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1. Introduction

ABSTRACT

Bulk ultrafine-grained NisogTigg2 alloy (UFG-NiTi) was successfully fabricated by equal-channel angular
pressing (ECAP) technique in the present study, and to further improve its surface biocompatibility, sur-
face modification techniques including sandblasting, acid etching and alkali treatment were employed
to produce either irregularly roughened surface or microporous surface or hierarchical porous sur-
face with bioactivity. The effect of the above surface treatments on the surface roughness, wettability,
corrosion behavior, ion release, apatite forming ability and cytocompatibility of UFG-NiTi alloy were
systematically investigated with the coarse-grained NiTi alloy as control. The pitting corrosion poten-
tial (Epic) was increased from 393 mV (SCE) to 704 mV (SCE) with sandblasting and further increased
to 1539 mV (SCE) with following acid etching in HF/HNOs solution. All the above surface treatment
increased the apatite forming ability of UFG-NiTi in varying degrees when soaked them in simulated
body fluid (SBF). Meanwhile, both sandblasting and acid etching could promote the cytocompatibility
for osteoblasts: sandblasting enhanced cell attachment and acid etching increased cell proliferation. The
different corrosion behavior, apatite forming ability and cellular response of UFG-NiTi after different sur-
face modifications are attributed to the topography and wettability of the resulting surface oxide layer.

© 2011 Elsevier B.V. All rights reserved.

[3]. Recent work on ultrafine-grained NiTi fabricated by high pres-
sure torsion (HPT) technique showed higher corrosion resistance

With the development of severe plastic deformation (SPD) tech-
niques, ultrafine-grained metals with grain sizes in the range
of 10-1000 nm have been developed, e.g. copper, iron, titanium
and nitinol [1-3]. An enhanced pre-osteoblast [4], fibroblast [5]
and stem cell [6] behaviors on ultrafine-grained titanium were
reported. In addition, the yield tensile strength of ultrafine-grained
titanium is higher than 950 MPa at a strain rate of 10~3s~! and
endurance of more than 500 MPa at 2 x 107 cycles, meanwhile with
excellent biological compatibility [1,7].

One of the authors in this study found that the ultrafine-grained
NiTi demonstrated very high tensile strength up to 1400-1600 MPa
and ductility of dozen percents during elongation at 300-600 °C
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and equivalent cytocompatibility either within L-929 or MG 63
culture compared with microcrystalline NiTi alloy by the present
authors [8]. Compared to pure titanium, NiTi alloy with nearly
equiatomic nickel and titanium contents has advantages of shape
memory effect and superelasticity, and they were widely utilized as
biomedical appliances in dentistry, orthopedics and interventional
therapy.

However, the surfaces of both coarse-grained NiTi and ultrafine-
grained NiTi are still bioinert by nature and cannot form a bioactive
bond with the living bone ifimplanted in a bony site while bioactiv-
ity is required when used as bone implants such as intramedullary
nails. Surface modification was thus employed to improve surface
bioactivity and eliminate or reduce the adverse effect of nickel ion
release.

Till now, little work has been done to endow ultrafine-grained
metals with bioactivity for biomedical application. Micro-arc oxi-
dation [9], grit-blasting [10], magnetron sputtering [11] and
combined mechanical and chemical treatment [12] were employed
to improve the surface biocompatibility of ultrafine-grained
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titanium. Ultrafine-grained austenitic stainless steel was coated
with nanohydroxyapatite by electrodeposition [13] to achieve sur-
face bioactivity, while ultrafine-grained NiTi was surface coated
with a novel SrO-SiO,-TiO, sol-gel coating to enhance its cor-
rosion resistance and cellular behavior [14]. In the present study,
irregularly roughened surface, microporous surface and hierarchi-
cal porous surface of ultrafine-grained NiTi were achieved by single
step treatment of sandblasting or by duplex treatment of sand-
blasting and acid etching or three-step treatment of sandblasting
with acid etching followed by alkaline treatment respectively. The
effect of the above treatments on the in vitro biocompatibility of
ultrafine-grained NiTi such as corrosion resistance, ions release,
apatite forming ability and cellular behavior were studied system-
atically. The in vitro biocompatibility of ultrafine-grained NiTi is
also studied in comparison with that of coarse-grained NiTi.

