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In vitro biocompatibility of titanium-nickel alloy with titanium oxide film by
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Abstract: Titanium oxide film with a graded interface to NiTi matrix was synthesized in situ on NiTi shape memory alloy(SMA) by
oxidation in H,O, solution. /n vitro studies including contact angle measurement, hemolysis, MTT cytotoxicity and cell morphology
tests were employed to investigate the biocompatibility of the H,O,-oxidized NiTi SMAs with this titanium oxide film. The results
reveal that wettability, blood compatibility and fibroblasts compatibility of NiTi SMA are improved by the coating of titanium oxide

film through H,O, oxidation treatment.
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1 Introduction

Nickel-titanium alloy (NiTi) is a metallic
biomaterial known for its unique properties such as
shape memory effect, super-clasticity and corrosion
resistance. It is a promising material for surgical implants
in orthopedics[1-2]. However, the large amount of nickel

element in NiTi alloy is considered to be of great concern.

For long term implantation, the nickel ions can be
leached from the bulk and can induce hypersensitive
reactions and tissue necrosis[3].

Since the leaching out of nickel ions may cause
toxic reactions between implant and tissues inside the
human body, we aim at producing barrier layer to impede
the out-leaching of nickel ions. Titanium oxide coatings
on NiTi shape memory alloy(SMA) that can be obtained
by many methods are thought to be a useful way to
suppress nickel ions out-leaching[4—7]. WU et al[8]
found that titania film can be prepared on titanium by
oxidation in H,O, solution. Further studies showed that
both in vitro and in vivo biocompatibility of titanium

were improved[9—11]. In our previous study, we have
successfully prepared the titania film on NiTi SMA with
H,0, oxidation treatment[12]. The aim of present
investigation is to characterize in vitro biocompatibility
of the H,0,-oxidized NiTi SMA with this titanium oxide
film.

2 Experimental

2.1 Sample preparation and surface analysis

A commercially available NiTi (50.8% Ni, molar
fraction) SMA plate for medical applications was cut into
small rectangular blocks (10 mm X 10 mm X1 mm). All
samples were ultrasonically cleaned in acetone and
deionized water for 10 min respectively, and then
chemically polished to remove native surface oxides for
10 min in Kroll’s reagent (a mixture of 2 mL
hydrofluoric acid (HF, 40%), 4 mL nitric acid (HNOs,
66%) and 994 mL deionized water). The samples were
subsequently ultrasonically washed in acetone for 10 min
and in deionized water for 10 min. They were divided
into five groups. The first group was used as control
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(denoted as chemically-polished samples). The second
and the third one were further oxidized in the aqueous
solutions containing 10% H,0, at 60 ‘C and 100 C,
respectively. The last two groups were oxidized in
aqueous solutions containing 30% H,0, at 60 C and
100 C, respectively. Each group consisted of samples
oxidized for 1, 2, 5, 12 and 24 h, respectively. All
oxidized samples were ultrasonically rinsed with
deionized water for 10 min (denoted as 10% H,O,-
oxidized samples and 30% H,0,-oxidized samples,
respectively).

In order to remove surface contamination by
carbon-containing or water molecules absorbed from the
environment, a surface layer about 10 nm in thickness of
the sample was firstly cleaned by sputtering with Ar’ ion
beam. Then the depth profiles were determined by X-ray
photoelectron spectroscopy using a VG Scientific
ESCALAB 5 spectrometer with monochromatic Al K,
(1 486.6 eV) X-ray radiation. The thickness of oxide film
on the sample was estimated based on sputtering rates
calculated from a SiO, reference under similar
conditions.

2.2 In vitro studies

Contact angles were measured using liquid drop
method by a face contact angle goniometer (JC2000B,
China). A 10 pL droplet of deionized water was dripped
on the sample surface. Then the contact angle between
the drop and the substrate was measured.

In hemolysis test, 8 mL blood was freshly collected
from a rabbit and then diluted with 10 mL 0.9% saline.
Each sample was put into a test tube with 10 mL saline
and incubated at 37 ‘C for 30 min. Then 0.2 mL diluted
blood was added into each test tube and the incubation
continued for another 60 min. After incubation, the
suspension was centrifuged at 2 500 r/min for 5 min. The
absorbance of the supernatant fluid was measured by a
spectrophotometer (UV240, China). The positive control
was blood/deionized water mixture and the negative
control was blood/saline mixture. The hemolysis ratio
(Ry) was calculated according to the following formula:

D, —D
R, =— 1 %100% 1
H D D 0 ( )

p n

where D, D, and D, are the absorbances of the
treatment group, the negative control group and the
positive control group, respectively.

Fibroblasts 1929 were used to investigate the
cytocompatibility of the H,O,-oxidized and chemically-
polished NiTi samples. The cells were cultured in
Dulbecco’s  minimum  essential ~ media(DMEM)
supplemented with 15% (volume fraction) fetal calf
serum (FCS, Invitrogen) at 37 C in an atmosphere of

5% CO, and 95% air. The ultraviolet cleaned NiTi
samples were fixed onto the bottom of a 24-well tissue
culture plate. 1 mL cell suspension consisting of 1% 10°
cells was then seeded onto the surface of the
H,0,-oxidized, chemically-polished NiTi samples and
wells without any NiTi plates serving as negative control
for the MTT (3-[4,5-dimethy-Ithiazol-2-y1]-2,
5-diphenyltetrazoliumbromide) cytotoxicity test. The
24-well plates were then incubated at 37 C in an
atmosphere of 5% CO, and 95% air.

