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β-Type titanium alloys with a low elastic modulus are a potential strategy to enhance bone remodeling and to
mitigate the concern over the risks of osteanabrosis and bone resorption caused by stress shielding, when used
to substitute irreversibly impaired hard tissue. Hence, in this study, a Ti–45Nb alloy with low Young's modulus
and high strength was developed, and microstructure, mechanical properties, corrosion behaviors,
cytocompatibility and in vivo osteo-compatibility of the alloy were systematically investigated for the first
time. The results of mechanical tests showed that Young's modulus of the Ti–Nb alloy was reduced to about
64.3 GPa (close to human cortical bone) accompanied with higher tensile strength and hardness compared
with those of pure Ti. Importantly, the Ti–Nb alloy exhibited superior corrosion resistance to Ti in different solu-
tions including SBF, MAS and FAAS (MAS containing NaF) media. In addition, the Ti–Nb alloy produced no dele-
terious effect to L929 and MG-63 cells, and cells performed excellent cell attachment onto Ti–Nb surface,
indicating a good in vitro cytocompatibility. In vivo evaluations indicated that Ti–Nb had comparable bone tissue
compatibility to Ti determined from micro-CT and histological evaluations. The Ti–Nb alloy with an elasticity
close to human bone, thus, could be suitable for orthopedic/dental applications.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Compared with other traditional metallic biomaterials, such as Co–
Cr alloys and stainless steels, titanium (Ti) and its alloys have become
the most attractive metallic materials used in medical applications,
especially in orthopedic and dental implants, owing to their combined
advantages of high strength-to-weight ratio, excellent corrosion
resistance, and favorable biocompatibility [1,2]. These attractive perfor-
mances promote the development and application of new orthopedic Ti
alloys in the medical area. The first generation orthopedic α+ β titani-
um alloys like Ti–6Al–4V is being widely employed and has received
good clinical outcomes. The Ti–6Al–4V alloy has cornered almost all of
the market for cementless total hip arthroplasties because it has good
specific strength in comparison to pure Ti [3,4]. However, the elastic
modulus of Ti–6Al–4V alloy (110 GPa) is still much greater than that
of human cortical bone (10–30 GPa) [1,5]. The large elastic modulus
mismatch between implants and surrounding bone tissue has been
c-wei@pku.edu.cn (S. Wei).
identified as a major cause of pain when walking, stress shielding, im-
plant loosening, and even bone resorption [6,7]. And the moduli mis-
match could lead to excessive micro-motion between implants and
bone, which prohibits bone formation and contrarily facilitates fibrous
tissue ingrowth, thereby impeding the osseointegration of implant [8].
Moreover, as reported in many previous research and clinical cases,
the long-term performance of Ti–6Al–4V alloys also raises great con-
cerns due to the release of Al and V ions, which is harmful to cells and
tissues [9–11]. Therefore, a novel Ti-based implant with low elastic
modulus and high strength for bone tissue engineering ismuch-needed.

With developing of material science and technology, the second
generation β-type Ti-alloys with lower Young's moduli have been
invented for orthopedic application to resolve these adverse effects of
Ti–6Al–4V alloy on bone. Ti–Ni alloy once was considered as implant-
able material over last two decades, because of its unique shape-
memory effect, super-elasticity and high damping [12,13]. The release
and accumulation of Ni ions, nevertheless, are thought to be a potential
risk, whichmay be toxic to human body, influence gene expression and
cholesterolmetabolism, and cause allergy/carcinogenicity. Thus, Ni-free
β Ti-alloys have been widely studied. Recently, a large number of new
β-type binary Ti alloys have been developed via the addition of alloying

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2015.10.062&domain=pdf
http://dx.doi.org/10.1016/j.msec.2015.10.062
mailto:sc-ei@pku.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.msec.2015.10.062
Unlabelled image
http://www.sciencedirect.com/science/journal/09284931


