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Abstract A composite TiO,/Ta,Os nano-film has been
formed on the NiTi shape memory alloy by Ta implanta-
tion. The wettability, protein adsorption, platelets adhesion
and hemolysis tests are conducted to evaluate the hemo-
compatibility. The contact angle measurements showed
that the surface of the NiTi alloy kept hydrophilic before
and after Ta implantation, although the water contact angle
increased with the increasing of implantation current. Both
of the surface energy and the interfacial tension decreased
after Ta implantation. The protein adsorption behavior was
investigated by '*I isotope labeling. The fibrinogen
adsorption was enhanced by a high surface roughness or a
large interfacial tension, while the albumin adsorption was
insensitive to the surface modification. Platelet adhesion
and activation were weakened and the hemolysis rate was
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reduced at least 46% after Ta implantation due to the
decreased surface energy and improved corrosion resis-
tance ability, respectively.

1 Introduction

The conventional metals or alloys used in stent construc-
tion are stainless steel, CoCr alloys, tantalum and Nitinol
(NiTi). NiTi alloys are superior materials candidates in the
application of self-expanding stents, owing to their unique
shape memory properties and excellent corrosion resis-
tance [1-3]. However, these alloys are questioned about
their hemocompatibility as the blood-contacting materials.
Comparing with the other conventional stent materials,
stainless steel and cp-Ti, NiTi alloy was reported to sig-
nificantly reduce thrombogenicity [4, 5] but increased
platelets adhesion [6, 7]. Apparently, the application of
NiTi alloys in blood contacting implants requires better
hemocompatibility. As most of blood-biomaterials inter-
actions take place at the surface of the implant, surface
modification of NiTi alloys to improve hemocompatibility
has become the focus of the research.

A broad spectrum of surface modification methods has
shown great potential for improving the hemocompatibility
of NiTi alloy. Plasma based ion implantation was used to
deposit diamond-like carbon (DLC) films on NiTi alloys,
and the DLC coated NiTi alloy showed lower amount of
platelets adhered and no tendency of platelets aggregation
compared with that of non-treated NiTi alloy [8]. Oxidation
treatment (oxidized at 400°C and 3 x 1072 mbar for 2 h
30 min) created a Ni-free surface, enhanced the hydro-
philic character of NiTi alloy and increased the amount of
fibronectin and albumin adsorbed [9]. Cathodic electro-
phoretic deposition of chitosan-heparin films on NiTi alloy
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was reported to bind much greater antithrombin, suggesting
improved hemocompatibility as well [10]. Ion implantation
is another versatile strategy [11] which modifies the surface
of NiTi without altering the shape memory and pseudo-
elastic properties of bulk alloys. Ion implantation of C [12],
O [13] or Mo + C [14] into NiTi alloy was reported to
modify the surface morphology, chemical composition and
to increase oxide layer thickness. All those modified sur-
face characteristics would in turn influence the cell
behavior on NiTi alloy. For instance, the adhesion and
proliferation of osteoblasts were enhanced on C or O
implanted NiTi, owing to the suppressed Ni surface con-
centration [12, 13]. Prolonged dynamic clotting time and
decreased hemolysis, indicating a better hemocompatibility,
were reported on Mo 4 C ion implantation modified NiTi
alloy [14].

Our group attempted to modify NiTi using metal ions Ta
implantation for its excellent corrosion resistance and
biocompatibility properties. We have demonstrated that a
TiO,-Ta,05 composite surface layer formed on NiTi alloy
after Ta implantation [15, 16]. This layer of TiO,—Ta,05
was proved to improve the corrosion resistance of NiTi
alloy and favor the adhesion and proliferation of both
smooth muscle cell and osteoblasts [17]. However, the
hemocompatibility of NiTi modified by Ta implantation is
yet a question. The relation between the surface charac-
teristics and the hemocompatilibty of biomaterials is not
well understood [18]. Hence, in the present work, the he-
mocompatibility of Ta-implanted NiTi was investigated in
the aspects of protein adsorption, platelets adhesion and
hemolysis. The observations were further discussed based
on the surface characteristic analysis of the wettability,
surface energy, interfacial tension, surface roughness and
surface chemistry.

