm for 15 min

at room temperature. After that, the samples were immersed in 500μL of
PRP and incubated at 37 �C for 1 h. Subsequently, the samples were
rinsed thoroughly three times with PBS and fixed with 2.5% glutaralde-
hyde for 2 h. Then, the samples were then observed using SEM. Also,
optical microscopy was used to image nine randomly chosen fields to
obtain a statistical assessment of the quantity of adhered platelets.
Microscopy of Platelets by SEM. The surface morphology of

the adhered platelets was examined using an environmental SEM (FEI
Philips XL 30, Amsterdam, The Netherlands). The vacuum pressure for
observation was 1 � 10-5. All samples were successively dehydrated at
increasing alcohol concentrations (50, 75, 90, and 100%; Valcohol/
Vdemineralized water), dealcoholized at increasing isoamyl acetate (50, 75,
90, and 100%;Visoamyl acetate/Valcohol), and dried using aCO2 critical point
drier (CPD030, Balzers) and coated with 10 nm of gold before taking
images. Images at differentmagnifications were collected for each sample.
Conformational change of the Exposure γ Chain of Fibri-

nogen (FGN). Exposure of the γ chain on FGN could lead to binding
on the GPIIb/IIIa receptor on the platelet membrane and further cause
the platelets aggregation. The exposure of the FGN γ chain was detected
by immunochemistry, as previously described.
EC Culture. ECs derived from human umbilical vein were isolated

and cultured by the following method. A human umbilical cord was
cannulated and washed thoroughly with PBS to remove the blood inside
the lumen; then, 0.1% type II collagenase (Gibco BRL) in medium 199
was introduced and incubated at 37 �C for 10 min. The detached cells
were washed in serum-free medium and collected in complete M199
containing 20% fetal calf serum (FCS, Gibco BRL), 50 μg/mL ECGF
(Sigma), 100 μg/mL heparin, 20 mmol/L HEPES, 2 mmol/L L-glu, 100
U/mL penicillin, and 100 μg/mL streptomycin. The suspended cells
were then seeded in a single-use culture flask and incubated at 37 �C in a
humidified atmosphere containing 95% air and 5% CO2. Replicated
cultures were performed by being trypsinized with trypsin in PBS buffer
when cells approached confluence. Cells were fed with fresh prepared
growth medium every 48 h. The third generation of EC was used to
evaluate the proliferation behavior on samples.

Ti, TiOH, and TiOHA samples were sterilized in a steam autoclave at
120 �C for 2 h prior to EC culture experiments, and Hep/Fn mixtures
were filtered and added to the TiOHA samples prior to EC culture
experiments. Subsequently, all sterilized samples were placed in a 24-
well culture plate, and 1 mL of EC suspension was added. The con-
centration of EC used for seeding was 7 � 104 cells/mL.
Alamar Blue Assay. EC proliferation was investigated by Alamar

Blue assay after 1, 3, and 5 days of incubation, respectively. The medium
was removed, and the samples were washed twice with PBS. Subse-
quently, fresh medium (without phenol red) containing Alamar Blue
reagent was added to each sample and incubated at 37 �C for 3 h under
standard culture conditions. Afterward, 200 μL of the blue solutions was
transferred to a 96-well plate. The absorbance was measured at 570 and
600 nm by a microplate reader. All proliferation experiments were per-
formed in quadruple.
Morphology of EC. To study the extent of cell spreading and

cytoskeleton formation of EC on samples, we performed immunofluor-
escence staining of actin using SABC-FITC kit. ECs were seeded on the
samples with the concentration of 7 � 104 cells/mL and incubated at
37 �C for 3 and 5 days, respectively. Then, all samples were washed with
PBS, fixed with 2.5% glutaraldehyde for 2 h at room temperature,
blocked in 1% BSA for 30 min, permeabilized in 0.1% Triton X-100
solution for 15 min, and then washed twice with PBS. Subsequently, the
samples were incubated with a rabbit mAb antihuman actin antibody
(diluted 1:100 in PBS) at 37 �C for 1 h and rinsed three times with PBS.
Thereafter, the samples were incubated with a biotinylated goat anti-
rabbit IgG antibody (diluted 1:100 in PBS) at 37 �C for 1 h and rinsed
three times with PBS. After that, the samples were incubated with SABC-
FITC (diluted 1:100 in PBS) at 37 �C for 1 h and rinsed five times with
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PBS. Finally, the samples were mounted in an aqueous medium with
antifading agents and photographed using a fluorescence microscopy.
Conformational Change of Fn: Exposure of RGD Peptides.

