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To elucidate the relationship between Ni release and cytocompatibility of NiTi alloy, Ni-Ti-O nanotubes (NTs)
are produced on its surface by anodization followed by annealing. The NiTi control has higher corrosion current
density but releases less Ni than anodized samples, suggesting chemical dissolution of the NTs also contributes to
Ni release. Although the annealed NTs release more Ni than that of NiTi control, they possess similar
cytocompatibility. In addition, cytocompatibilitiy of the NTs with similar surface properties but have different Ni
release levels is also comparable. These results suggest the amount of released Ni has little influence on the

1. Introduction

The nearly equiatomic nickel-titanium (NiTi) alloy is widely used in
biomedical field because of its unique shape memory effect, super-
lasticity, and other desirable attributes [1-5]. However, release of Ni
ions from the material into the human body causes health concerns.
Although Ni is one of the essential trace elements, excessive amount of
Ni is toxic, allergic, and even carcinogenic [6]. When exposed to human
body fluids, the NiTi alloy suffers from electrochemical corrosion,
during which process metallic Ni is converted to the ionic form and
released from the material. Although the NiTi alloy is spontaneously
covered with an amorphous oxide layer in an oxidizing environment,
the layer is normally too thin and has poor self-healing ability to
effectively suppress electrochemical corrosion and Ni release [7].
Accordingly, various surface modification techniques such as electro-
chemical treatment [8,9], excimer laser treatment [10], chemical
etching [11], heat treatment [11,12], ion implantation [13-16],
Fenton’s oxidation [17], laser and electron beam irradiation [18], and
magnetron sputtering [19] have been implemented to overcome the
shortcomings of the native oxide layer, enhance the corrosion resis-
tance, reduce Ni release, and improve the cytocompatibility. Never-
theless, these techniques not only reduce the release amount of Ni, but
also alter the morphology, microstructure, and chemical composition of
the surface of the NiTi alloy and so the definite relationship between Ni
release and cytocompatibility cannot be drawn.

An emerging surface modification technique for NiTi alloy is
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anodization in a fluoride (F)-containing ethylene glycol (EG) electrolyte
and this process can generate a well-defined nanotubular structure
[20]. The method is promising for the following several reasons. First of
all, it is cost effective and secondly, the solution-based approach is
especially suitable for the devices with a complex shape. Thirdly, the
nanotubes (NTs) with proper dimensions can enhance the functions of a
variety of cells and fourthly, the NTs can serve as carriers for local
delivery and release of various drugs [21-23]. Our previous work shows
that Ni-Ti-O NTs with different size can be fabricated on the NiTi alloy
by adjusting the anodization parameters [24] and an ensuing study
indicates that the corrosion resistance, Ni release, and cycocompat-
ibility of the NTs depends on their size [25]. Long NTs with a large
diameter have poorer corrosion resistance and release more Ni ions
than smaller ones, but larger NTs possess better cytocompatibility.
Since NTs with different size possess the similar microstructure and
chemical composition, the amount of released Ni and size may be the
two key parameters in determining the cytocompatibility.

In this work, Ni-Ti-O NTs with the same size but different Ni release
levels are prepared to elucidate the role of Ni release in the cytocom-
patibility of the NiTi alloy. The anodized samples are annealed at
different temperature to investigate the morphology, microstructure,
chemical composition, corrosion behavior, Ni release, and cytocompat-
ibility of the NTs. The NTs annealed at the proper temperature possess
the same morphology, microstructure, and chemical composition thus
offering the suitable platform to investigate the relationship between Ni
release and cytocompatibility.
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Fig. 1. Surface and cross-sectional FE-SEM images of the as-anodized (NT) and annealed Ni-Ti-O NTs (NT-200, NT-400, NT-600, and NT-700). NT-200: NTs annealed at 200 °C for 2 h;
NT-400: NTs annealed at 400 °C for 2 h; NT-600: NTs annealed at 600 °C for 2 h; NT-700: NTs annealed at 700 °C for 2 h. The nanotubular structure of NT-700 collapses completely and so

no cross section image is shown here.
2. Experimental details
2.1. Sample preparation