566 Y. Bai et al. / Materials Science and Engineering C 59 (2016) 565–576
elements such as Mo, Nb, Ta, Zr and Hf to suppress the elastic modulus
and enhance the strength of Ti alloys. On the other hand, some research
on the biological behavior ofmetals have shown that the composition of
metallic implant must be carefully selected to avoid or minimize
adverse reactions [14,15]. Among these binary Ti alloys, therefore, the
Ti–Nb alloy has drawn considerable attraction for its great potential as
implant material in orthopedic and dental applications owing to
its non-toxic, good biocompatibility and superb corrosion resistance
[16–18]. Similar to Ti, Nb is highly unreactive and biocompatible in
the body. Previous literature pronounces that Nb element is good for
the osteogenesis in animal implantation tests [19,20], and favorable
for cell adhesion, proliferation and differentiation in vitro studies [21,
22]. Although there are some research focusing on themechanical prop-
erties and corrosion behavior of Ti–45Nb previously, to our knowledge,
little work has been probed regarding in vitro cell responses and in vivo
bone tissue compatibility of the Ti–45Nb binary alloy. Hence, in
the present study, the microstructure, mechanical properties, electro-
chemical performances, in vitro biocompatibility and in vivo osteo-
compatibility of the Ti–Nb alloy with the pure Ti as a control group
were systematically investigated as the critical step towards its use for
biomedical applications. Compared with bare Ti, the Ti–Nb alloy could
effectively reduce Young's modulus to close to human cortical bone,
and promote the corrosion resistance capability of Ti. Simultaneously,
Ti–Nb alloy implant possessed comparable in vitro cytotoxicity, in vivo
osseointegration and bone formation with the commercial Ti, present-
ing a bona fide potential as implant material for orthopedic/dental
applications.

2. Materials and methods

2.1. Alloy preparation

Sponge titanium (ASTM grade 2) and niobium ingots were used as
primary materials, all chemically 99.9% in purity. The Ti–Nb ingots
were prepared by arc-melting on a water-cooled copper hearth under
an argon inert atmosphere with a nonconsumable tungsten electrode.
A vacuum of 5 × 10−4 was created before argon injection. The ingots
were turned around and re-melted five times for homogeneity, and
hot rolled into rods. The rods were then heat treated in a vacuum atmo-
sphere at 1123 K for 1 h followed bywater quenching. Finally, disc sam-
ples with 8 mm in diameter and 1 mm in thickness were prepared for
material characterization and in vitro testing, and screw-shaped sam-
ples with 10 mm in length and 4 mm in diameter were designed for
in vivo bone compatibility studies. Samples of the alloy were polished
with a series of increasing SiC abrasive papers (400, 800, 1500, 2000
grit) and burnished with colloidal silica to give a mirror-like finish.
Then, they were cleaned ultrasonically for 30 min in baths of acetone,
anhydrous ethanol, and de-ionized water (D.I. water), respectively,
and dried at 50 °C overnight. The commercial pure Ti (grade 2, pur-
chased from Northwest Institute for Non-ferrous Metal Research,
China) was used as a control throughout the study due to its excellent
biocompatibility and it was one of the major metals used in dental/
orthopedic implants.

2.2. Surface characterization

The surface chemical constitution and elemental state of the pre-
pared samples were characterized by energy dispersive spectrometry
(EDS, EDAX, USA), auger electron spectroscopy (AES, PHI-700, ULVAC-
PHI, Japan), and X-ray photoelectron spectroscopy (XPS, AXIS Ultra,
Kratos Analytical Ltd.). Phase characterization was carried out using X-
ray diffraction (XRD, DMAX-2400, Rigaku, Japan, monochromatized Cu
Kα radiation, λ = 0.15406 nm, 40 kV, 30 mA). Optical microscopy
was taken for microstructure analysis (BX51M, Olympus, Japan) after
the Ti–Nb alloy was etched using a solution of 10% HF, 15% HNO3 and
75% H2O for 15 s. Atomic force microscopy (AFM, PI3800/SPA400,
Seiko Instruments, Japan) using a Si3N4 cantilever with a spring con-
stant of 0.12 N/m (Seiko) for resolution imaging was employed in dry
condition to assessmorphological characteristics of the Ti–Nb alloy sub-
strate in contactmode. Before AFMmeasurement, the Ti–Nb and bare Ti
substrates were rinsed with ethanol and D.I. water, and allowed to air
dry. Static contact angles on Ti–Nb surfaces were measured at room
temperature by the sessile drop method using 2 μL D.I. water droplet
in a contact angle measuring device (SL200B, Kono, USA). Six samples
in each stage were used to provide an average and standard deviation.