The conformational change of Fn, with exposure of RGD peptides (Fn
III9-10), could allow binding to the integrin receptor on the EC
membrane and further promote their attachment. Such exposure of
RGD peptides was detected by immunochemistry method, as previously
described.
Data Analysis. The data were analyzed with software SPSS 11.5

(Chicago, IL). Statistical evaluation of the data was performed using
a Student’s paired t test. The probability (P) values P<0.05 were
considered to be statistically significant. The results were expressed as
mean ( SD.

’RESULTS

AFM and FTIR. Commonly, activation by NaOH causes
roughening of the Ti surface, and the grafting of short chain
alkyl, that is, APTE, further increases the surface roughness. The
morphological change of the surface can be observed by AFM
(Figure 2). Here different geometric features are demonstrated:
the surface of the control Ti (Figure 2a) appears as almost uni-
formly flat with an average roughness (Ra) of 3.2 nm and becomes

corrugated with short peaks and a roughness of 23 nm after etching
by NaOH (Figure 2b). Then, a much rougher (36.9 nm) surface
with higher peaks is obtained after grafting with APTE (Figure 2c),
indicating the presence of APTE on the TiOH surface. The
increased roughness might be caused by the cross-linking of APTE.

Figure 2. AFM of: (a) pristine Ti, (b) TiOH, (c) TiOHA, and (d) TiOHAHF.

Figure 3. FTIR spectra of: (a) pristine Ti, (b) TiOH, (c) TiOHA, and
(d) TiOHAHF.
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However, the surface roughness of theHep/Fn immobilized surface
was reduced to 31.2 nm (Figure 2d), which could be due either
to the filling of surface fits by heparin and fibronectin molecules or
to the cross-linking caused by the binding of Hep/Fn mixture to
APTE; however, this indicates the presence of heparin and fibro-
nectin on the TiOHA surface. All of the NaOH activated, APTE
grafted, and biomolecule-immobilized surfaces appeared to be
uniform on larger scans of 10 � 10 μm but nonhomogeneous at
the submicrometer range. No morphological differences were
observed between the samples of pH 7, pH 4 and EDC/NHS.
FTIR analysis, shown in Figure 3, indicates the presence of

specific functional groups on the grafted surface. Compared with
the original Ti surface (Figure 3a), the TiOH surface (Figure 3b)
shows a new peak at 3400 cm-1, which approximates to the -
OH group. The APTE grafted surface (Figure 3c) shows new
peaks at 2900 cm-1 corresponding to -CH2 and -CH3,
indicating an APTE derived surface. A reduced -OH peak was
observed compared with TiOH surface because of the reaction
between the -OH groups on substrate and those on APTE.
However, the-NH2 peak at 3200 cm

-1 is not readily seen with
FTIR and could not be found in the spectrum. The Hep/Fn-
immobilized Ti surface (Figure 3d) shows a substantial amount
of hydroxyl and amide groups, as indicated by the -OH
and CdO stretching vibrations (3400-3200 and 1650 cm-1,
respectively). The peaks in 1650 cm-1 also appeared, and there
was no any intensity change on TiOH and TiOHA, which could
be ascribed to the residual water during the sample preparation,
whereas the intensity of this peak increased on TiOHAHF. These
findings indicate the presence of Hep/Fn on the Ti surface.
However, it is difficult to distinguish the two biomolecules because
of the overlapping carboxyl stretching vibrations (1715-1650 cm-1)

on heparin and the amide groups (1650 cm-1) on the fibronectin.
No significant difference was observed among the samples of
pH 7, EDC/NHS, and pH 4, and only a representative FITR
spectrum of TiOHAHF is shown.
Determination of Amine Concentration by the AO test.

