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In vitro corrosion resistance and cytotoxicity of novel TiNbTaZr alloy

GUO Yong-yuan', CHENG Meng-qi', CHEN De-sheng', XUE Xiao-bing’, ZHANG Xian-long'

1. Orthopaedic Department, The Sixth Affiliated People’s Hospital,
Medical School of Shanghai Jiao Tong University, Shanghai 200233, China;
2. State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai 200240, China

Received 9 July 2012; accepted 16 August 2012

Abstract: A novel f type Ti35Nb2Ta3Zr alloy with low modulus (48 GPa) was fabricated using vacuum consumable arc melting.
The corrosion resistance and cytotoxicity of Ti35Nb2Ta3Zr were evaluated. The open circuit potential, electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization methods were used to determine the corrosion resistance. In Ringer’s solution,
Ti35Nb2Ta3Zr alloy exhibits better corrosion resistance, as compared to that of Ti6Al4V and Ti. The cytotoxicity tests indicate that
the biocompatibility of Ti35Nb2Ta3Zr is as good as Ti and Ti6Al4V which are widely used in biomedical fields. Based on corrosion
resistance and cytotoxicity, the novel f type Ti35Nb2Ta3Zr alloy can be considered as a potential biomaterial.
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1 Introduction

The pure titanium and Ti6Al4V (o+f type) are
presently the most widely used materials for orthopedic
implants due to their high corrosion resistance and good
biocompatibility. However, the elastic modulus of
Ti6Al4V (110 GPa) is much higher than that of human
cortical bone (30 GPa). The mismatch of elastic modulus
between the implant and bone leads to stress shielding,
which results in bone resorption and eventually leads to
the loosening and premature failure of the implant [1].
On the other hand, the release of potentially harmful
metal elements, such as Al and V from Ti6Al4V and their
accumulation in the body have been proved to be toxic to
human body [2]. So, there is a thrust towards the
development of novel titanium alloys with lower
modulus and nontoxic elements.

Under these conditions, S type titanium alloys
satisfy most of the requirements for an orthopedic
implant, which consist of f stable elements, such as
molybdenum, silicon, niobium, zirconium and tantalum.
Researchers  reported  that the moduli  of
Ti29Nb13Ta4.6Zr [3], Ti25Ta25Nb [4] and Ti35Nb4Sn

[5] are 65 GPa, 55 GPa, and 40 GPa, respectively, which
are much closer to the modulus of nature bone. The
biocompatibility of f type titanium alloys is increased
significantly compared to that of Ti6Al4V. PARK et al [6]
reported that the Til3Nb13Zr alloy showed significantly
increased cellular attachment compared with Ti6Al4V.

As an implant in the human body, corrosion
resistance and biocompatibility are the most important
characteristics expanding the wuse of alloys as
biomaterials [7]. The addition of niobium (Nb) could
increase the corrosion resistance of materials [8].
Zirconium (Zr) shows acceptable mechanical strength [9]
and in vivo evidences have demonstrated that zirconium
implants exhibit good osteointegration [10,11]. Tantalum
(Ta) is more corrosion resistant than niobium because of
the higher stability of its oxide [12,13] and its superior
corrosion resistance and the biocompatibility of tantalum
have been extensively evaluated [14]. Therefore,
considering the individual characteristics of Nb, Ta and
Zr, TiNbTaZr alloys are expected to present a good
combination of low elastic modulus, high corrosion
resistance and good biocompatibility.

In our previous study, a novel f type Ti35Nb2Ta3Zr
alloy was fabricated using vacuum consumable arc
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melting, which has an elastic modulus of about 48 GPa
and an ultimate tensile strength of around 880 MPa [15].
There is no knowledge of the corrosion resistance and in
vitro cytotoxicity of this new material. Therefore, the
current study focuses on these aspects of the
Ti35Nb2Ta3Zr alloy.