A NiTi alloy (50.8 at% Ni) rod (Xi’an Saite, China) was cut into thin
sheets (® 14 mm X 2mm), ground and polished to a mirror finish,
sequentially ultrasonically cleaned in acetone, ethanol, and deionized
water for 5 min each, and dried in cool air. Electrochemical anodization
was carried out using a power supply (IT6121, ITECH, China) in the
constant voltage mode. The NiTi sheet and platinum (Pt) foil
(10 mm X 10 mm X 0.2 mm) were the anode and cathode, respec-
tively. Anodization was conducted in 100 ml of the electrolyte com-
posed of EG supplemented with 0.2 wt% NH4F and 0.5 vol% H,O0 at
30 °C and 25 V for 90 min to fabricate the Ni-Ti-O NTs. The as-anodized
NTs were then annealed at 200 °C, 400 °C, 600 °C, or 700 °C for 2 h at a
heating rate of 3 °C/min in a tubular annealing furnace. The samples
were cooled to room temperature inside the furnace.

2.2. Sample characterization

The morphology of the samples was observed by field emission
scanning electron microscopy (FE-SEM, JSM-7001F, JEOL) and the
microstructure was determined by X-ray diffraction (XRD, DX-2700,
Haoyuan, China). The data were collected in the 26 range of 25-80° at
an incident angle of 2°. The surface finish of all the samples were
characterized using atomic force microscopy (AFM, SPA-300HV). The
microstructure and composition of the samples was analyzed by
transmission electron microscopy (TEM, JEM-2100F, JEOL) and se-
lected area electron diffraction (SAED). Energy Dispersive Spectroscopy
(EDS, Oxford, UK) was used to detect the distribution of Ni, Ti, O
elements along the NTs. X-ray photoelectron spectrometry (XPS, K-
Alpha, Thermo) was employed to determine the surface chemical
composition and chemical states of the elements with the Cls
(284.8 eV) peak used as the reference to calibrate the binding energies.

2.3. Ni release

To determine the nickel ion release rate from all the samples, each
sample was immersed in 3ml of phosphate buffered saline (PBS,
pH = 7.4), which is composed of 137 mM NaCl, 2.7 mM KCl, 1.5 Mm
KH,PO,4, and 8 mM Na,HPO, [25]. The solution was refreshed every
day to mimic the in vivo dynamic environment and immersion
continued for 30 days. The PBS containing the released Ni (three
samples for each group) was sampled at time points of 1, 5, 10, 20
and 30 days and analyzed by inductively-coupled plasma mass spectro-
scopy (ICP-MS, Agilent 7500, Agilent).
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2.4. Corrosion behavior

All electrochemical experiments were conducted on an electroche-
mical workstation (CS350, CorrTest, China) at 37 = 0.5°C with a
conventional three-electrode cell to investigate the corrosion behavior
of the samples. A saturated calomel electrode (SCE) was used as the
reference electrode and a platinum (Pt) foil served as the counterpart.
After each sample with an exposed area of 1 cm? was immersed in
100 ml of the PBS, open circuit potential (OCP) was recorded. After a
total immersion time of 2h, the potentiodynamic polarization was
performed over a potential window of —0.8 V to 1.5V relative to the
SCE at a scanning rate of 1 mV/s. The corrosion potential (E..),
corrosion current density (I..), and cathodic Tafel slope (3.) of each
sample were derived from the polarization curve by Tafel extrapolation.

2.5. Cytocompatibility

CCK-8 (Sangon) assay was used to evaluate the cytocompatibility of
the samples. Before the experiments, all the samples were sterilized
with 75 vol% alcohol for 30 min and rinsed with sterile PBS three times.
The MC3T3-El osteoblasts were seeded on the sample surfaces at a
density of 1 x 10* cells/cm? in a 24-well culture plate and cultured in
a-DMEM (Gibco) containing 10 vol% fetal bovine serum (Sijiging,
China), 100 pg/ml streptomycin, and 100 units/ml penicillin in a
humidified atmosphere with 5% CO, at 37 + 0.1 °C. After culturing
for 1, 3, and 5 days, all the samples were gently rinsed thrice with PBS
and transferred to a new 24-well plate. Afterward, 100 pl of the CCK-8
solution and 900 pl of fresh culture medium were added to each well
and incubated at 37 °C for 2 h. After incubation, 100 pl of the medium
in each well was transferred to a 96-well plate and the absorbance was
measured at 450 nm on a microplate reader (SM-3, TIANSHI).