Quantitative results for amine concentrations on the surfaces
were obtained using the AO test, shown in Figure 4. Compared
with the Ti and TiOH surfaces, TiOHA showed a significantly
higher (p < 0.05) amino concentration of >65 nmol/cm2. Note
that there were also more amino groups of >60 nmol/cm2 on
TiOH than on Ti, which could be ascribed to the physical
adsorption of AO to the rough surface of TiOH.
Contact Angle. The contact angle for water was measured as

a function of Ti substrate processing (Table 2). Compared with
Ti, water contact angles dramatically decreased to ∼0�after
etching with NaOH, then increased to 26.5 ( 3.6�after silaniza-
tion by APTE, indicating that the TiOHA surfaces were more
hydrophobic than TiOH surfaces. The contact angles of all Hep/
Fn coimmobilized samples increased in the order of: pH 7 <
EDC/NHS < pH 4. In comparison, all of the Hep/Fn coimmo-
bilized samples were more hydrophilic than the TiOHA surface.
Quantitative and Qualitative Characterization of Heparin.

The amount of heparin immobilized was determined by the TBO
method at room temperature. Figure 5 shows the amount of
bonded heparin on the sample of pH 7, pH 4, and EDC/NHS. It
is clear that the binding of heparin on the foregoing samples was
significantly greater than that on the Ti and TiOHA surfaces (p <
0.05), whereas no significant difference was shown between the
samples of pH7, pH4, and EDC/NHS,with at least 7 to 8μg/cm2

of heparin immobilized on these samples.
Alcian Blue is a cationic dye and can be used for selective staining

of glycosaminoglycans. Light microscopy images of Alcian-Blue-
stained Hep/Fn films of pH 7, pH 4, and EDC/NHS (Figure 6)
demonstrate homogeneous staining through the entire surface,
in contrast with the unstained surface of TiOHA using the same
procedure. The results also indicate that heparin was successfully
immobilized on the samples. No obvious difference was observed
on the samples, which corresponded well with the TBO results.
Quantitative and Qualitative Characterization of Fibro-

nectin. Figure 7 shows the surface concentration of Fn on dif-
ferent samples determined by immunochemistry. Compared with
the pristine Ti and TiOHA samples, a significantly higher (p < 0.05)

Figure 4. Surface amine concentration of pristine Ti, TiOH, and
TiOHA (*p < 0.05 compared with TiOH and Ti, mean ( SD, N = 4).

Table 2. Contact Angles of Water As a Function of Process of
Ti Substratea

sample contact angle (deg)

Ti 58.35 ( 0.95

TiOH 0.2 ( 0.03

TiOHA 28.45 ( 3.09

pH 7 6 ( 2.08b

EDC/NHS 15.33 ( 2.08b

pH 4 21 ( 2.26b

aWater contact angle indicated the TiOHAHF surface was hydrophilic.
b p < 0.05 compared with TiOHA, mean ( SD, N = 4.

Figure 5. Quantitative characterization of heparin: determination of
immobilized heparin on samples of pH 7, pH 4, and EDC/NHS by TBO
test, pristine Ti, and TiOHA were used as reference (**p < 0.05
compared with Ti and TiOHA; *p > 0.05 among different Hep/Fn-
immobilized samples; mean ( SD, N = 4).
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concentration of fibronectin was obtained on the surface of pH 7,
pH 4, and EDC/NHS. However, no significant difference (p >
0.05) in fibronectin adsorption was observed between the sam-
ples of pH 7, pH 4, and EDC/NHS, indicating equivalent
immobilization of fibronectin on these samples.
FITC-labeled antihuman fibronectin antibody was used to

stain fibronectin immobilized on the samples. Fluorescence-
microscopic images of the stained Hep/Fn films on pH 7, pH 4,
and EDC/NHS are depicted in Figure 8. It can be seen that there

are fibronectin clusters with green color, in contrast with the
TiOHA surface, which shows no staining using the same
procedure. The results indicate that fibronectin was successfully
immobilized on the samples. Nevertheless, no obvious difference
was observed on the samples of pH 7, pH 4, and EDC/NHS,
which was consistent with the results for fibronectin quantitation.
Hemolysis Rate. Hemolysis rate is an important parameter