2. Materials and methods
2.1. Surface modification

Ultrafine-grained NiTi (50.8at.% Ni, dubbed UFG-NiTi) was
prepared by ECAP technique from commercial coarse-grained
NisggTigg» (dubbed CG-NiTi) discs (both provided by Ufa State
Aviation Technical University) with subsequent anneal in vac-
uum at a temperature of 300°C for 30 min. It has equiaxed grains
with a mean grain size of 200-300 nm. Rectangular strips with
typical dimensions of 10 mm x 10 mm x 1.5 mm were cut by spark-
erosion wire cutting, ground with SiC paper up to 2000 grit, and
cleaned ultrasonically in acetone for 10 min, in ethanol for 10 min
and in distilled water for 10 min in turn, then dried at 40°C in
a dryer. Some of UFG-NiTi samples were sandblasted by 60 grit
corundum particles at the pressure of 0.5 MPa (SB-NiTi) and then
cleaned ultrasonically in acetone, ethanol and distilled water in
turn for further chemical modification treatment: acid etching (AE-
NiTi) and acid etching plus alkali treatment (AEAT-NiTi). AE-NiTi
was performed by HF/HNOj3 solution etching consisting of 15 ml
HNO;3; +5ml HF+80ml H,O in ultrasonic bath for 1 min at room
temperature of ~22 °C. AEAT-NiTi was etched in 40% HCl at 100°C
for 10 min, thereafter immersed in 1.5 M NaOH solution at 60 °C for
24 h. All the above treated samples were rinsed in distilled water
and dried at 40°C in a dryer.

2.2. Corrosion behavior

The electrochemical corrosion measurements were performed
using an electrochemical workstation (CHI600 C, China) at room
temperature of ~22°C. The electrolyte was simulated body fluid
(SBF) proposed by Kokubo without organic species [15]. The ion
concentrations are as follows: Na* 142.0, K* 5.0, Mg2* 1.5, Ca2*
2.5, HCO3~ 4.2, CI~ 147.8, HPO42~ 1.0, SO42~ 0.5mM, which is
nearly equal to those of human blood plasma except HCO3~ being
27.0 mM. The sample was set as a working electrode, a platinum
electrode acting as an auxiliary electrode and the reference elec-
trode a saturated calomel electrode (SCE). The OCP (open circuit
potential) measurement was maintained up to 7200s. Electrochem-
ical impedance spectroscopy (EIS) was obtained with a sinusoidal
wave of 10 mV in amplitude to the working electrode around OCP at
a frequency range from 100 kHz to 10 mHz. Both potentiodynamic
polarization curves and cyclic polarization curves were measured
from —800mV (vs. SCE) to 2000mV (vs. SCE) with a scan rate of
1mV/s.

Concerns about the potential risk associated with corrosion
of NiTi alloy has been reported due to the biological side effects
of Ni. Nickel ion release was measured by immersion test. NiTi
alloy plates were immersed in SBF at 37 +£0.5°C for 28 days. The

inductively coupled plasma atomic emission spectrometry (Lee-
man, Profile ICP-AES) was utilized to determine the amount of Ni
ions.

2.3. Apatite forming ability tests

The apatite forming ability of the surface modified UFG-NiTi
alloy was evaluated by soaking in SBF. Each sample was incubated
in 20 ml of SBF in a Teflon-sealed bottle for 3, 7, 14 days at 37°C
with solution changed every other day. After the above soaking,
the samples were rinsed in distilled water and dried at 40°C in a
dryer.