After 24 h culture, the medium in all the wells was
replaced with 100 pL 0.5% MTT and 400 uL. DMEM
and the samples were incubated at 37 C in an
atmosphere of 5% CO, and 95% air for 4 h. Then the
cells were dissolved by dimethylsiloxane(DMSO) and
agitated with a plate shaker for 10 min. The optical
absorbance of the fluid was read at a wavelength of 575
nm (reference 620 nm). The relative growth rate (R,) of
fibroblasts on the surface of H,0;-oxidized and
chemically polished NiTi samples was calculated
according to the following formula:

R, :ﬂix 100% 2)

D n At

where D, D,, A, and A, are the absorbances of the
treatment group and the negative control group, the area
of NiTi sample and the well of 24-well tissue culture
plate for negative control, respectively. All results were
expressed as mean= standard deviation(SD) from the 3
identical samples at each time point in each test.
Differences were considered statistically significant at
p<<0.05.

In the cell morphology test, the method initially was
similar to the protocol for the MTT test. The samples
were treated in the same manner up to the incubation.
After 1-2 days, the morphology of fibroblasts L929 in
the vicinity of NiTi samples was microscopically
photographed by an inverted microscope (IX70,
Olympus, Japan) with a digital camera (DSC-P72,
SONY).

3 Results

Titania film could be formed on NiTi SMA after
oxidized in H,O, solution as reported in Ref.[12]. Fig.1
shows the XPS depth profiles obtained from the
chemically polished NiTi sample and H,0,-oxidized one.
The nickel concentration near the surface of oxidized
NiTi is much lower compared with that of the chemically
polished one. Thus the surface nickel concentration is
highly suppressed by oxidation with H,O, solution. The
thickness of titanium oxide film on the surface of NiTi
samples oxidized with the boiling 30% H,O, solution for
2 h is estimated in the described manner as 0.5 um. The
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inconsistency of the steady-state values of Ni and Ti in
the sample after the sputtering of Ar” ion beam with the
chemical compositions of the untreated NiTi SMA
(50.8% Ni, molar fraction) may be due to preferential
sputtering of Ti[6].

70
(a)

60}
S
S . .
§4UW
=
EBO-
S o —Ti2p
= 20} * —Ni2p

+—0ls

0 2 4 6 8 10 12
Sputtering time/min

Molar fraction/%

0 5 10 15 20 25 30 35 40 45
Sputtering time/min
Fig.1 XPS depth profiles of surfaces of NiTi SMAs:
(a) Chemically-polished NiTi; (b) 30% H,0,-oxidized NiTi

Figs.2 and 3 show the changes of water contact
angles of the oxidized NiTi SMA surfaces with the
oxidation time in H,O, solutions. The contact angles
decrease with increasing of the oxidation time for all
types of samples. After 24 h oxidation, the contact angles
of NiTi SMAs oxidized by 30% H,0, solution at 60 C
and 10% H,0, solution at 100 C decrease to 21.9° and
28.8°, respectively, which are much lower than 65.5° of
the chemically-polished one. It can be concluded that the
wettability of NiTi can be improved by the H,O,
oxidation.

Table 1 lists the results of hemolysis tests of the
chemically polished sample and those oxidized for 2 h.
Hemolytic activity was assessed by determining
hemoglobin release under static conditions. The
hemolysis rates of the H,O,-oxidized NiTi SMA both at
60 ‘C and 100 ‘C and the chemically-polished one are
less than 5%, which indicates all of them meet the
requirements of biomaterials for implantation. However,

the hemolysis rate of the oxidized NiTi sample in 30%
H,0, solution at 60 C is less than that of the oxidized
one in 30% H,0, solution at 100 C. A higher hemolysis
rate (0.5%) means a higher extent of hemolysis occurred
on the surface of the chemically polished NiTi SMA.
Therefore, the blood compatibility of NiTi SMA can also
be improved by surface oxidation in H,O, solution.
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Fig.2 Changes of water contact angles of oxidized NiTi SMA
surfaces with oxidation time in 10% H,0, solution at 60°C (a)
and 100°C (b)
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Fig.3 Changes of water contact angles of oxidized NiTi SMA
surfaces with oxidation time in 30% H,0, solution 100 C (a)
and 60 C (b)

Table 1 Results of hemolysis test

Optical Hemolysis
Group density rate/%
Chemically polished NiTi 0.004 0.5%
30% H,0,-oxidized NiTi at
60 C for2h 0.002 0.25%
o R e
30% H,0,-oxidized NiTi at 0.0027 0.34%

100 'C for2h

MTT reagent is a pale yellow substance that is
reduced to a dark blue formazan product when
incubating with viable cells. Therefore, the production of
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formazan can reflect the level of cell viability. Table 2
lists the difference in the cytotoxicity of the 30%
H,0,-oxidized samples for 2 h at 60 C and 100 C. It
can be found that the optical density(OD) value and
relative growth rate(RGR) of the NiTi sample oxidized at
60 C are higher than those of the one oxidized at 100
‘C. The OD value and RGR of both 30% H,0,-oxidized
samples are much higher than those of the chemically-
polished one. The higher growth rate of fibroblasts
confirms that the titanium oxide film without cytotoxic
effect on the H,O,-oxidized NiTi SMA can promote the
proliferation of fibroblasts.