for the characterization of blood compatibility. The lower the
hemolysis rate, the better the blood compatibility. Figure 9 shows
the hemolysis rates of the Ti and Hep/Fn-immobilized surfaces.
It can be seen that the hemolysis rates of the Hep/Fn-immobi-
lized samples are significantly lower than that of Ti (p < 0.05).
The hemolysis rate of Ti was ∼1.5%, whereas it was <0.5% for
the Hep/Fn-immobilized samples, which is well below the
accepted threshold value of 5%, implying good blood compat-
ibility of Hep/Fn-immobilized surfaces. Other parameters can
give some further information on blood compatibility.
APTT. The APTT test was performed to evaluate the antic-

oagulation activities of the samples. APTT corresponds to the intrin-
sic pathway of the blood-clotting system. APTT values for the
samples of pH 7, pH 4, and EDC/NHS are shown in Figure 10. Ti
and plasmawere used as control and reference samples, respectively.
It was found that the APTT values of all samples immobilized with
Hep/Fn mixture were significantly prolonged compared with Ti
and plasma (p < 0.05). The APTT values of all samples increased in
the order: Ti < plasma< pH7=EDC/NHS<pH4. In addition, pH
4 had a significantly longer (p < 0.05) APTT value (∼120 s)
compared with the samples of pH 7 and EDC/NHS (∼80 s),
indicating better anticoagulation properties. No obvious difference
was observed between the samples of pH 7 and EDC/NHS.

Figure 6. Qualitative characterization of heparin: light microscopic images of Alcian-Blue-stained heparin sections of immobilized Hep/Fn on Ti
surface: (a) TiOHA, (b) pH 7, (c) EDC/NHS, and (d) pH 4 (original magnification: 20�).

Figure 7. Quantitative characterization of fibronectin: determination of
immobilized fibronectin on samples of pH 7, pH 4, and EDC/NHS by
immunochemistry; pristine Ti and TiOHAwere used as reference (**p <
0.05 compared with Ti and TiOHA; *p > 0.05 among different Hep/Fn
immobilized samples; mean ( SD, N = 4).
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Amount and Morphology of Adherent Platelets. The in
vitro platelet adhesion test is used to investigate the blood
compatibility of biomaterials. To study adhesion of platelets on
different samples, we collected at least nine sight fields with the
size of 5� 5 μm under a light microscope and counted adherent
platelets for statistical analysis. The quantity of platelets on all
samples after contact with PRP for 1 h is presented in Figure 11A.
The data show that Ti facilitated a much higher level of platelet
adhesion compared with samples of pH 7, pH 4, and EDC/NHS
(p < 0.05). The quantity of adhered platelets on all the samples
decreased in the order: Ti > pH 7 > EDC/NHS > pH 4. All Hep/
Fn-immobilized samples showed two to three times fewer
platelets compared with Ti. The sample of pH 4 displayed the
smallest amount of adhered platelets, which was about three

times less than the Ti. This was in agreement with the anti-
coagulation properties from the APTT results.
SEM images were used to evaluate the adhesion and morphol-

ogy of platelets on various sample surfaces after incubation in
PRP for 1 h. The representative typical images of platelets adhe-
sion behavior on these surfaces are depicted in Figure 11B.
Platelets adhered markedly on Ti with marked shape change
(spreading) and pseudopod formation. However, platelet adhe-
sion on Hep/Fn-immobilized surfaces was significantly reduced,
and platelets maintained their round shapes with no formation of
pseudopods (pH 7, EDC/NHS, and pH 4). No obvious shape

Figure 8. Qualitative characterization of fibronectin: fluorescence microscopic images of immunostained fibronectin sections of immobilized Hep/Fn
on Ti surface: (a) TiOHA, (b) pH 7, (c) EDC/NHS, and (d) pH 4. Original magnification: 200�.

Figure 9. Hemolysis rate of the pristine Ti and Hep/Fn-immobilized
samples (*p < 0.05 compared with Ti; mean ( SD, N = 4). Figure 10. APTT values of Hep/Fn-immobilized surfaces: pH 7, pH 4,

and EDC/NHS. The pristine Ti and plasma were used as reference (*p <
0.05 compared with Ti and plasma; **p < 0.05 compared with pH 7 and
EDC/NHS samples; mean ( SD, N = 4).
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difference of platelets on Hep/Fn-immobilized surfaces was ob-
served, indicating that Hep/Fn-immobilized surfaces could not
cause platelet activation.
Conformational Change of Fibrinogen γ Chain Exposure.