2.4. Cell experiment

Cell adhesion and proliferation tests were performed with
osteoblast-like cell line MG63 (CRL1427, ATCC, USA). Before per-
forming these assays, the cells were cultured in MEM medium
(Invitrogen) supplemented with 10% of fetal calf serum and 1%
penicillin/streptomycin at 37°C in a humidified atmosphere of
5% CO, in air. MG63 cells were seeded onto the CG-NiTi, UFG-
NiTi, SB-NiTi, AE-NiTi, AEAT-NiTi samples in 24-well culture plates
at a density of 5 x 104 cells well~! for direct cell adhesion obser-
vation. After 4h and 3 days incubation, the culture media were
removed and specimens were fixed with 2.5% glutaraldehyde solu-
tion for 1 h at room temperature and rinsed 3 times with phosphate
buffer solution (PBS, pH =7.4), followed by dehydration in a gradi-
ent ethanol/distilled water mixture (50%, 60%, 70%, 80%, 90%, 100%)
for 10 min and dried in air. Samples were sputter coated with gold
for cell morphology observation using SEM.

For the evaluation of cell attachment, cells were cultured
for 4h and 24h in 24-well culture plates at an initial seed-
ing density of 5x 10%cellswell-!. After trypsinization of the
attached cells, cell numbers were counted using a hemocytometer.
Cell proliferation was determined using 3-(4,5-dimethylthiazol-
2-y1)-2-5-diphenyltetrazolium bromide (MTT; Sigma) assay by
a colorimetric assay. Cells were seeded at a concentration of
5 x 104 cells well~! onto the sample in MEM under standard cell-
culture condition described above. The control groups involved the
use of MEM medium as negative control and MEM medium with
10% dimethylsulfoxide as positive control. The cells were harvested
for the MTT assay at 3, 7 and 9 days. At each stage, 60 pl/well of
MTT was added to each well and the cells were incubated for 4h
at 37 °C. Afterwards, 600 .l formazan solubilization solution (10%
SDS in 0.01 M HCl) was added to each well for 12 h in the incubator
in a humidified atmosphere. The spectrophotometrical absorbance
of the samples was measured by microplate reader (Bio-RAD680)
at 570 nm with a reference wavelength of 630 nm. Each experiment
was performed in quadruple for each group and repeated twice.

2.5. Surface characterization

Before and after soaking in SBF, the surface morphology and
composition of the surface modified UFG-NiTi alloy were assessed
by scanning electron microscope (SEM, HITACHI S-4800) equipped
with an energy dispersive spectrometer (EDS), and analyzed by X-
ray photoelectron spectroscopy (XPS, AXIS-Ultra Instrument) and
X-ray diffractometer (XRD) using a Rigaku DMAX 2400 diffractome-
ter with Cu Ko irradiation. Before the SEM analysis, the specimen
surfaces were coated with gold films. Surface wettability was tested
by contact angle in quintuplicate. The image of the droplet was cap-
tured and the contact angle was measured using OCA20 drop shape
analysis program (Dataphysics Instrument, Germany).
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Fig. 1. SEM surface morphologies of (a) UFG-NiTi, (b) SB-NiTi, (c) AE-NiTi, (d) AEAT-NiTi and high-magnification in its lower-left corner. EDS spectra are illustrated in the

insets in upper-right corner.
2.6. Statistical analysis

Statistical analysis was performed using PASW Statistics v18.0
software (SPSS Inc., Chicago, Illinois, USA). Data are reported as
mean + standard deviation (SD) at a significant level of P<0.05.
After testing data for homogeneity of the variance by Levene’s test,
a two-way ANOVA was used to assess main effects and signifi-
cant interaction between research factors, followed by Bonferroni
adjustment for a post hoc multiple comparisons to assess for the
presence of significant differences between the results obtained
from the different surface treatment.

3. Results and discussion

3.1. Surface morphology and composition of modified
ultrafine-grained NiTi alloy

The surface morphology of UFG-NiTi alloy changed significantly
with different surface modification techniques as Fig. 1 shows.
Sandblasting produced a damaged and roughened surface of UFG-
NiTi (Fig. 1(b)). EDS spectra show that sandblasting led to an
increase of oxygen content and a decrease of nickel content, which
is attributed to the newly formed oxide layer during sandblast-
ing process. XRD profile in Fig. 2 proves the formation of anatase.
Meanwhile, the broadened peak of SB-NiTi at about 42° suggests
the decreased crystallinity of UFG-NiTi, indicating some amorphous
phase formed during sandblasting at 0.5 MPa. A trace of aluminum
was found on the surface of sandblasted sample by means of SEM-
EDS analysis (Fig. 1(b)), while it disappeared after acid etching
(Fig. 1(c)), which indicates that subsequent chemical etching in
HF/HNO3 solution removed the alumina particles resided during
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Fig. 2. XRD profiles of CG-NiTi and UFG-NiTi with and without surface modification.
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Fig. 3. XPS survey spectrum, Ti 2p, O 1s and F 1s spectra of AE-NiTi.