2.3. Tensile and microhardness tests

The tensile properties (including the yield strength, tensile strength,
and Young's modulus) of the Ti–Nb alloy were measured using a mate-
rials testing machine (5969, Instron, MA, USA) at a crosshead speed of
0.2 mm/min per ASTM D790. For each group, six duplicate specimens
were tested. The fracture morphology of Ti–Nb after uniaxial tensile
was further observed by a field emission scanning electron microscope
(FE-SEM, JSM-6701F, JEOL, Japan). Hardness of the Ti–Nb alloy was
determined by a digital Vickers microhardness tester (HMV-2 T,
Shimadzu, Japan) with a 1.96 N load and 10 s dwell time. Six points
were chosen and measured in different positions of each sample to get
an average value.

2.4. Corrosion behavior tests

2.4.1. Electrochemical measurements
The corrosion behaviors of the Ti–Nb binary alloy and pure Ti were

tested in three electrolytes including simulated body fluid (SBF, pH =
7.4), modified Fusayama–Meyer artificial saliva (MAS, pH = 5.0), and
fluoridated acidified artificial saliva (FAAS, MAS containing 0.2% NaF
and 0.3% lactic acid, pH = 4.0) solutions prepared as described previ-
ously [23,24]. The anti-corrosive activities of the pure Ti and Ti–Nb
alloy were evaluated by open circuit potential (OCP)-time measure-
ments, electrochemical impedance analysis, and anodic polarization ex-
periments. The electrochemical properties of the studied material
surfaces were measured in a glass electrochemical cell at 37 ± 0.1 °C
which was connected to a computer-controlled potentiostat (CHI
650C, Chenhua, Shanghai, China). Corrosion tests were performed
using the standard 3-electrode cell method [saturated HgCl as the
reference electrode, Pt as the counter-electrode, and the exposed sur-
face (1.77 cm2) of the Ti–Nb and Ti samples as the working electrode].
The OCP of each specimen was continuously monitored for 2 h in
electrolytes. Electrochemical impedance spectroscopy (EIS) at the
open-circuit potential was carried out with an AC amplitude range of
−10 mV to 10 mV and evaluated in the frequency range from 10−2

Hz to 105 Hz. The EIS data were interpreted in Bode amplitude and
phase angle plots using ZSimpWin program. After EIS test, the potenti-
odynamic polarization measurement was performed with a scan rate
of 1 mV·s−1. Corrosion parameters including corrosion potential
(Ecorr) and corrosion current density (Icorr) can be estimated from the
polarization curves by Tafel analysis based on the polarization plots.
Three parallel samples were applied for each group in the experiments.

2.4.2. Morphological and chemical characterization of corrosive surfaces
After the electrochemical measurements, surface topographies of

the studied materials in the different test solutions were characterized
by SEM (JEOL, Japan). XPS (AXIS Ultra) was employed to determine
these corrosive surface elemental components and their chemical
states. The binding energies were also calibrated by the C 1 s hydrocar-
bon peak at about 285 eV through the CasaXPS software package.

2.5. Cell culture

Mouse L929 fibroblasts cells and human osteoblast-like MG-63 cells
(Cell Bank of Shanghai Institutes for Biological Sciences, Chinese
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Academy of Science) were cultured in Dulbecco's modified eagle's
medium (DMEM, Gibco, Carlsbad, CA) containing 10% fetal calf serum
(Gibco), 100 g/mL streptomycin (Amresco, Cleveland, USA) and
100 g/mL penicillin (Amresco) at 37 °C in a humidified atmosphere of
5% CO2. The culture media was changed at 2–3 day intervals. Prior to
in vitro testing, the all samples were sterilized using gamma radiation
at a total dose of 25 kg.