The conformational change in fibrinogen, that is, exposure of γ

chain (HHLGGAKQAGDV at γ 400-411),38 plays a critical
role in platelet activation and aggregation. Resting platelets
interact with immobilized but not soluble fibrinogen. Fibrinogen
is folded in plasma and no γ chain is exposed but is unfolded or
conformationally changed when adsorbed on implants and the γ
chain exposed. The exposure of γ chain promotes fibrinogen
binding to the GPIIb/IIIa integrin receptor on the platelet
membrane and causes further adhesion and aggregation of plate-
lets.39 Therefore, fibrinogen conformational changes measured
by the immunochemistry method could reveal the tendency to
thrombosis. The conformational changes determined for all sam-
ples are shown in Figure 12. Samples of pH 7, EDC/NHS, and
pH 4 show significantly smaller absorbance compared with Ti
(p < 0.05). The results indicate that fibrinogens adsorbed on Ti
surfaces underwent larger conformational changes than those on
Hep/Fn-immobilized samples, suggesting a good blood compat-
ibility of Hep/Fn-immobilized samples.
Proliferation and Morphology of EC. To detect the attach-

ment and proliferation of endothelial cells on Hep/Fn-immobi-
lized samples, ECs from human umbilical vein were seeded on
the surface of different samples. After incubation for 1, 3, and 5
days, the quantity of EC was detected by the Alamar Blue test.
Figure 13A shows the amount and proliferation of EC on the
surface of Ti and on the surface immobilized with the Hep/Fn
mixture. It can be seen that after culturing for 24 h, there is a
higher EC count on the Hep/Fn-immobilized surfaces than on
pristine Ti. The sample of pH 4 displayed larger amounts of EC
than all other samples (P < 0.05). After culturing for 3 and 5 days,
ECs on pH 4 and EDC/NHS surfaces proliferated faster than
those on pristine Ti and pH 7 surfaces, whereas EC on pH 7
surface proliferated slower than those on pristine Ti surface. In
addition, no obvious difference was observed between the sam-
ples of pH 4 and EDC/NHS on EC proliferation (P > 0.05),
except for the 1 day culture. The results demonstrated that Hep/
Fn-immobilized samples, pH 4 and EDC/NHS, could promote
endothelial cell attachment and proliferation. This, however,
depended on the different mixing conditions of heparin and
fibronectin.
The proliferation and cytoskeletal arrangement of EC could be

detected by immunofluorescence staining for actin expression.
Figure 13B depicts the cytoskeleton of EC on different samples
after incubation for 1, 3, and 5 days, respectively. The EC seeded
on all samples exhibits elliptical, spherical, or polygonal mor-
phology; aggregation only appears on the surface of EDC/NHS.

Figure 11. (A) Amount and (B) representative typical SEM photo-
graphs of platelets on pristine Ti, pH 7, EDC/NHS, and pH 4. The
amount was obtained by counting adherent platelets under a light
microscope (**p < 0.05 compared with Ti; mean ( SD, N = 9).

Figure 12. Conformational change of fibrinogen on different samples:
pH 7, EDC/NHS, and pH 4. Ti was used as control (*p < 0.05 compared
with Ti; mean ( SD, N = 4).
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The sample of pH 4 showed more EC attachment than the other
samples on the first day. EC cultured on the surfaces of EDC/
NHS and pH 4 displayed greater proliferation than those cul-
tured on the surfaces of Ti and pH 7 by the third day. An increase
in the amount of EC for all samples on the fifth day was observed.
Compared with the 40% surface coverage on the third day, >70%
of the surface of Ti was covered by EC by the fifth day. However,
almost all of the surface of pH 4 was covered by EC with elliptic
and cobblestone morphology by the fifth day, indicating an
obvious cytoskeleton organization and proliferation on the sur-
face of pH 4. EC on the samples of pH 7 and EDC/NHS also
exhibited proliferation with rounded or congregated morphology,

which appeared different from their normal shape. These results
show that the spreading and proliferation of ECs on the sample of
pH 4 was enhanced. The sample of pH 4 thus performed better
for endothelialization than others.
RGDExposure of Fibronectin. To explore the mechanism of