3. Results
3.1. Sample characterization

The surface and cross-sectional FE-SEM images of the as-anodized
and annealed samples are displayed in Fig. 1. NTs with a diameter of
about 50 nm and length of about 700 nm are observed from the as-
anodized sample (denoted as NT). After annealing at 200 °C (denoted as
NT-200), 400 °C (denoted as NT-400), or 600 °C (denoted as NT-600),
no surface and cross-sectional changes can be observed compared with
NT. However, annealing at 700 °C (denoted as NT-700) results in
complete structural collapse and so NT-700 is omitted from subsequent
experiments.

Fig. 2 shows the AFM surface morphology of the NiTi control, as-
anodized and annealed samples and their average surface roughness
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Fig. 2. Surface topography of the samples visualized by AFM. Their respective surface roughness values (R;) are given in each image. (a) NiTi alloy, (b) NT, (c) NT-200, (d) NT-400, and

(e) NT-600.

values (R;) were calculated. The surface of NiTi control is very smooth
and the roughness is only 2.5 nm. However, constructing nanotubular
structure on its surface increases the R, to 11.6-19.9 nm. No correlation
can be found between annealing temperature and surface roughness of
the anodized samples.

The XPS survey spectra acquired from the samples are shown in
Fig. 3(a) and the corresponding quantitative results are summarized in
Table 1. Ti, Ni, and O are the main elements in the NTs and C, N, and Si
are adventitious contaminants. The ratios of Ni to Ti in the samples are
less than that in the NiTi substrate implying preferential dissolution of
Ni during anodization. Only a small amount of F can be detected on the
as-anodized sample in spite of the use of the F-containing electrolyte
indicating that annealing removes F from the NTs. Fig. 3(b) shows the
high-resolution Ti 2p XPS spectra. There are two peaks at 458.8 eV and
464.4 eV are associated with Ti 2p3/2 and Ti 2p1/2 in TiO,, respec-
tively [25,26]. Fig. 3(c) displays the high-resolution Ni 2p XPS spectra
and the Ni 2p3/2 and Ni 2pl/2 peaks at 855.6 and 873.6eV,
respectively, indicate that Ni is in the form of NiO and/or Ni(OH),
[20,27]. In addition, small fraction of NiF, (centered at 857.4 eV [28])
may be present in the as-anodized NTs because of the usage of F~ as an
etching ion during anodization. However, annealing eliminate F species
as verified by XPS survey spectra (Fig. 3(a)).

Table 1
Surface elemental concentrations (at%) of the Ni-Ti-O NTs determined by XPS.

Sample  Atomic concentrations (at%) Ni/Ti ratio
Ti Ni (0] C N Si F

NT 9.47 2.15 31.95 50.01 1.65 2.24 2.53 0.23

NT-200 10.16 1.74 36.83 45.82 1.57 3.88 - 0.17

NT-400 13.33 2.08 51.02 2212 1.38 10.07 - 0.16

NT-600 1499 195 4588 30.69 152 4.97 - 0.13

Fig. 4 displays the XRD patterns of the untreated control, as-
anodized NTs, and annealed NTs showing two prominent peaks at
42.8° and 78° corresponding to the (110) and (211) planes of the NiTi
substrate. After annealing at 600 °C, a weak peak corresponding to the
(202) plane of the NizTi phase can be observed, but no TiO, peaks can
be observed suggesting that the NTs after annealing retains the
amorphous structure.

Fig. 5 shows the TEM results of as-anodized and annealed samples.
Nanotubular structure can be clearly seen in each image. SAED patterns
of as-anodized, 200 and 400 °C annealed samples show dim halos,
which suggest they are amorphous. In contrast, SAED pattern of NT-600

Fig. 3. (a) XPS survey spectra, (b) high-resolution Ti 2p spectra, and (c) high-resolution Ni 2p spectra acquired from the as-anodized and annealed Ni-Ti-O NTs.
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Fig. 4. XRD patterns of the NiTi control as well as as-anodized and annealed Ni-Ti-O NTs.

exhibits six relatively sharp diffraction rings, and the lattice spacings of
0.354, 0.246, 0.240, 0.190, 0.160, and 0.150 nm well match the (101),
(103), (004), (200), (211), and (213) crystallographic planes of anatase
respectively. However, anatase cannot be detected by XRD, which may
be ascribed to its relatively weak signal intensity. EDS line scanning
profiles show the constituent elements of Ni, Ti, and O are generally
evenly distributed in all the NTs.