2.6. In vitro cytocompatibility evaluations

2.6.1. Indirect cytotoxicity on extracts
Test on extracts was carried out according to the instruction of ISO

10993-5: 2009 in the study. The extraction media of the Ti–Nb alloy
and pure Ti specimen were prepared using serum free cell culture me-
dium (DMEM), with the extraction ratio (the ratio of specimen surface
area to extraction medium) of 3 cm2/mL, and then incubated in a hu-
midified atmospherewith 5% CO2 at 37 °C for 72 h. Cell culture medium
(DMEM)was used as a negative control. Cellswere incubated in 96-well
cell culture plates (Corning, USA) at 5 × 103 cells per 100 μL in eachwell
and incubated for 24 h to allow attachment. Then culture media were
substituted by the extracts obtained from the studied materials and in-
cubated for 1, 4, and 7 days, respectively. After the culturing period, the
cell viability was measured by reacting with 100 μL/well MTT reagent
(Sigma-Aldrich, final concentration 0.5 mg/mL) for 4 h at 37 °C before
the addition of 100 μL solubilization solution (10% SDS in 0.01 M HCl).
After overnight solubilization, then 100 μL of supernatant from each
well was transferred to new 96-well cell culture plates. Optical density
(OD value) of the supernatant was measured with a microplate reader
(Model 680, Bio-Rad, CA) at 570 nm with the reference wavelength at
630 nm. Six parallel measurements were used to provide an average
and standard deviation. The cell viability was expressed as a percentage
as following:

Cell viability (%) = (OD(test) − OD(blank)) / (OD(negative control)

− OD(blank)) × 100%.

2.6.2. Direct cytotoxicity on samples
After cell counting, MG-63 and L929 cells were exposed to the Ti–Nb

alloy and bare Ti substrates in 24-well plates at a density of 1 × 104 cells/
well, respectively. The pure DMEM medium without studied materials
was as the negative control. After incubating for 1, 4, and 7 days, respec-
tively, the culture media were removed and the specimen were rinsed
with PBS buffered three times in order to remove the unattached cells.
Cell viability of the adherent cells was measured by the same MTT
approach as the aforementioned description.

2.6.3. Morphology observation of cells
The morphologies of L929 and MG-63 cells co-cultured on Ti–Nb

alloy were observed using the FE-SEM after 2 days of culture. All sam-
pleswerewashedwith PBS buffer, fixed in 2.5% glutaraldehyde solution
for 30 min and then dehydrated with graded ethanol solutions (25%,
50%, 75%, 95%, and 100%, 15 min each concentration). Dehydrated
samples were dried by a vacuum dryer before sputter-coating with
gold using a sputter coater.

2.7. Alkaline phosphate activity assay

Alkaline phosphatase (ALP) activity ofMG-63 cells was evaluated by
an assay reagent kit (Nanjing Jiancheng Bioengineering Institute,
China). MG-63 cells were exposed to the Ti–Nb and pure Ti samples
for 7–21 days, and the pure DMEMmedium without studied materials
was as the negative control. Briefly, the supernatant was removed and
100 μL of lysis solution (1% TritonX-100) was added into each well
and incubated for 1 h. Afterwards, 30 μL of MG-63 cell lysates at each
well was transferred to new 96-well cell culture plates, and cultivated
with 50 μL of carbonated buffer solution (pH 10) and 50 μL of substrate
solution (4-amino-antipyrine) at 37 °C for 15min. Then 150 μL of potas-
sium ferricyanide was added into the above solution, and the produc-
tion of p-nitrophenol was determined by the absorbance at 405 nm.
For normalization, the total protein concentration was measured by a
bicinchoninic acid (BCA) protein assay kit (Beijing Biosea Biotechnolo-
gy, China). Thus, alkaline phosphatase activity was normalized and
expressed as the total protein content (μmol/min/μg protein).

2.8. Oral mucosa irritation

Sixmale New Zealandwhite rabbits (weight 3–4 kg)were randomly
divided into two groups: Ti–Nb alloy and bare Ti. After the rabbits were
under general anesthesia (3% pentobarbital sodium, intravenous injec-
tion, 1 mL/kg), the Ti–Nb and pure Ti disc samples (5 mm in diameter
and 0.5mm in thickness)were sutured on themaxillary buccalmucosa.
The experimental protocol was approved by the Institutional Animal
Care and Use Committee of Peking University. After two weeks surgery,
the rabbits were euthanized, and the samples discs were removed. The
corresponding buccal mucosa tissue contacted with the disc samples
were fixed with 4% paraformaldehyde and stained with hematoxylin
and eosin (H&E) for histological observation.