sandblasting. Meanwhile, microporous surface with pores ranging
from several to tens of micrometers were yielded during etching
(Fig. 1(c)). XPS results in Fig. 3 show that the outmost oxide film
of AE-NiTi was TiO,, as evidenced by the binding energies of Ti 2p
signal at 458.4eV and O 1s signal at 530.2 eV [16]. Some fluorion
was also incorporated during acid etching in HF/HNO3 solution. HCI
etching plus NaOH treatment of UFG-NiTi samples resulted in hier-
archical porous surface (Fig. 1(d)). There were concavities tens of
micrometers in size with tens of nanometer-size pores uniformly
distributed among them. XRD profiles show that the surface layer
of AE-NiTi was mainly NiTi, while AEAT-NiTi had NiTi and Ti;NiHg 5
on their surfaces. Since EDS spectrum (Fig. 1(d)) evidenced the
existence of titanium, nickel, sodium and oxygen elements on the
surface of AEAT-NITi sample, the topmost porous network surface
layer of AEAT-NIiTi sample as Fig. 1(d) shows was probably made of
sodium titanate [17]. The sodium titanate layer formed during alka-
line etching without post heat treatment is too thin to be detected
by XRD analysis in this study.

Roughness measurement proved the increased surface rough-
ness after surface modification as SEM results shows and the
arithmetic average roughness (R,) of all studied samples is listed

in Table 1. UFG-NiTi showed slightly higher R, than CG-NiTi. The
R, of UFG-NiTi was increased significantly by sandblasting (from
0.042 pm to 1.597 wm), and further slightly increased by subse-
quent acid and alkaline treatment. Fig. 4 shows the contact angle
of tested materials. AE-NiTi exhibited highest contact angle, and
AEAT-NIiTi lowest.

3.2. Corrosion behavior

The potentiodynamic polarization behavior of surface modified
UFG-NiTi samples is depicted by polarization curves in Fig. 5(a).
Values of icorr, Ecorr, and Epi extracted from the curves are shown
in Table 2. One can see that icor increased slightly after sandblast-
ing treatment. The i¢or Value of AEAT-NiTi was the highest among
all the studied samples, which means AEAT-NiTi had highest cor-
rosion rate. It corrodes fast once corrosion occurs. The corrosion
potential changed with surface modification. The Ecorr of SB-NiTi
and AEAT-NiTi was lower than UFG-NiTi, while AE-NiTi had high-
est Ecorr, Which indicates UFG-NiTi passivated during acid etching
in HF/HNO3 solution and had lowest tendency to corrode. Mean-
while, the Ep;; was increased from 393 mV (SCE) to 704 mV (SCE)

100
90
o 804
g 70+ 5
T ]
2 601 AN
g 50 o
c 4
o
O 40
30
20

5 N
s

CG-NiTi UFG-NITi

SB-NiTi

AE-NITI AEAT-NITi

Fig. 4. Contact angle of CG-NiTi and UFG-NiTi with and without surface modification.
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Table 1
Surface roughness of CG-NiTi and UFG-NiTi with and without surface modification.
Samples CG-NiTi UFG-NiTi SB-NiTi AE-NIiTi AEAT-NITi
R, (pum) 0.028 £ 0.007 0.042 +£0.006 1.597 +£0.076 1.643+0.030 1.798 +£0.040
Table 2
Results of electrochemical parameters.
Samples Ecorr (MV (SCE)) icorr (WA/cm?) Epi¢ (mV (SCE)) R, (2cm?) Ry (2cm?)
CG-NiTi —294 4.40 534 28.29 6667
UFG-NITi -272 3.41 393 28.33 6374
SB-NiTi —286 4.07 704 30.59 2302
AE-NITi —265 3.51 1539 119.7 12410
AEAT-NiTi —544 44.1 1310 28.38 529.8