Table 2 Results of MTT test

Relative growth

Group Optical density

rate/%
Chemically polished NiTi  0.336+0.097 0 117.5
30% H,0,-oxidized NiTi at
60 °C for2h 0.705+0.042 9 176.3
30% H,0,-oxidized NiTi at
100 C for2 h 0.642+0.022 2 160.5
Negative control 0.595+0.028 2 100
Cell adhesion, spreading and migration on

substrates are the first sequential reactions when coming
into contact with a material surface, which is crucial to
cell survival. The cellular behavior on biomaterial is an
important factor for evaluation of its biocompatibility.
Fig.4 shows the fibroblasts morphology in the vicinity of
30% H,0,-oxidized NiTi SMA after culturing. It is
clearly found that the fibroblasts display a spindle-like
feature that is the normal morphology after 48 h
co-culture, and there is a good cell adhesion to the
H,0,-oxidized SMA surface.

4 Discussion

As indicated by the depth profiles of Fig.1(b), the
surface nickel content of NiTi SMA oxidized in H,0O,
solutions is suppressed by the formation of titanium
oxide film, and the graded interface may enhance the
adhesion of titanium oxide film to NiTi matrix. It is also
found that titanium oxide films improve the surface
wettability of NiTi sample. LAWRENCE et al[13]
reported that the increasing of surface oxygen content
can result in the improvement of wettability on the
surface of titanium alloy (Ti6Al4V). As shown in Figs.2
and 3, the surface contact angles decrease with
increasing of the oxidation time for all oxidized NiTi
SMAs, which may be attributed to the increasing of
surface oxygen content and more titanium oxide formed
on NiTi SMAs by longer time oxidation.

The interaction process between blood and
biomaterial is very complicated, and it is not yet clear in

every detail. However, many researches have proved that

100 pm

Fig.4 Microscopic views on vertical site of 30% H,0,-oxidized
NiTi SMA after co-culture with fibroblasts L929 for 48 h (Dark
parts in images are NiTi plates): (a) Oxidized at 60 C for 2 h;
(b) Oxidized at 100 C for2 h

titanium oxides have good blood compatibility[14]. In
this work, the blood compatibility of the H,0,-oxidized
SMAs has been improved compared with that of the
chemically-polished one, which also suggests that
titanium oxides have better blood compatibility than that
of NiTi matrix.

The release of Ni atoms from the surface of NiTi
SMA into the boiling water was found by
SHABALOVSKAYA and ANDEREGG[15]. WEVER et
al[16] also showed that a parabolic law for nickel ions
released with an initial release rate of 14.5X 10"’ pg/cm?,
and then decreased rapidly due to the build-up of TiO,
passive layer. ARMITAGE et al[l17] reported that
heat-treated NiTi alloy possessed good biocompatibility
but the thrombogenicity was significantly reduced
because of the formation of titania and other titanium
oxides on its surface. We propose the use of H,0,
oxidation treatment to improve the surface properties of
NiTi alloy in order to achieve better corrosion resistance
and reduce nickel out-leaching. Our results of MTT
cytotoxicity and fibroblasts morphology tests indicate
that the HyO, oxidized NiTi samples show better cell
proliferation and adhesion to NiTi surface, which may
correspond to its improved wettability. In general,
wettability is considered as one of the important surface
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properties that can affect the cellular behaviors, i.e.,
adhesion, morphologic change and proliferation
greatly[18]. TAKEBE et al[19] reported that the
improved wettability could cause a higher level of cell
adhesion and proliferation on the surface of biomaterial.
In addition, the improvement of cell compatibility may
also be due to the suppression of nickel leaching from
the NiTi alloys with the presence of titanium oxide layer
by H,0, oxidation. The formation of titanium oxide on
NiTi SMA sharply decreases the
concentration. It is logical to believe that the low nickel
concentration near the surface reduces the risk of its

surface Ni

leaching, thus the biocompatibility of NiTi alloy is
improved.

5 Conclusions

1) Using H,0, oxidation treatment, a titanium oxide
layer with a graded interface to NiTi matrix was
fabricated. The amount of nickel near the surface of NiTi
shape memory alloy is thus suppressed.

2) The wettability is improved markedly through
surface oxidation in H,O, solutions, especially for the
oxidized NiTi SMA with a longer oxidation time in 30%
H,0, solution. The blood compatibility of NiTi SMA is
enhanced by H,0, oxidation.

3) MTT and cell morphology tests indicate that the
oxidized NiTi surfaces are cytologically compatible
allowing the attachment and proliferation of fibroblasts
due to the formation of titanium oxide film.
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