2.9. In vivo bone tissue compatibility evaluation

2.9.1. Surgery
Surgical implantationwas performed on six female beagle dogs aged

1 year and weighing 10.3–12.9 kg for observation period of 2, 4 and
12 weeks after surgery. The in vivo study was conducted according to
the ethical principles of the Peking University Institutional Animal
Care and Use Committee. All dogs were randomly assigned to two
groups corresponding to Ti–Nb alloy and pure Ti control. General anes-
thesiawas achieved using an intravenous injection of 3%pentobarbital 1
mL/kg. Six hole with diameter of 4 mm was prepared at the left and
right medial tibia of the beagle using dental drill until the hole reached
7mm in depth, and the samples were then implanted into the prepared
hole. For each group, therewere twelve cylindrical implants placed. The
dogs received subcutaneous injection of oxytetracycline (30mg/kg) and
ketoprofen (3 mg/kg) for 3 consecutive days. After surgery, two fluoro-
chromes (Sigma), i.e. calcein (50 mg/kg), and tetracycline hydrochlo-
ride (50 mg/kg) were administered to assess the osteogenic activity
at week 2 and 4, respectively. The dogs were sacrificed at 2, 4 and
12 weeks after surgery by an intracardiac injection of 10% kalium
chloratum (0.5 mL/kg).

2.9.2. Micro-CT analysis
High-resolution images of all the specimens after surgery were

obtained from a micro-computed tomography scanner (SKYSCAN
1076, Skyscan Company) running at 100 kV, 80 μA and a resolution of
18 μm. A polygonal region of interest (ROI) in 600 slices with approxi-
mate 200 μm wide ring around implant surface was chosen, which
represented the regenerated bone only. After scanning, the three-
dimensional (3D)models were reconstructed from the volume of inter-
est, where an optimized thresholdwas used to isolate the bone andma-
terials from the background using the NRecon (Skyscan Company) and
CTVol (Skyscan Company, Belgium). The percent bone volume (BV/TV)
of trabecular bone and cortical bone around the implant was calibrated
and determined by the CTAn program (Skyscan Company) after 2, 4,
12 weeks post-operation.

2.9.3. Bone histomorphometric analysis
After micro-CT, the tibia with the implants were harvested and fixed

in 10% buffered formalin, and dehydrated by ascending concentrations
of ethanol. The samples were embedded in methyl methacrylate resin
without decalcification and micron sections were made after polymeri-
zation with a microtome (SP1600; Leica, Wetzlar, Germany) along
the longitudinal axis of the bone-implant interface. Afterwards, the



Fig. 1. Surface roughness obtained from AFM images and surface wettability of the Ti–Nb
alloy and bare Ti.

Fig. 2. The metallography (a–b) with different magnifications, and XRD pattern (c) of the
Ti–Nb alloy.
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embedded tissue samples were cut into sections with a thickness of
about 30 μm for fluorescence labeling observation under the confocal
laser scanning microscope (CLSM, LSM710 NLO, Zeiss, Oberkochen,
Germany) to observe bone integration with the host tissue. The excita-
tion/emission wavelengths used to observe chelating fluorochromes
were 405/575 nm and 488/520 nm for tetracycline hydrochloride
(yellow) and calcein (green), respectively. Histomorphometric analysis
to evaluate the percentages of new bone contact and bone areawas also
performed on the same sections of each group.

2.10. Statistical analysis

All data were expressed as mean ± standard deviations (SD) of a
representative six similar experiments carried out. Statistical analysis
was performed by one-way analysis of variance (ANOVA) followed by
Tukey's post hoc tests using SPSS 19.0 and p-values less than 0.05
were considered statistically significant.