2 Experimental

2.1 Alloy fabrication

Ti35Nb2Ta3Zr alloy (mass fraction, %) was
fabricated by vacuum consumable arc melting using the
mixture of high purity sponge titanium, Ti-Nb interalloy
and high purity Ta and Zr. The ingot was re-melted three
times to homogenize the alloy chemical composition. To
homogenize the microstructure, the ingot was
heat-treated at 1223 K for 1 h in vacuum. The ingot was
then forged into a quadrate casting of 70 mmx30 mmX
100 mm followed by a solution treatment at 1053 K for
0.5 h in vacuum. The ingot was deformed by cross-
rolling at the reduction ratios of 99%. The chemical
composition (mass fraction, %) of Ti35Nb2Ta3Zr is
determined by EDX (X-MAXS80, Oxford) as w(Ti):
w(Nb):w(Ta):w(Zr)=59.55:35.44:2.14:2.86 .

Disk samples of 12 mm in diameter and 4 mm in
thickness were prepared from the Ti35Nb2Ta3Zr alloy.
Ti6Al4V and pure Ti were used as control. All the
samples were polished to a surface finish of 0.1 um and
then were ultrasonically washed in ethanol and then
deionized water. All samples were sterilized in an
autoclave prior to cell culture.

2.2 Corrosion test

The corrosion tests of the three Ti alloys were
performed in Ringer’s solution (NaCl 9 g/L, KCI 0.43
g/L, CaCl, 0.24 g/L and NaHCO; 0.2 g/L) at 37 °C [16],
which was known as a simulated body solution [17,18].
A PARSTAT 2273 electrochemical station and a standard
three-electrode cell were used with a saturated calomel
electrode (SCE) as a reference electrode and a platinum
plate as a counter electrode. The open-circuit potential
and electrochemical impedance were measured before
the potentiodynamic polarization test. The values of open
circle potential (OCP) were recorded for 1 h after the
samples were immersed in Ringer’s solution. Eoc was
defined as the value of OCP for 1 h. The electrochemical
impedance spectrum (EIS) measurements were
performed at the Eoc at the frequency range of 100
kHz to 100 mHz with a signal amplitude of 10 mV. An
equivalent circuit was assigned for the EIS data and the
data were curve fitted by ZSimpWin 3.21 software. The
potentiodynamic polarization tests of samples were
carried out over the potential range from —500 to +500
mV (vs Eoc) at a scanning rate of 0.5 mV/s. Each test
was carried out in triplicate to evaluate the

reproducibility of the results.

2.3 Cytotoxicity
2.3.1 Cell culture

L1929, a murine fibroblast cell line (Cellbank of
Chinese Science Academy, China) was cultured in
DMEM (Biowest, France) containing 10% FBS (Biowest,
France) and 1% penicillin/streptomycin at 37 °C in an
atmosphere of 5% CO, and 95% humidity. The medium
was refreshed every 2 d, and confluent flasks were
subcultured using trypsin/EDTA. Ti and Ti6Al4V were
used as control, which have already been used for
orthopedic fields in humans. Each experiment was
performed 4 times (n=4). The data obtained were
expressed as meants.d. ANOVA analyses were
performed with the SPSS 16.0 software, and P less than
0.05 was considered statistically significant.
2.3.2 Cell adhesion

1 mL cell suspension with a density of 5000
cells/mL was seeded on the surfaces of Ti, Ti6Al4V and
Ti35Nb2Ta3Zr for 24 h. At the prescribed time point, the
samples were rinsed with PBS, and the cells were fixed
and stained with 4°, 6’-diamidino-2-phenylindole (DAPI).
The cell numbers in five random fields were counted
under a fluorescence microscope (Leica DM400).
2.3.3 Cell viability

The cell viability was evaluated by the Cell
Counting Kit-8 (CCK-8, Dojindo, Japan). 1 mL cell
suspension with a density of 5000 cells/mL was seeded
on the substrates. After culturing for 24 h, samples were
rinsed with PBS and 10 pL of pre-warmed CCK-8
solution with 90 pL culture medium was added. After
1 h of further incubation, the 100 pL working solution
was transferred to a new 96-well culture plate for
measuring the absorbance using an ELISA reader at
450 nm.