2 Materials and methods
2.1 Specimens preparation

NiTi alloy plate with 50.6 at% Ni (Beijing GEE Technol-
ogy & Trade Company, China) was cut into samples of
8 x 8x1 mm>. The specimens were sealed in vacuum
quartz ampoules that were then annealed at 873 K for
30 min followed by water quenching. The NiTi alloy is in
the austenite phase at room temperature (298 K) because of
its lower martensitic transformation temperatures as seen in
Ref. [15]. The NiTi plates then underwent progressive wet
grinding with 280-2,000 grits SiC emery papers, polished
to a mirror surface texture with diamond paste (3.5 um
finish), and cleaned ultrasonically with acetone, anhydrous
ethanol and distilled water for 10 min in each prior to
implantation. The Ta implantation process was carried out
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Table 1 Implantation parameters

Sample NiTi 1 mA 2 mA 4 mA
NiTi NiTi NiTi

Ion current (mA) 0 1 2 4

Dose (x 10'7 ions/cm?) 0 1.0 1.0 1.0

Base pressure (Pa) 0 I1x107* 1x107* 1x107*

Bias voltage (kV) 0 —45 —45 —45

using metal vapor vacuum arc plasma source (MEVVA
100). The implantation parameters are displayed in
Table 1, which are identical with those in Ref. [16]. Before
ion implantation, samples were sputtered with energetic
argon ions at —5 kV to remove any residual surface con-
taminants. The implanted target material was pure Ta
(99.99%; General Research Institute for Nonferrous Met-
als, China). All of the samples were cleaned ultrasonically
again after Ta implantation.

2.2 Contact angles

Contact angles were measured using the liquid drop
method on a contact angle goniometer (HARKE, China) at
298 K. Two different liquids were used to carry out the
measurements: ultrapure water and glycol. A 5 pl droplet
of the liquid was dropped on the surface of the sample, and
an image of the droplet was captured immediately after
stabilization and every 5 s. The profile of the droplet was
automatically fitted and analyzed with the software sup-
plied by the manufacturer. At least three samples were
measured in each group, and two different points were
chosen on each sample. The final values were given as the
means + SD.

2.3 Surface energy and interfacial tension calculation

Surface energy can be determined by contact angle. The
values of the polar and dispersive components of ultrapure
water and glycol are shown in Table 2. The surface free
energies (SFE) of the samples were calculated using the
Owens and Wendt model, which gives the long-range
dispersion (Lifshitz—van der Waals) (yd) and the short-
range polar (hydrogen bonding) (y°) components of surface
free energy [20]. For this method, the spreading pressure

Table 2 Values of the polar, y, and dispersive, vd, components of
the surface energy of ultrapure water and glycol [19]

Liquid Dispersive component Polar component
(", mJ/m?) (4", mJ/m?)

Ultrapure water 21.8 51.0

Glycol 29.3 19.0
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was not taken into account for the SFE values are lower
than 60 mJ/m?” [21] in the present study. Both polar, y*, and
dispersive, 7%, components of the SFE of each sample
surface can be obtained according to the following
equations:

y.(1+cos 0) = 2(())21))?)1/2 + (ﬁq/g)l/z) (1)

where y; and yg are related to the liquid surface energy and
solid surface energy, respectively.

Interfacial tension can be obtained using the yP and yg of
the SFE. The values of the surface tension of blood com-
ponents are shown in Table 3. The interfacial tension
between the surface of the sample and blood components
can be calculated from the formula (2):

hoe = [08)P=(0) T+ [0 -0 @

where 74, is the interface tension between solid and blood
components; 7p, and yJ. are the polar and dispersion sur-
face tension of blood components, respectively.