EC attachment and proliferation on Ti and the surface immobi-
lized with Hep/Fn, we determined the exposure of RGD peptides
on fibronectin using immunochemistry. The exposure of RGD
peptides on fibronectin plays an important role in EC adhesion.
RGD peptides can bind to the R5β1 integrin receptor on the EC
membrane and promote the attachment and spreading of EC. The
exposure of RGD peptides on all samples is shown in Figure 14.

Figure 13. Amount and morphology of EC proliferation on pristine Ti and Hep/Fn-immobilized samples after incubation for 1, 3, and 5 days,
respectively. (A) Alamar Blue test, *P < 0.05 compared with Ti, pH 7, and EDC/NHS; **P > 0.05 compared to EDC/NHS;mean( SD,N = 4. (B) Actin
staining of EC skeleton organization, error bar = 25 μm.www.sp
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It can be clearly seen that RGDpeptide exposure on theHep/Fn-
immobilized surface is significantly higher than those on pristine
Ti surface (p < 0.05). Additionally, the sample of pH 4 displays a
significantly higher RGD exposure than the sample of pH 7 and
EDC/NHS (p < 0.05), suggesting better endothelialization of
pH 4 sample than pH 7 and EDC/NHS. The result is consistent
with the Alamar Blue and cytoskeleton staining results.

’DISCUSSION

The results presented in this study consistently demonstrated
that covalent coimmobilization of Hep/Fn mixture can simulta-
neously improve blood compatibility and endothelialization of
biomaterials, which would be of potentially great significance for
long-term implantation of biomedical devices in the human body.

It is known that biocompatibility is the most important aspect
of biomaterials implanted in the human body. Therefore, it is
necessary to improve the biocompatibility of biomaterials using
different methods, including physical and chemical modification
and biomolecule immobilization. In this study, we used two bio-
molecules, heparin and fibronectin, which have the properties of
anticoagulation and promotion of endothelial cell attachment,
respectively, to construct a Hep/Fn coimmobilized surface for
obtaining a good biocompatibility surface. The activated Ti surfaces
(TiOH) and the Hep/Fn-immobilized surfaces (TiOHAHF)
exhibited high hydrophilicity, whereas the APTE grafted surfaces
(TiOHA) showed hydrophobicity; this could be ascribed to the
hydrophilic groups on the surfaces of TiOH and TiOHAHF,
such as hydroxyl groups, carboxyl groups, and so on, and the
hydrophobic groups on the surfaces of TiOHA, such as methy-
lene groups. The treatment of Ti in different stages gave rise to
the different surface morphologies, from the smooth Ti surface to
rough TiOH and TiOHA surfaces. Etching by NaOH created a
rough Ti surface, and the grafting of the short chain alkyl of
APTE further increased surface roughness. APTE can form a
monolayer or a multilayer (polymerization) on the surface depend-
ing on the concentrations used.40 The monolayer APTE could
expose more amino groups than the multilayer, which could
assist in the binding of carboxyl groups on biomolecules. APTE
with higher concentrations in ethanol (>5%) may more readily
form polymerized layers.40 In our study, APTE at a concentration
of 2% in ethanol was used; moreover, after grafting of APTE,
the samples were sonicated in ethanol for 5 min to rinse the
physisorbed APTE to achieve monolayer APTE adsorption.40

However, the roughness of the TiOHA surfaces became less after
the immobilization of Hep/Fn mixture, and these results may be
caused by the filling of heparin and fibronectin molecules or by
the cross-linking caused by the binding of Hep/Fn mixture to
APTE. All NaOH activated, APTE grafted and biomolecule-
immobilized surfaces appeared to be uniform on larger scans of
10 � 10 μm but nonhomogeneous at the submicrometer range.
Nomorphology differences were observed among the samples of
pH 7, pH 4, and EDC/NHS.