Corrosion Science 123 (2017) 209-216

Fig. 6. Evolution of OCP with time recorded for the NiTi control, as-anodized and
annealed NTs in PBS at 37 °C.

3.2. Corrosion behavior and Ni release

The evolution of OCP with time is shown in Fig. 6. For the NiTi
control, the OCP value rises rapidly at the beginning, but then gradually
slows and finally reaches a stable value around —0.22V, which
indicates a balance between formation and dissolution of the oxide
film is established [29]. For NT, NT-200, NT-400, and NT-600, their
OCP values finally stabilize at around —0.20 V, —0.11V, —0.11 V and
—0.06 V, respectively. Generally, the NTs show higher OCP values than

Fig. 5. TEM images, SAED patterns, and EDS line scanning profiles of the as-anodized and annealed Ni-Ti-O NTs. The direction of EDS line scanning is from top to bottom of the NTs

shown in each low-magnification TEM image.
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Fig. 7. Potentiodynamic polarization curves obtained from the NiTi control as well as as-
anodized and annealed Ni-Ti-O NTs. The test was performed after the samples were
immersed in PBS for 2 h at 37 °C.

the NiTi control and increasing annealing temperature contributes to
the positive shift of OCP values.

Fig. 7 shows the potentiodynamic polarization curves of the NiTi
control as well as as-anodized and annealed NTs. It can be seen that the
cathodic polarization curves of all the samples exhibit Tafel (i.e., linear
on semilogarithmic scale) over at least one decade of current density
while the anodic branches show poor Tafel. Generally, the cathodic part
reflects hydrogen evolution process through reduction of water,
whereas the anodic region indicates the dissolution of the samples at
an elevated potential. Passivation behavior is observed for the NiTi
control and anodized samples show poor passivity except for NT-200
and NT-400. When the potential is higher than 0.5V, no useful
information that relevant to the system can be acquired. Based on
these results, Tafel extrapolation was conducted using cathodic
branches of the curves to determine the corrosion current densities.
Since the extrapolation was started 50-100 mV away from E.,,, so the
accuracy of the results can be anticipated [30,31]. The electrochemical
parameters are presented in Table 2. Generally, the NTs show higher
corrosion potentials and lower current densities than the NiTi control
demonstrating that the NTs have high corrosion resistance. Generally,
annealing can further lower the current densities and NT-200 and NT-
400 show lower current densities than NT-600.

The Ni release profiles as a function of immersion time are
presented in Fig. 8. Initially, relatively high Ni ion release rate can be
observed for all the samples but afterwards, the release rate slows down
with time finally reaching a steady state after 10 days. The as-anodized
sample releases much more Ni than the other samples whereas the
control releases a comparable amount of Ni as NT-400 and NT-600 in
the initial stage.

3.3. Microstructure and chemical composition after immersion

The XPS results of the immersed samples are presented in Fig. 9 and
the elemental compositions are listed in Table 3. Fig. 9(a) shows the
presence of the main elements, Ti, Ni, and O, as well as contaminants,
C, N, Si, P, and Ca. Generally, the ratios of Ni to Ti are smaller than

Table 2
Corrosion potentials (E.,), current densities (I.or), and cathodic Tafel slopes (B.) of the
NiTi control and Ni-Ti-O NTs derived from the polarization curves.

Sample Ecor/V vs. SCE Lorr/A cm ™2 Bc/V decade™?
NiTi —-0.38 4.40 x 1077 -0.162
NT -0.27 490 x 1078 —-0.158
NT-200 -0.33 1.70 x 10~ 8 -0.173
NT-400 -0.22 1.69 x 10~8 -0.111
NT-600 -0.15 333 x 1078 -0.111
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Fig. 8. Ni ion release rates from the NiTi control as well as as-anodized and annealed Ni-
Ti-O NTs. The immersion solution for each sample was refreshed every day and each data
means the average Ni ion release amount from each group over the day that it was
measured. The scatter band represents standard deviation of three tests for each group.

those of the as-fabricated samples (Table 1), suggesting that Ni is more
soluble than Ti during immersion. The locations of the Ti 2p and Ni 2p
in Fig. 9(b) and (c) are the same as those of the as-fabricated ones
(Fig. 3 (b) and (c)) indicating that immersion does not affect the
chemical states.