3 Results and discussion

The open circuit potentials became less negative
with exposure time of Ti, Ti6Al4V and Ti35Nb2Ta3Zr
alloys in Ringer’s solution at 37 °C. The representative
images are shown in Fig. 1. Almost immediately after
exposure, the potential of the Ti35Nb2Ta3Zr was
approximately —725 mV, and it increased to more noble
potentials and stabilized at —476 mV after exposing for 1
h. For Ti and Ti6Al4V alloy, the initial open circuit
potentials were around —593 mV and —227 mV, and then
increased to —253 mV and —128 mV after exposure for
1 h, respectively. For all the three alloys, the change
towards less negative potentials demonstrates that the
metal surfaces are spontaneously passivated in Ringer’s
solution due to the formation of an oxide film. From Fig.
1, it is shown that Ti6Al4V has the least negative Eoc
values compared to Ti and Ti35Nb2Ta3Zr, while
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Ti35Nb2Ta3Zr presents the most negative Eoc values.
These data suggest that the tendency for the formation of
a spontaneous oxide on Ti35Nb2Ta3Zr is less than the
ones formed on Ti and Ti6Al4V in Ringer’s solution.
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Fig. 1 Potential versus time profile for Ti, Ti6Al4V and
Ti35Nb2Ta3Zr alloys after exposing for 1 h in Ringer’s
physiological solution

Electrochemical impedance spectra of Ti, Ti6Al4V
and Ti35Nb2Ta3Zr alloys exhibit as Bode plot in Fig. 2
after exposing for 1 h in Ringer’s solution. High
impedance values (in the order of 10*-10° Q/cm®) were
obtained for medium to low frequencies in the three
samples, implying high corrosion resistance in the
simulated body solution, and were indicative of a single
passive oxide film formed at the surface of the samples
[19,20]. The phase angle 8, a sensitive parameter, was
used to indicate the presence of additional time constants
in EIS. From Bode plots in Fig. 2, only one time constant
was involved and the phase angle 6 was close to 90°.
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Fig. 2 Bode plots for Ti, Ti6Al4V and Ti35Nb2Ta3Zr alloys

after exposing for 1 h in Ringer’s solution

A simple equivalent circuit (EC) R(OR,) (Fig. 3)
was used to model the EIS data, which has been used to
fit oxides grown on Ti alloys under different situations
by other researchers [21-24]. R, and R, represent the
solution and the parallel (film) resistances, respectively.
Q is a constant phase element (CPE) for the capacitance

of the passive oxide film. The impedance of the CPE is
given by Z(CPE)= [O(jw)']"', where o is the angular
frequency in rad/s and # is the exponential term. While O
is defined as pure capacitance for n=1, resistance for n=0,
and inductance for n=—1. The fitting results of the EIS
data are shown in Table 1. The chi-square value of less
than 0.01 for the model showed good agreement between
the experimental data and the fitted data. » was near 1,
indicating that Q presented an almost pure capacity. The
film resistance R, of Ti6Al4V and Ti35Nb2Ta3Zr had
the same order of 10° Q/cm °. The R, of Ti35Nb2Ta3Zr
was higher than that of Ti6Al4V and Ti, demonstrating
that the spontaneously formed oxide film on
Ti35Nb2Ta3Zr was more resistive than that on Ti6Al4V
and Ti. Namely, The Ti35Nb2Ta3Zr had the best
corrosion resistance among the three materials.
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Fig. 3 Equivalent circuit, R(OR,), used to fit the experimental
impedance data from Fig. 2

Table 1 Electrical parameters obtained by fitting the
experimental results of EIS tests for Ti, Ti6Al4V and
Ti35Nb2Ta3Zr