We speculate from the above that heparin and fibronectin were
coimmobilized on the surface. The quantitative (TBO, immuno-
chemistry) and qualitative (FTIR, Alcian Blue, and immuno-
staining) characterization of heparin and fibronectin confirmed
this possibility. Moreover, we found that after using electrostatic
attraction (pH 4), heparin and fibronectin showed lower im-
mobilization than that by EDC cross-linking (EDC/NHS) and
pH 7 recognition. One reason may be that fibronectin had the
heparin binding site at the fraction of FNIII12-14.

41 The inter-
action between heparin and fibronectin is mainly referable to
hydrogen bonding and hydrophobic effects at physiological pH,
and this would deplete carboxyl groups for heparin and fibro-
nectin immobilization on the TiOHA surface. Another possible
reason is the wettability difference because a hydrophilic surface
may have a high affinity for heparin and fibronectin adsorption.
Additionally, the different conditions that were used to combine
heparin and fibronectin may have played an important role, with
a further effect on the immobilization amount. Although the amount
of heparin and fibronectin on the sample of pH 4 was not as great
as that on the samples of pH 7 and EDC/NHS, it appeared enough
for biological function, anticoagulation, and the promotion of
endothelialization in the present study, in comparison with the
studies by Toworfe et al.42

The effect of heparin immobilization on Ti surface blood
compatibility depends on both the extent of contact activation
induced by the coimmobilized mixture and the anticoagulant
properties of the biomodified bulk material. Ti per se could cause
the contact activation of blood system and shorten the intrinsic
clotting time.43 However, the contact activation was markedly
inhibited by the coimmobilized Hep/Fn mixture, indicated espe-
cially by the APTT and platelet adhesion tests. Platelet adhesion
and aggregation is linked to fibrinogen; this protein is made up of
three globular units connected by two rods. Each fibrinogen
molecule has a dodecapeptide at the carboxyl terminus of the γ
chain (HHLGGAKQAGDV at γ400-411).

38 The dodecapeptide
binds to the platelet integrin GPIIb/IIIa and was shown to be the
most important site for mediating platelet adhesion and aggre-
gation.39 The samples immobilized with Hep/Fn mixture ap-
peared to cause less conformational change of fibrinogen than
the control Ti, which could be linked to platelet adhesion out-
comes. Also, more recent results have demonstrated that the
conformational alteration of fibrinogen is also higher after adsorp-
tion on hydrophobic surfaces than on hydrophilic surfaces.44 The
hydrophobic Ti surface showed the highest number of adherent
platelets, and these adherent platelets were in a highly activated
state. In contrast, the more hydrophilic Hep/Fn-immobilized
surfaces showed a small number of adherent and activated plate-
lets. Nevertheless, for all samples immobilized with Hep/Fn, the
results of the conformational change of fibrinogen were not con-
sistent with the results of the contact angles. This may be because
processes other than wettability, such as the surface physiochem-
ical change, may also influence this process.

Figure 14. Exposure of RGD peptides on different samples determined
by immunochemistry method. Ti was used as control (*p < 0.05
compared with pH 7 and EDC/NHS samples; **p < 0.05 compared
with Ti; mean ( SD, N = 4).
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Additionally, it was interesting to note that the sample of pH 4
displayed the longest APTT value and the lowest quantity of
platelets, indicating better blood compatibility than the other
samples, that is, pH 7 and EDC/NHS, although the quantity of
heparin immobilized on this sample was not the highest. It
appears that the anticoagulation properties of heparin are not
altered or influenced when heparin combines with fibronectin by
electrostatic attraction, although the quantity immobilized is
affected. Immobilized heparin on a material surface was reported
to inactivate factor XIIa in the presence of ATIII,45 whereas
fibronectin is an adhesion molecule for the binding site of the
platelet facilitating platelet adhesion.46 From the results of blood
compatibility, we tentatively put forward the hypothesis that the
anticoagulant property of heparin is not influenced by fibronec-
tin, whereas the coagulation induction properties of fibronectin
are inhibited by the heparin. A possible mechanism for this is that
the binding of heparin to fibronectin interferes with its con-
formational change and that some binding sites for platelets are
inhibited. However, this needs further study.