with sandblasting and further increased to 1539 mV (SCE) with
following acid etching in HF/HNO3 solution. Thus, AE-NiTi has high-
est pitting corrosion resistance. Generally, both sandblasting and
chemical etching decreased the sensibility of pitting corrosion of
NiTi alloy. The new passive layer formation during surface mod-
ification and the decrease or elimination of the negative effect of
the surface defects and residual stress would account for it. Such
behavior was also found by Trépanier [18] that all surface treat-
ments of NiTi such as electropolishing, air aging, heat treatment
and passivation in nitric acid solution increased the pitting corro-
sion resistance. AE-NiTi showed highest Ecorr and Ep;; value, which
means lowest tendency to corrode or pitting corrode. One reason
is that HF/HNOs3 etching removed the residual alumina particles
as EDS analysis in Fig. 1 shows. In addition, the decreased sur-
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Fig. 5. Potentiodynamic polarization curves (a) and Nyquist impedance diagrams
(b) of UFG-NIiTi with different surface treatment.

face wettability yielded by HF/HNOs3 etching closely relates to its
increased pitting corrosion resistance. Surface wettablility of the
different samples was determined by measuring the contact angle
of deionized water on each sample. Until now, little work has been
done to study corrosion resistance from the perspective of wet-
tability. Wang et al. [19] recently found that wetting angles has
a strong influence on the corrosion properties of the Zr-BMGs.
Hydrophobic TiO, coating was reported to exhibit excellent cor-
rosion resistance in chloride containing solution [20]. In this study,
results in Fig. 4 show that the contact angle was remarkably large
for AE-NiTi, indicating that AE-NiTi was more hydrophobic than
SB-NiTi and UFG-NiTi. As known, a hydrophobic surface has lower
surface energy than a hydrophilic surface. Thus the surface of AE-
NiTi was not as active as UFG-NiTi and got less ion attacks than
the active surface with high surface energy. We suggest that tak-
ing wettability or surface energy into consideration when exam the
anti-corrosion ability of metallic materials as well as many other
factors, such as chemical composition, structure, crystallinity and
surface defects.

The EIS data acquired at open-circuit potential in SBF are shown
in the Nyquist plots in Fig. 5(b). As proposed by Venugopalan [21],
the film at Ti alloy surface is composed of a bi-layered oxide consist-
ing of porous outer layer and a barrier inner layer. Thus, considering
the surface condition of the ultrafine-grained NiTi with and without
surface modification, the obtained Nyquist plots were interpreted
in equivalent circuit with a model of Rs(Qp(RpWp))(QpRy,) taking
into account of diffusion process. In this model, R, refers to the
resistance of the porous layer, and R}, to the resistance of the bar-
rier layer. Two constant-phase elements (Qp and Qy,) representing
the shift from the ideal capacitors were used instead of the capaci-
tances themselves, for simplicity. The fitted curves were also shown
in Fig. 5(b). It could be observed that in good agreement between
the simulated and experimental data was achieved. It is obvious
from Nyquist plots that the diameter of the semicircle for AE-NiTi
was biggest than the other studied samples, thus it has highest cor-
rosion resistance. The lowest corrosion resistance was found for
AEAT-NiTi which was modified by combined surface treatment of
sandblasting with HCl solution etching followed by NaOH solution
etching. These results coincided well with the above potentiody-
namic polarization.