Chi-squared

Sample  R/(Q-em %) R,/(kQ-cm ) value

Ti 48.56 127 0.8319 5.05x10°°
Ti6Al4V 51.53 1158  0.8927 1.23x10°°
Ti35Nb2Ta3Zr  48.64 2287  0.8163 1.89x10°°

Figure 4 presents the typical potentiodynamic
polarization plots obtained from Ti, Ti6Al4V and
Ti35Nb2Ta3Zr in Ringer’s solution. When the applied
potential voltage increased to 500 mV, very low current
densities were obtained for all the tested samples, which
suggested that no pitting corrosion occurred. In the case
of Ti35Nb2Ta3Zr alloy, the current density increased
with potential from the corrosion potential until
approximately —150 mV, and then the current density
remained unchanged as the potential increased until the
end of the test at 500 mV, indicating typical passive
behavior. The current density of the titanium alloy in this
passive region was approximately 2.16 pA/cm’. The
corresponding corrosion parameter i, means the
corrosion rate and E, means the potential where the
current density noticeably increases with increasing
potential. The trend for E, is Ti35Nb2Ta3Zr<Ti<
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Ti6Al4V, which agrees with E. i increased in the
order of Ti35Nb2Ta3Zr<Ti6Al4V<Ti. The Ti35Nb2-
Ta3Zr alloy exhibited significantly the lowest corrosion
current density values among the three materials,
suggesting a better corrosion resistance property
compared to Ti and Ti6Al4V. The results matched with
the results of EIS.

The cell adhesion and viability of L1929 on Ti,
Ti6Al4V and Ti35Nb2Ta3Zr are shown in Figs. 5-7.
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Fig. 4 Representative image of potentiodynamic polarization
for Ti, Ti6Al4V and Ti35Nb2Ta3Zr alloys in Ringer’s solution

(2)

Fig. 5 Fluorescence images of 1929 fibroblasts (nuclei in blue)
incubated on surface of Ti, Ti6Al4V and Ti35Nb2Ta3Zr after
culturing for 24 h: (a) Ti; (b) Ti6Al4V; (c) Ti35Nb2Ta3Zr
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Fig. 6 Values of fibroblasts adhesion measured by cell counting
for 24 h
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Fig. 7 Cell viability after culturing for 24 h on surface of Ti,
Ti6Al4V and Ti35Nb2Ta3Zr

The L929 fibroblasts proliferated well on all the three
samples. There were no significant differences in cell
adhesion and proliferation between Ti35Nb2Ta3Zr and
Ti or Ti6Al4V. Therefore, it can be concluded that the
cytotoxicity of the Ti35Nb2Ta3Zr alloy is almost equal
to that of the Ti6Al4V alloy and Ti, which are already in
use in biomedical implantation in humans. In accord with
our results, other studies of the cytotoxicity of new
titanium alloys containing Nb, Ta or Zr demonstrated
that cells proliferated well on TiNbTaZr, TiNbSn and
TiTaSn alloy disks [3,25-28].

4 Conclusions

The in vitro corrosion resistance and cytotoxicity of
a novel Ti35Nb2Ta3Zr alloy have been assessed and
compared with those of Ti and Ti6Al4V.

1) Ti35Nb2Ta3Zr presents the most negative OCP
values after exposing for 1 h in Ringer’s solution.

2) The EIS data shows that the R, of Ti35Nb2Ta3Zr
is higher than that of Ti6Al4V and Ti, and the
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potentiodynamic polarization results suggest the
corrosion current density of Ti35Nb2Ta3Zr is lower
compared to Ti6Al4V and Ti. Both of them demonstrate
that Ti35Nb2Ta3Zr has the best corrosion resistance
among the three materials.

3) There are no significant differences in the cell
adhesion and proliferation between cells grown on the
Ti35Nb2Ta3Zr, Ti and Ti6Al4V in direct contact cell
culture tests.

These results imply that Ti35Nb2Ta3Zr alloys are
potentially promising candidates for orthopedic fields.
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