As would be expected, a large amount of the immobilized
fibronectin would increase the attachment of endothelial cells
because of the cell-binding domains in the protein structure.
However, the quantity of endothelial cells did not correlate well
with the fibronectin quantity on the samples of pH 7, EDC/
NHS, and pH 4. It is hypothesized that the conformational
change of fibronectin and exposure of the cell-binding domains
might be more influenced when heparin and fibronectin are
combined at the physiological pH 7, therefore affecting the
attachment of endothelial cells, whereas the exposure of cell-
binding domains was less affected under conditions of pH 4 and
EDC/NHS. A parallel experiment to detect the exposure of cell-
binding domains, that is, RGD peptides, using immunochemistry
method confirmed this hypothesis. Fibronectin immobilized on
the surface of pH 4 showed significantly higher exposure of RGD
peptides compared with that on the surface of pH 7 and EDC/
NHS (p < 0.05). This suggests that the cell-binding activity of
fibronectin would not be reduced when heparin and fibronectin
are combined by electrostatic attraction, whereas cell-binding
activity of fibronectin on Hep/Fn films is reduced when heparin
and fibronectin combine under physiologic conditions and when
there is cross-linked combination, indirectly seen in the EC 1 day
culture.

Cell spreading and shape, which are related to surface wetting,47

topography,48-50 and physicochemistry properties,51-54 are
important modulators of cellular function. It was observed in
the present study that endothelial cells on the surface of Ti and
on pH 4 showed flattening and their plasmamembrane spread on
the substratum, whereas on the surface of pH 7 and EDC/NHS,
endothelial cells still showed a rounded morphology, character-
istic of initial attachment after culturing on the biomaterial
surface, and aggregation. The shape of a cell is closely related
to cells function. Normally, an endothelial cell in a vein wall has a
spindle or oval shape, presenting a better biological function, and
proliferation only occurs for cells that are spread out. The rounded
endothelial cells or aggregates would inhibit their proliferation
and biological function and may even show apoptosis.50,55 Also,
the topography of all surfaces here are equivalent and could be
excluded as a variable, so we speculate that the physicochemical
properties, linked to the immobilized biomolecules, dominated
cells behavior. Notably, cell spreading was greatly enhanced on
the surface of pH 4 from 1, 3, to 5 days. The combination of
heparin and fibronectin by electrostatic attraction under pH 4

appears to play a crucial role in this cell effect. However, it is
notable that after EDC/NHS cross-linking, heparin and fibro-
nectin cause the endothelial cells clustering, and cell structure
was also different from that on other samples. Interestingly, our
results are not consistent with the study by Wissink et al.,56 who
found a large degree of endothelial cell proliferation using EDC/
NHS cross-linked collagen on polyethylene terephthalate (PET)
substrate. It is not clear why cross-linking of heparin and fibro-
nectin causes the congregation of endothelial cells. Possibly, the
cross-linking effect of EDC/NHS on various biomolecules is
different, and the different substrates and the cross-linking methods
may also lead to the differences of cell proliferation, which needs
further study.

Short-term good blood compatibility (1 h) and endotheliali-
zation (5 days) have been simultaneously obtained by coimmo-
bilizing Hep/Fn mixture on Ti surface under static conditions;
although the mechanism underlying this is still not clear, simul-
taneous immobilization of different types of biomolecules is
recommended. Further studies are required to evaluate the stability
and bioactivity of coimmobilized Hep/Fn mixtures under flow
conditions and to evaluate interaction mechanism between sub-
strate-immobilized biomolecules and platelets/endothelial cells.

’CONCLUSIONS

Heparin and fibronectin could be readily coimmobilized on
silanized Ti surfaces and their bioactivities retained. Co-immo-
bilization of heparin and fibronectin gave favorable blood
compatibility and endothelialization, simultaneously. The com-
bination of heparin and fibronectin by electrostatic attraction
gave much better bioactivity and biocompatibility than under
physiological conditions and using the EDC/NHS cross-linking
system. This method can be extended to other biomolecules
immobilized on different biomaterials or tissue engineering
grafts. To conclude, the present surface biomodification technol-
ogy may offer a potential improvement for implanted cardiovas-
cular devices.
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