3. Results and discussion

3.1. Chemical composition and microstructural characterization

Results of EDS analysis (Fig. S1(a)) after removing the surface oxide
layer showed that the main elements on the surface of the Ti–Nb alloy
were Ti and Nb, in which the strongest signal was at 4.5 keV with the
second peak at 2.2 keV. Theweight percentage of Ti and Nb determined
from EDS were 45.87% and 54.13%, respectively. And the chemical
composition of Ti–Nb alloy samples determined by AES was mainly
consisted of 45.2 wt.% niobium and 54.7 wt.% titanium, similar to the
EDS result. To verify the results from EDS and AES, XPS, a surface-
sensitive characterization technique, was applied to evaluate the detail
chemical bonds formed on the surface of the Ti–Nb alloys. The wide
XPS survey spectra and high-resolution Nb and Ti spectra were shown
in Fig. S1(b–d). The Ti–Nb alloy displayed strong Ti 2p, Nb 3d, Nb 3p,
and O 1s peaks, as well as C 1s. Carbon, typically present from unavoid-
able hydrocarbon contamination, was used as an internal reference at
284.6 eV for calibrating peak positions [25]. The stoichiometry of Ti/
Nb ratio was estimated based on the Ti 2p and Nb 3d spectra data, and
the Ti/Nb ratio was about 0.79:1. Moreover, the chemical states of Ti
2p on the surface of Ti–Nbwere composed of spin-orbit splitted doublet
Ti 2p3/2 at 458.4 eV and Ti 2p1/2 at 464.1 eV, respectively, indicating
that TiO2 was a component in the surface layer of Ti–Nb samples [26].
The binding energies centered around 209.7 and 207 eV were assigned
to the Nb-O bond, which coincided with the standard values of Nb2O5

[27]. The formation of the oxide was also reflected by the presence of
oxygen element. Therefore, it could be concluded that the passive film
spontaneously on the Ti–Nb alloy was predominantly composed of
TiO2 and Nb2O5. It is reported that the chemical composition and prop-
erties of the passive film on the surface have a significant influence on
the corrosion behavior and biological performance of metallic materials
and implants [28,29].

The surface roughness and wettability of experimental samples
were measured and shown in Fig. 1. Top-view surface feature displayed
a slightlymore rough topographyof the Ti–Nballoy, and the value of av-
erage roughness (Ra) varied from 1.63± 0.17 μm to 1.79± 0.23 μm for
pure Ti and Ti–Nb alloy, respectively in a significant way by the area of
100 × 100 μm2. Water contact angle is a convenient way to assess the
hydrophilic-hydrophobic properties of material surfaces. The enhanced
hydrophilicity with a lower contact angle (81.75 ± 2.94°) existed for
the Ti–Nb alloy compared with that of the bare Ti (96.46 ± 3.56°),
and hydrophilic surface is reported to be beneficial to cell attachment
and proliferation. The metallographical structure of the Ti–Nb alloy
after etching was next shown in Fig. 2 (a–b). The optical micrographs
showed that the Ti–Nb alloy had a uniform single β-phase titanium
with the grain size of about 10–20 μm. Besides, XRD analysis confirmed
the presence of β-type diffraction peak without any α and α” phase in
the Ti–Nb alloy. Recently, the β-Ti alloys with many advantages
comparing to α or (α + β) dual phase Ti-based alloy have raised in-
creasing attention in dental/orthopedic application, such as implants,
crowns, and orthodontic wires, due to their much lower elastic modu-
lus, excellent work-hardening, and heat-treatment capabilities [30–33].