2.4 Protein adsorption

Two different proteins were used for the adsorption assay:
fibrinogen (Calbiochem) and human serum albumin (HSA;
Sigma). Proteins were labeled with '*°I (Isotope company of
China, Beijing) using the iodine monochloride (ICI) method
[22]. Unincorporated 1251 was separated from the labeled
protein by passing through AG-1-X4 resin column (Bio-Rad
Laboratories, Hercules, CA). The concentration of 1251
fibrinogen was determined spectrophotometrically by mea-
suring the absorption at 280 nm using an ultraviolet spec-
trophotometer (GBC Cintra 10e; Australia). This solution
was stored at 203 K and used within the next 2 weeks.

All of the samples were ultrasonically cleaned with
acetone, anhydrous ethanol and distilled water for 10 min,
respectively, prior to test. For studies of protein adsorption
from buffer, labeled and unlabeled proteins (1:19, labeled:
unlabeled) were mixed at a total concentration of 1 mg/ml.
Each of the untreated and Ta modified NiTi samples was
placed into wells of 48-well tissue culture plate and 500 pl
TBS was added separately for 2 h to achieve equilibrium.
Then the samples were incubated with proteins in buffer

Table 3 Surface tension of blood components [19]

Blood Dispersive Polar Surface
components component component energy
(%, mJ/m?) (4P, mJ/m?) (y, mJ/m2)
Blood 11.2 36.3 475
Fibrinogen 24.7 40.3 65.0
Albumin 314 33.6 65.0

for 2 h at 298 K. After the incubation process, the samples
were rinsed three times, 10 min each with TBS, wicked
onto filter paper, and transferred to clean tubes for radio-
activity determination by gamma counter (Perkin—Elmer
Life Sciences, USA). The radioactivity was converted to
adsorbed protein amount. The results expressed were
obtained by taking into account the instrument background
and expressed as microgram per square centimeter (pg/cm?).
Two independent experiments were performed to ensure
reproducibility of the results.

2.5 Blood platelet adhesion test

In vitro platelet adhesion test was performed, utilizing fresh
human blood, to evaluate the thrombosis resistant property
of the untreated and modified NiTi alloys. ACD, a kind of
anticoagulant including citrate acid and citrate sodium and
dextrose, was added into the fresh human blood with a
blood to ACD ratio of 10:1. The solution was centrifuged at
200xg for 10 min to get platelet-rich plasma (PRP).
Untreated and modified NiTi alloys (three parallel samples
for each) were put into a 24-well tissue culture plate, and
0.5 ml aliquot of the PRP was added to each well. After
incubation at 310 K for 1 h, the samples were taken out
from the wells and rinsed with phosphate-buffered solution
(PBS) for three times to get rid of the loosely adsorbed
platelets. The samples were then soaked in 2.5% glutaral-
dehyde at room temperature for 1 h to fix the adhered
platelets. After washing with PBS, the platelets were sub-
sequently dehydrated in 30, 50, 70, 90 and 100% ethanol
for twice at each step and 15 min per time. Then the
samples were allowed to dry naturally, and coated with thin
films of gold in order to observe the distribution and
morphology of the adhered platelets. To count the platelets
number, ten different areas were chosen and platelets were
counted by plugins of Image J software (developed by the
National Institutes of Health) [23].

2.6 Hemolysis

8 ml fresh anticoagulant human being blood (10:1,
blood:ACD) was diluted with 10 ml 0.9% saline. Each test
sample was immersed into 10 ml saline and incubated at
310 K for 30 min. Afterwards, 0.2 ml diluted blood was
added into the saline, mixed uniformly and maintained for
another 60 min. After incubation, the suspension was
centrifuged at 2,500 rpm for 5 min. The absorbance of the
supernatant solution was measured by a UV-visible spec-
trophotometer (GBC Cintra 10e, Australia) at wavelength
of 545 nm. A mixture of blood and deionized water was
used as the positive control and a mixture of blood and
saline was used as the negative control. The hemolysis rate
was calculated from the formula (3):

@ Springer



2314

J Mater Sci: Mater Med (2011) 22:2311-2318

A(%) = (Dt - Dnc)/(Dpc - Dnc) (3)

Where A represents hemolysis rate; Dy, D, and Dy, mean
the adsorbance of the samples, the negative control and the
positive control respectively. The hemolysis rate for each
sample was mean values of three measurements.