Fig. 10 shows the XRD patterns of the samples after immersion in
PBS for 30 days. Only peaks from the NiTi substrate can be detected
from NT, NT-200, and NT-400. In addition, a peak corresponding to the
(202) plane of NizTi can be observed from NT-600. In general, there is
no appreciable difference between the as-fabricated (before immersion)
(Fig. 4) and immersed (Fig. 10) samples providing evidence that the
structure of the NTs are quite stable.

3.4. Cytocompatibility

The osteoblasts viability cultured on all the sample surfaces was
assayed using CCK-8 (Fig. 11). Generally, all the samples can well
support cell growth throughout the whole culture period. There is no
significant difference in cell viability between each group, which
suggests the release levels of Ni can be tolerated by osteoblasts.

4. Discussion

During exposure to human body fluids, spontaneously electroche-
mical corrosion occurs on the surface of NiTi alloy resulting in
continuous release of Ni ions from the bulk materials. This is commonly
acknowledged to be the main reason that compromises the cytocompat-
ibility. Accordingly, almost all previous works have aimed at inhibiting
Ni release from the NiTi alloy by conducting various surface modifica-
tion techniques [19,32-34]. Nonetheless, the relationship between Ni
release and cytocompatibility is still ambiguous because these surface
modification techniques not only reduce the Ni release, but also modify
the surface morphology, microstructure, and chemical composition
which may play important roles in the cytocompatibility as well.

In this work, we aim at elucidating the relationship between Ni
release and cytocompatibility of the NiTi alloy. Ni-Ti-O NTs were
prepared on the NiTi alloy by anodization followed by annealing at
different temperature. The annealing temperature affects the morphol-
ogy and microstructure of the NTs. It has been reported that amorphous
TiO5 NTs prepared by anodization of pure Ti can transform to anatase
at 450°C and rutile at 550 °C, eventually collapsing at a higher
temperature because of the growth of the rutile phase [35,36].
However, the transformation temperature is elevated because of the
presence of Ni in the Ni-Ti-O NTs. Previous work has shown that
alloying elements such as tungsten (W) may elevate the phase transition
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Fig. 9. (a) XPS survey spectra, (b) High-resolution Ti 2p spectra, and (c) High-resolution Ni 2p spectra of the as-anodized and annealed Ni-Ti-O NTs after immersion in PBS for 30 days.

Table 3
Surface elemental concentrations (at%) of the Ni-Ti-O NTs after immersion in PBS for
30 days determined by XPS.

Sample Atomic concentrations (at%) Ni/Ti ratio
Ti Ni 0] C N Si P Ca

NT 5.68 0.68 3893 37.54 537 4 581 1.99 0.12

NT-200 10.46 1.06 43.41 29.25 1.25 834 376 247 0.10

NT-400 5.28 0.81 34.43 4407 6.2 513 288 121 0.15

NT-600 11.16 1.02 40.56 34.36 4.02 418 335 1.34 0.09

Fig. 10. XRD patterns of the as-anodized and annealed Ni-Ti-O NTs after immersion in
PBS for 30 days.