3.2. Tensile properties and microhardness of Ti–Nb alloy

The tensile stress–strain curve andmechanical test results of the Ti–
Nb alloy were shown in Fig. 3 and Table 1. We could found that the Ti–
Nb alloy displayed higher yield strength (438MPa) and tensile strength
(527 MPa), which was about 1.5–1.6 times than those of pure Ti, possi-
bly because the addition of Nb element has a positive role in grain re-
finement. According to the classic Hall–Petch relationship, the yield
strength of the alloy increased with the decrease of grain size [34,35].
Moreover, higher microhardness was detected in the case of Ti–Nb
alloy. These indicated that Ti–Nb alloy had better mechanical properties
than commercial Ti. However, the Young's modulus of the Ti–Nb binary
alloy was decreased to about 64.3 GPa, much closer to human cortical
bone (15–30 GPa), and lower than that of commercial Ti (105 GPa, α-
type Ti), and other α + β-, and β-type Ti alloys such as Ti–6Al–4 V
alloy, 110 GPa; Ti–12Mo–6Zr–2Fe (TMZF), 74–85 GPa; Ti–15Mo–
2.8Nb–3Al, 82 GPa; and Ti–29Nb–13Ta–4.6Zr (TNZT), 65 GPa. After
introducing the β stabilizing element of Nb into pure Ti, the body-
centered cubic (BCC) structure conferred the Ti–Nb alloy with low
elastic modulus than the pure Ti with hexagonal close-packed lattice
(HCP) [36]. Furthermore, from earlier literature, the results of the theo-
retical calculation also suggest that Nb element is a suitable alloying el-
ement for β-type titanium alloys, capable of enhancing the strength and
reducing the modulus of the alloys [35]. As depicted in tensile stress–
strain curve (Fig. 3(a)), the Ti–Nb alloy possessed a typical two-stage
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Fig. 3. Stress–strain curves (a) and fracture morphology (b–c) of the Ti–Nb binary alloy.
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deformation: elastic deformation before yielding (approximately
438 MPa), and plastic deformation after yielding, besides, it showed a
good ductility. The fracturemorphology of the Ti–Nb alloy after uniaxial
tensile was further observed by SEM. the fracturemorphology of tensile
specimen was a dimple pattern with the size of 2–4 μm, with an evi-
dence of ductile fracture as shown in Fig. 3(b–c). Commercially pure
Ti (α-type) and Ti–6Al–4 V alloy (α + β-type) are commercially avail-
able and currently used as biomaterials in orthopedic/dental applica-
tions such as bone plates, intramedullary nails and artificial joints
because they have excellent corrosion resistance and biocompatibility
[37]. Nevertheless, the Young's modulus of these α-type or α + β-
type Ti-based alloys is much greater than that of human cortical bone.
Hence, the mismatch of the Young's modulus between implants and
bone tissue could have a risk of stress shielding, bone resorption and
poor osseointegration [6,7]. On the other hand, too low elastic modulus
would lead to themicro-motion ofmetallic implant, resulting in implant
loosening, and even failure of prostheses. In general, hence, the Young's
modulus of implantable materials should be slightly higher than adja-
cent bone tissue. In accordance with previous works, a Ti–Nb alloy de-
veloped as a β-type Ti alloy with the mechanical properties of low
Table 1
Typical tensile test and microhardness value of the Ti–Nb alloy, pure Ti, other β-type Ti alloys,

Yield strength
(MPa)

Ten
(MP

Ti–Nb 438 527
Ti–29Nb–13Ta–4.6Zr [55] 368 593
Ti–15Mo–2.8Nb–3Al [56] 771 812
Ti–12Mo–6Zr–2Fe [56] 1000–1060 106
Ti (grade 2) [57] 275 344
Cortical bone [56] 30-70 70-1
elastic modulus (a bit higher of human cortical bone), good ductility,
and high strength/hardness in this work, had a potential use in biomed-
ical area, which mitigated concerns over the risks of osteanabrosis and
bone resorption caused by stress shielding.

3.3. Corrosion property of Ti–Nb alloy

3.3.1. Electrochemical corrosion behavior
The corrosion resistance of the Ti–Nb alloy in MAS, SBF, and FAAS

was evaluated by open circuit potential (OCP)-time measurements, an-
odic polarization experiments and electrochemical impedance analysis.
Fig. 4(a–b) showed theOCP and potentiodynamic polarization curves of
pure Ti and Ti–Nb alloy. OCP is the potential of the working electrode
relative to the reference electrode without any applied current,
reflecting the thermodynamic equilibrium at the interface of metal
and solution as a function of time. As seen in Fig. 4(a), the all OCP curves
of Ti–Nb alloy and Ti took on an upward trend and became stable grad-
ually in MAS and SBF solution. However, in FAAS solution, the OCP
curves of Ti–Nb alloy as well as pure Ti declined sharply at the initial
stage and were then stable at a low potential. In comparison to the
and cortical bone.

sile strength
a)

Young's modulus
(GPa)

Hardness
(MPa)