2.7 Data analysis

Three different specimens (N = 3) were used in each study
and statistical evaluation of the data was performed using
Student’s ¢ test. The probability (P) values of less than 0.05
(P < 0.05) were considered to be statistically significant
differences.

3 Results and discussion
3.1 Contact angle and surface energy

Water contact angles and surface energies of the untreated
and Ta-implanted NiTi samples are shown in Fig. 1. The
water contact angle of the untreated NiTi sample was
53.9°. For 1 mA NiTi, the water contact angle was 54.1°,
which is very close to that of the untreated NiTi. With the
increase of incident current from 1 to 4 mA, the water
contact angle of the Ta-implanted NiTi samples increased
significantly from 54.1° to 64.0°. With the similar trend,
the total surface energy of 1 mA NiTi sample did not alter
effectively. However, with the increase of current from
1 mA to 4 mA, the total surface energy of Ta-implanted
NiTi sample became lower than that of the untreated NiTi
sample. The polar component of surface energy 7° and
dispersive component of surface energy v were measured
as 45.0 and 4.1 mJ/m? for the untreated NiTi sample,
respectively. The (P decreased significantly after Ta
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Fig. 1 Water contact angle and surface energy of the untreated and
Ta-implanted NiTi samples (*P < 0.05, mean + SD, N = 3)
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implantation at 2 and 4 mA, in contrast with yd. The P
accounted for the larger part in surface energy for all the
samples and the ratio of yP/y decreased with the increasing
incident current from 0.92 of the untreated NiTi to 0.62 of
4 mA NiTi sample, respectively.

The results of water contact angle measurement and
surface energy calculation indicated that NiTi became less
hydrophilic after Ta implantation, but was still below the
theoretical limit of 65° between hydrophilic and hydro-
phobic characters [24]. It is believed that the increase of
relative hydrophobicity for the Ta-implanted NiTi with the
increasing implantation current originated from the
decrease of yP/y. The polar component attracts the electric
dipoles of water leading to minimum interfacial energy and
lower water contact angle [25]. Palmaz [26] showed that
metals may cause thrombogenicity due to its high surface
free energy. And Chen [18] has demonstrated that lower
surface energy enhanced hemocompatibility of Ti (Ta™>)
O, thin films. Therefore, the decrease of surface energy of
Ta-implanted NiTi observed in this study may be an
advantage for the improvement of anti-thrombus ability.

3.2 Interfacial tension

The interfacial tension (y4,.) values between the untreated
and Ta-implanted NiTi sample surfaces with water, blood,
fibrinogen and albumin are listed in Table 4. In comparison
to interfacial tension values of untreated NiTi alloy, each
interfacial tension value of the Ta implanted NiTi alloy
was reduced in spite of the type of biological substance.
Among all the Ta-implanted NiTi samples, the 2 mA NiTi
sample exhibited the lowest interfacial tension value in the
case of water, blood and fibrinogen.

It is known that high interfacial tension could enable
proteins to anchor and adhere strongly onto surface [27],
leading to the denaturation of adsorbed protein and the
initiation of further coagulation cascade. For instance, it
has been proved that titanium oxide films had better he-
mocompatibility due to its lower interfacial tension
comparing with the low temperature isotropic pyrolytic
carbon (LTIC) [19]. The interfacial tension of the
Ta-implanted NiTi with biological substances was lower

Table 4 Interfacial tension (yg.) between the untreated and
Ta-implanted NiTi sample surfaces with biological substances

Biological NiTi 1 mANiTi 2 mA NiTi 4 mA NiTi
substances

Water 7.5 57 43 5.9

Blood 27 13 0.2 1.4
Fibrinogen 94 69 32 3.6
Albumin 145 112 5.0 43
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than that of the untreated NiTi sample as seen in Table 4.
Thus, it is conceivable that the lower interfacial tension of
the Ta-implanted NiTi could be beneficial for less protein
adsorption and distortion, and hence could improve the
hemocompatibility.