Among the above three kinds of surface modified samples,
AEAT-NIiTi shows lowest corrosion potential and highest corrosion
density. The icorr of AEAT-NITi sample is almost twelve times larger
than that of untreated UFG-NiTi. There are many factors influ-
encing the corrosion resistance. The sodium titanate layer formed
during alkaline treatment on the surface of AEAT-NiTi is less cor-
rosion resistant compared with naturally formed titania layer on
UFG-NiTi. Meanwhile, assuming that the corrosion rate remains
unchanged during the corrosion process for the porous surface, an
increased surface area would result in more ions taking part in the
electrochemical process at the metal/solution interface resulting
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in an increase in the current. Thus, one factor leading to the icorr
increase of AEAT-NITi is the increase of surface specific area. More-
over, AEAT-NITi had a large number of very small size pores (from
micrometer to nanometer) among the three kinds of surface mod-
ified samples. The small size pores restricted the flow of species
and exhausted oxygen supply dissolved in the solution, which also
accelerated the corrosion rate. Besides, contrary to AE-NiTi, AEAT-
NiTi had rather low water contact angle, close to 30°, which means
it being highly hydrophilic. It might be the other factor which leads
to its poor corrosion resistance.

Fig. 6 shows the release of nickel ions from experimental NiTi
alloys after soaking in SBF for 28 days. UFG-NiTi shows lower
amount of Ni ion release compared with CG-NiTi. Sandblasting
decreased the releasing rate of Ni ions to a very low level. Although
the Niionreleasing rate of AE-NiTi is higher than that of SB-NiTi, it is
significantly lower than that of UFG-NiTi and CG-NiTi. Among all the
experimental samples, AEAT-NiTi has the highest Ni ion releasing
rate, which indicates that it might be not suitable for implantation.

3.3. Apatite formation and cytocompatibility

The capacity of apatite formation in SBF has been widely used
to assess the bioactivity of biomaterials. Such simple test in vitro
has been reported to be consistent with the in vivo test. Thus, the
bioactivities of the surface modified samples were evaluated in SBF.
Fig. 7 shows the morphology and composition of calcium phosphate
formed on the surface of NiTi samples for different time. After 3 days
immersion in SBF, a complete calcium phosphate layer formed on
the surface of AEAT-NiTi (Fig. 7(a)), while only a few calcium phos-
phate particles deposited on the surface of SB-NiTi (Fig. 7(b)). As
arrows in Fig. 7(c) pointed out, few calcium phosphate particles
deposited on AE-NiTi. However, after 7 days soaking in SBF, there
were many calcium phosphate particles formed and an integrated
calcium phosphate layer formed within 14 days soaking (Fig. 7(e)
and (f)). Since both morphology and composition are similar to that
of apatite [22]. The calcium phosphate on the surface of SB-NiTi is
apatite with sodium and magnesium substitution (Fig. 7(f)). The
bioactivity tests in SBF show that it took different time for the sur-

Fig. 7. Apatite SEM morphologies of NiTi samples soaked in SBF for different time: (a) AEAT-NiTi, (b) SB-NiTi, (c) AE-NiTi for 3 days, (d) AE-NiTi for 7 days, (e) AE-NiTi for 14

days, (f) high magnification of (e). EDS spectrum is illustrated in the insets of (f).
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SB-NiTi and AE-NiTi. Columns marked with the * represent significant difference
(P<0.05) for UFG-NiTi, SB-NiTi and AE-NiTi groups compared to the CG-NiTi group
at each time point.

face modified UFG-NIiTi to yield complete apatite layer formation,
that is, 3 days for AEAT-NITi, 7 days for SB-NiTi and 14 days for
AE-NiTi. Thus, the ability of apatite formation sequenced as AEAT-
NiTi > SB-NiTi > AE-NiTi.

Considering the poor corrosion resistance of AEAT-NiTi, which
is not suitable for biomedical application, cell attachment and pro-
liferation behavior were only studied on the other four groups of

samples as shown in Fig. 8. After 4h culture, the number of cells
attached on the CG-NiTi, UFG-NiTi and SB-NiTi was similar, while
there were significantly more attached cells on the UFG-NiTi and
SB-NiTi than on the CG-NiTi after 24 h culture (P<0.05; Fig. 8(a)).
As for AE-NiTi, it had obviously less cells attached than the other
studied sample after 4h cell culture. However, this difference of
attached cell numbers between CG UFG and AE-NiTi was reduced
after 24 h culture. According to Two-way analysis of variance with
Bonferroni’s multiple comparison tests, there was no statistical dif-
ference between CG-NiTi and AE-NiTi after 24 h culture. The cell
proliferation results in Fig. 8(b) show that the number of cells on
the SB-NiTi surface was significantly higher than the other tested
samples after 3 days culture while more cells were on the surface
of UFG-NiTi and AE-NiTi surface at days 7 and 9 of culture.