Fig. 11. Viability of osteoblasts after culturing on all the sample surfaces for 1, 3, and
5 days assayed by CCK-8.
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temperature of TiO, NTs [37]. Another work demonstrated that when
the NiTi alloy was annealed at 400 °C no crystalized TiO, could be
detected on its surface, and annealing temperature of 600 °C could lead
to the generation of anatase [38], which well matches our results.
The main reason accounts for Ni release from bulk NiTi alloy in an
electrolyte is electrochemical corrosion, during which process metallic
Ni converts to Ni** and releases into the electrolyte. The release rate of
Ni?* can be estimated by corrosion current density. In principle, low
current density indicates high corrosion resistance and therefor little Ni
release. However, the NiTi control shows the highest corrosion current
but the amount of Ni released is less than those from the anodized
samples, which result is consistent with previously reported one [39]. A
possible explanation for the inconsistency between corrosion current
and Ni release amount may be the polarization curves were measured
only over a minutes, whereas the Ni release was over days. In the initial
stage of immersion, the oxide film on NiTi control is relatively thin and
cannot retard mass transport effectively as manifested by relatively
high corrosion current when compared with that of anodized samples.
As time goes on, the oxide film may grow gradually through the
diffusion of oxygen to the substrate/oxide interface and formation of Ni
and Ti oxides thus lowering Ni release rate [12]. As for the anodized
samples, their corrosion currents are relatively low in the initial stage
because of the presence of thick oxide films. Therefore, Ni release
amount from anodized samples due to electrochemical corrosion is
smaller than that from NiTi control. However, chemical dissolution of
the Ni-containing NTs with large specific surface area may mainly
account for the Ni release. In as-anodized NTs, Ni is in the form of Ni
(OH), and NiF,, which are water-soluble [40]. Both the presence of
water-soluble Ni species in the NTs and high corrosion current density
may explain the highest Ni release level of the as-anodized NTs when
compared with annealed samples. On one hand, annealing may convert
NiF, to NiO [41], which is verified by the elimination of F after
annealing (Fig. 3(a)), while NiO may then transform to slightly water-
soluble Ni(OH), after reacting with water [42]. On the other hand,
annealing may further oxidize the NiTi substrate to thicken the surface
oxide layer and therefore elevating the energy barrier for corrosion
induced Ni ions release. These two factors may collectively lead to
lower Ni release from annealed NTs. For NT-600, its corrosion current
density is higher than that of NT-400, but their Ni release levels are
comparable. Different crystal structure of the two samples may explain
the phenomenon. Crystallization of the sample annealed at 600 °C may
result in the incorporation of Ni in the NTs into the lattice of anatase
thus reducing its chemical solubility when compared with that of
annealed at 400 °C. Higher corrosion current density and lower
chemical solubility of NT-600 than that of NT-400 may make them
release Ni ions at the same level. Collectively, NT, NT-200, and NT-400
possess similar chemical composition, microstructure and morphology
but release Ni ions at different levels thus an ideal platform to
investigate the influence of Ni release on the cytocompatibility of the
NiTi alloy. In addition, NT-400 and NT-600 possess similar chemical
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composition, morphology and Ni release level but different microstruc-
ture, so the effect of microstructure on the cytocompatibility can be
evaluated using the two groups as well.

There is no direct evidence to correlate the relationship between
reduced Ni release and improved cytocompatibility, because after
surface modification, the morphology, microstructure, and chemical
composition of the NiTi alloy are altered [43]. Our results show even
though the NTs release more Ni ions than NiTi control, they possess
similar cytocompatibility, suggesting a certain amount of Ni can be
tolerated by the cells. More importantly, the NTs (NT, NT-200, and NT-
400) with similar morphology, microstructure, and chemical composi-
tion but different Ni release levels (132-929 ng/cmz/day) show similar
cytocompatibility, confirming that the cells can tolerate 929 ng/cm?/
day of Ni, which is significantly larger than that released from the
untreated NiTi control (84.8 ng/cm?/day). Accordingly, our results
suggest that the strategy to improve the cytocompatibiliy of NiTi
should consider the surface morphology, microstructure, and chemical
composition instead of just focusing on the amount of released Ni.

5. Conclusion

Ni-Ti-O NTs annealed at 200-400 °C possess nanotubular morphol-
ogy, amorphous microstructure, and similar chemical composition as
the as-anodized sample. In contrast, annealing at 600 °C converts the
amorphous microstructure to anatase. Generally, the NTs have better
corrosion resistance but release more Ni ions than the untreated NiTi
control, suggesting that chemical dissolution of Ni species in the NTs
also accounts for the Ni release. Nonetheless, the NTs and NiTi control
possess comparable cytocompatibility. In addition, the anodized sam-
ples with similar surface characteristics and different Ni release levels
also show similar cytocompatibility, indicating that the amount of Ni
released from the NTs are tolerated by the cells. Accordingly, the
cytocomatibility of the NiTi alloy should be improved by altering the
surface morphology, microstructure, and chemical composition rather
than simply reducing Ni release.
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