3.3 Protein adsorption

The amount of proteins (fibrinogen and albumin) adsorbed
on the untreated and Ta-implanted NiTi and the roughness
of each sample are presented in Fig. 2. The fibrinogen
adsorption on the untreated NiTi was significantly higher
than that on 1 and 4 mA Ta-implanted NiTi, but was
similar to that on 2 mA NiTi. For albumin adsorption, the
three Ta-implanted NiTi did not show any statistically
significant difference comparing with untreated NiTi. It
was also found that the fibrinogen adsorption was higher
than the albumin adsorption regardless of substrate surface
condition, which is consistent with the finding of Cai et al.
[27]. It is also worth noting that the surface roughness was
altered due to Ta implantation and its maximum was
13.89 nm observed on the 2 mA NiTi [16].

Interaction between a biomaterial and blood starts with
the adsorption of plasma proteins onto material surface
within a few seconds leading to the formation of a protein
adsorption layer (10-20 nm). The category and quantity of
proteins that are firstly adsorbed on the surface will influ-
ence the subsequent coagulation process. Adsorption of
fibrinogen is believed to induce thrombus formation by
directly participating in the coagulation cascade or through
promoting platelet adhesion and activation, while adsorp-
tion of albumin may prolong the coagulation time by
decreasing adhesion and activation of platelet. Thus, for
better hemocompatibility, the surface of a biomaterial
needs to absorb more albumin rather than fibrinogen. As
shown in Fig. 2, the fibrinogen absorbed on NiTi was
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Fig. 2 The amount of adsorbed proteins (fibrinogen and albumin)
and the surface roughness of the untreated and Ta-implanted NiTi
samples (*P < 0.05, mean & SD, N = 3). The data of the surface
roughness is cited from Ref. [16]

obviously reduced after Ta implantation except for the
2 mA NiTi. We believe that both of the roughness and
interfacial tension contributed to the fibrinogen absorption
behavior in Fig. 2. A higher roughness led to more
fibrinogen adsorption as seen in Fig. 2, which was partly
supported by the fact that the amount of fibrinogen
adsorption on tantalum films was increased with the
increasing roughness from 2 to 32.9 nm [28]. Simulta-
neously, a lower fibrinogen-surface interfacial tension
tended to absorb less fibrinogen on the surface. No con-
siderable difference can be found among all the samples for
albumin adsorption. This may be because that the albumin
adsorption on NiTi alloy is essentially insensitive to the
surface roughness and interfacial tension as can be seen in
the NiTi [29] and the oxygen-implanted NiTi [30].

3.4 Blood platelet adhesion

The SEM morphologies of the platelets adhered on the sur-
face of the untreated and Ta-implanted NiTi samples after
1 h incubation are shown in Fig. 3. It is seen from Fig. 3a
that the platelets on the surface of untreated NiTi sample
were activated seriously with pseudopodia spread on the
surface. Most of the platelets were spread dendritic (SD)
shapes and some were in fully spread shapes (FS) [31],
suggesting serious propensity for thrombosis. For the
Ta-implanted NiTi samples, most of the platelets were
slightly activated with dendritic (D) shapes, as shown in
Fig. 3b, ¢, d. In addition, no obvious accumulations of
platelets were observed on all the samples. The statistical
results of the platelet adhesion after 1 h incubation are esti-
mated in Fig. 4. It was found that untreated NiTi sample had
the largest amount of platelets, while the 4 mA NiTi sample had
the least platelet number. The platelet number on Ta-implanted
NiTi decreased with the increasing of incident current.
Platelet adhesion and activation onto the surface of bio-
materials, which have been linked to the formation of
thrombogenicity, are the most essential characteristics in
determining the hemocompatibility [25]. It has been indi-
cated that the platelet activation was the result of differences
in surface chemistry [7]. As our results have shown, TiO,—
Ta,05 composite surface layer on Ta-implanted NiTi has an
advantage over the TiO, surface layer on the untreated NiTi
in platelet adhesion and activation. This is supported by the
study of Timothy [32] that the untreated NiTi was proved to
be thrombogenic despite its hydrophilic surface. Further-
more, the platelet number on the Ta-implanted NiTi
decreased with the increasing of incident current as seen in
Fig. 4. This was attributed to the surface energy rather than
the surface roughness, since the nano-scale surface rough-
ness was too small to influence the platelet with 3 pm in
diameter in their resting state [33]. Comparing Fig. 1 with 4,
a positive correlation was established between the number
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Fig. 3 Morphologies of
adherent platelets on the surface
of a NiTi, b 1 mA NiTj, ¢ 2 mA
NiTi and d 4 mA NiTi samples
after 1 h incubation in PRP
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Fig. 4 The number of platelets adhered on the untreated and
Ta-implanted NiTi samples in contact with PRP for 1 h (*P < 0.05,
mean + SD, N = 3). The average number and standard deviation of
adherent platelets on the modified NiTi substrate are displayed as
those on the control substrate (100%)