Fig. 9 shows the morphologies of MG 63 cells cultured on sur-
face modified UFG-NiTi for 4 h and 3 days, and it can be shown that,
some of the MG 63 cells showed rounded shapes after 4 h culture
(Fig. 9(a), (b) and (d)). These cells landed on the materials later.
They were too late to spread and were fixed for observation. How-
ever, lots of pseudopodia were observed stretching out. As time
went on, the cell started to grow, spread out and proliferate quickly.
Fig. 9(e)-(h) shows proliferated cells with health cell morphology.

Surface modification improved cytocompatibility as well as
apatite forming ability, but different treatments had different effect
on cell behavior at different stage. SB-NiTi with high roughness
and wettability increased the cell attachment, while AE-NiTi with
distinctly low wettability showed significantly less attached cells
after cell culture for 4 h. It seems hydrophobic surface has advan-
tage of improving corrosion resistance but is a disadvantage for
initial cell adhesion. However, more cells were on the surface of
AE-NiTi than on SB-NiTi after 7 and 9 days culture, which indicates
that, compared with sandblasting, treatment of sandblasting with
acid etching enhanced cells proliferation. Whether it is because
the morphology and geometry differences that AE-NiTi had pores
uniformly distributed while SB-NiTi showed irregularly roughened
surface or surface wettability difference caused the different prolif-
eration behavior of AE-NiTi and SB-NiTi is still unknown since the
effect of surface wettability or surface energy on cell proliferation
is unclear. The releasing of alumina particles resided would also
be another side effect [23]. Meanwhile, it is found that UFG-NiTi
showed slightly faster cell attachment, spreading and proliferation
than CG-NiTi, which is consistent with many other published works
about enhancement of osteoblast response to ultrafine-grained Ti
or NiTi [7,8,10]. The increased amount of surface atoms and grain
boundaries and slight increase of surface roughness (Table 1) as

Fig. 9. The morphology of MG63 cells cultured on (a and e) CG-NiTi, (b and f) UFG-NiTi, (c and g) SB-NiTi and (d and h) samples for 4 h (a-d) and 3 days (e-h).
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well as decreased water contact angle (Fig. 4) or increased wet-
tability with the refinement of grains are the possible reasons of
increased cytocompatibility for UFG-NiTi and possibly suitable for
other ultrafine-grained materials.

Therefore, taking account of corrosion resistance, bioactivity
and cytocompatibility, sandblasting with HF/HNOs3 solution etch-
ing would be a good choice, which decreases the amount of surface
nickel content and significantly increases the pitting corrosion
resistance, apatite forming ability and cellular response. Although
sandblasting with acid etching followed by alkaline treatment
yielded a highly bioactive surface, such treatment decreased the
corrosion resistance of UFG-NiTi alloy significantly and is not rec-
ommended for biomedical implantation.

4. Conclusions

Surface modification of UFG-NiTi with sandblasting increased
the pitting corrosion resistance and further increased significantly
with following HF/HNOj3 solution etching. The effectiveness of sur-
face treatment on enhancing the bioactivity of UFG-NiTi was in the
decreasing order of AEAT-NiTi, SB-NiTi and AE-NiTi. Surface mod-
ification improved cytocompatibility of UFG-NiTi for MG63 cells.
Sandblasting which increased surface roughness and wettability
promoted cell adhesion, while sandblasting plus HF/HNO3 solu-
tion etching increased surface roughness but decreased wettability
promoted cell proliferation. In a word, UFG-NiTi with microporous
surface yielded by sandblasting and HF/HNOj3 solution etching has
the best combination of biocompatibility and pitting corrosion
resistance. The three-step treatment of sandblasting with acid etch-
ing followed by alkaline treatment severely impaired the corrosion
resistance of UFG-NiTi and is not suitable for biomedical application
in spite of high surface bioactivity.
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