of platelets adhered and the surface energy (or y°/y) of the
Ta-implanted NiTi. Therefore, it is concluded that a lower
surface energy (or yP/y) was beneficial to the hemocom-
patibility, which was consistent with the study on Ti
(Ta™)0, thin films [18].
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3.5 Hemolysis

The hemolysis rates of the untreated and Ta-implanted
NiTi samples are listed in Table 5. The hemolysis rate of
the untreated NiTi was 0.681, which was comparable to the
value of 0.4306 reported in literature [14], however, the
hemolysis rate was decreased by at least 46% after Ta
implantation. A lower hemolysis rate indicated less
hemolysis occurring on the surface. Hence, we could
conclude that Ta implantation improved the hemolysis
resistance of NiTi surface. In addition, the hemolysis rates
of all the NiTi samples reported in this study was in the
range of 0.26-0.68%, which was much less than the
hemolytic level of 5%, indicating that none of the samples
had significant hemolytic effect.

Hemolysis in contact with biomaterials or their extrac-
tion products is a significant screening method used in
hematology. The breakdown of erythrocytes directly
impairs the ability of the circulatory system to transport
oxygen to the body’s tissues. As shown in Table 5, the Ta-
implanted NiTi samples performed better than the
untreated NiTi on hemolysis. The hemolysis rate of 1 mA
NiTi and 2 mA NiTi samples is 0.268 and 0.262, respec-
tively, which are slightly lower than that of C-implanted
NiTi (0.2871) [14]. It appeared that the reason for the

Table 5 Hemolysis rate of untreated and Ta-implanted NiTi sample surfaces

NiTi 1 mA NiTi

2 mA NiTi 4 mA NiTi

Hemolysis rate (%) 0.681 £ 0.001

0.268 & 0.002

0.262 £ 0.001 0.366 & 0.003
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improved hemolytic behavior of Ta-implanted NiTi could
be ascribed to the improvement of the corrosion resistance
after Ta implantation [15, 16], which decreased the con-
centration of dissolved toxic substance and thus reduced
the damage to erythrocyte. In addition, semiconducting
behavior of Ti(Ta™)0, oxide layer with optical bandgap
of 3.2 eV [18], which is n-type semiconductor in nature,
helps to prevent proteins on the material surface from
denaturing by preventing charge transfer from protein into
the material, which is correlated with the formation of
thrombus on an artificial material [34].

4 Conclusions

A composite TiO,/Ta;O5 nano-film has been formed on the
NiTi shape memory alloy by Ta implantation. The results
showed that the surface of the NiTi alloy was hydrophilic
and the water contact angle increases with the increasing of
implantation current. Both of the surface energy and the
interfacial tension decreased after Ta implantation. A high
surface roughness or a large interfacial tension was bene-
ficial to the fibrinogen adsorption, but no difference was
displayed for the albumin adsorption among different
samples. Platelet adhesion and activation were weakened
and the hemolysis rate was decreased by at least 46% after
Ta implantation due to the decreased surface energy and
improved corrosion resistance ability, respectively. Ta
implantation technique is an effective method to improve
the hemocompatibility of NiTi biomedical alloys.
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