64.3 233.4
65 200
82 /

0–1100 74–85 /
105 193.1

50 15-30 /
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Fig. 4. (a) Open-circuit potential and (b) potentiodynamic polarization curves of the Ti–Nbbinary alloy, and pure Ti tested inMAS, SBF and FAAS solutions. Representative EIS diagrams and
the equivalent electrical circuit models: (c) fitting result of the Ti–Nb alloy and pure Ti in MAS and SBF solutions; (d) fitting result of the Ti–Nb alloy and pure Ti in FAAS solution.
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bare Ti, the OCP-time curves of Ti–Nb specimens shifted upwards
(the more noble direction) and reached to the average potentials of
−305.0 mV, −439.3 mV, and −933.1 mV after 2 h in MAS, SBF, and
FAAS solutions, respectively, which indicated the improved corrosion
resistance behavior of Ti–Nb alloy. By comparing the three solutions,
the addition of fluoride aggravated the corrosion behaviors of the Ti–
Nb alloys and pure Ti seriously with the reduction of OCP values,
which suggested fluoride ion had played an important role in corrosion
resistance, and pure Ti was easier to be attacked. After 2 h OCP tests, the
potentiodynamic polarization curves were also measured in MAS, SBF
and FAAS solutions, as shown in Fig. 4(b). The Ti–Nb alloy exhibited po-
larization behaviors similar to pure Ti and showed broad passivation re-
gions in FAAS solution. Furthermore, consistent with the results of OCP,
Ti–Nb alloy samples displayed higher corrosion potential (Ecorr) and
lower corrosion current density (icorr) than those of bare Ti counterpart
in all three solutions, as listed in Table 2. While in the fluoridated acid-
ified artificial saliva FAAS (0.2% NaF, pH = 4.0) (Fig. 4(b)), the shape of
curves were quite different from that inMAS and SBF solutions (F-free).
Potentials displaced towards the negative direction (more than 0.5 V,
form −500 mV to −1000 mV) and passive current positioned at a
Table 2
Corrosion parameters of the Ti–Nb alloy, and pure Ti obtained from electrochemical
measurements in three tested solutions.

Solutions Samples OCP
(mV)

Ecorr
(mV)

icorr
(10−8A/cm2)

Rp

(kΩ·cm2)

MAS Ti–Nb −305.0 −492.2 ± 63 9.48 ± 0.75 274 ± 19.3
Ti −391.2 −527.0 ± 73 15.01 ± 1.21 173 ± 0.44

SBF Ti–Nb −439.3 −387.9 ± 28 3.93 ± 0.47 659 ± 28.1
Ti −485.0 −394.7 ± 24 4.08 ± 1.26 639 ± 28.1

FAAS Ti–Nb −933.1 −924.3 ± 41 5261.2 ± 60.8 0.498 ± 0.08
Ti −1070.3 −1004.9 ± 72 9980.2 ± 102.5 0.261 ± 0.05
very high place (change from 10−5 to 10−4 A·cm2). The Ti–Nb alloy lo-
cated beneath Ti, which demonstrated the former had a better corrosion
resistance than the latter even at extreme conditionswith both fluoride
and lactic acid. Actually, Nb has a higher standard electrode potential
than Ti [38]. In the previous studies, the Ti alloys containing heavy
metal elements (such as Nb, Au, Ag, and, Pd) had been proven to exhibit
an promoted corrosion resistance [23,39–41]. Due to high corrosion re-
sistance of added noblemetals, Ti may dissolve preferentially during the
initial stage of corrosion and then the noble element atoms of the alloys
surface may accumulate because of Ti loss. As a result, the potential of
the alloy became further nobler than the critical potential for passiv-
ation of Ti, which improved the corrosion resistance of alloys. These
values all indicated that the addition of Nb element to Ti could effective-
ly enhance the corrosion resistance properties of the Ti substrate in both
fluoride-free, and fluoridated acidified saliva solutions.

In order to furter study the corrosion resistance of the Ti–Nb alloy,
electrochemical impedance spectroscopy (EIS) of the samples at Ecorr
after immersion 2 h in MAS, SBF and fluoride-containing FAAS media
were presented, respectively, in the form of Bode-phase and Bode-
magnitude plots as depicted in Fig. 4(c–d). It could be observed from
Fig. 4(c), profiles of the spectra for Ti–Nb alloy and pure Ti in MAS (F-
free, pH = 5.0) and in SBF (F-free, pH = 7.4) were almost overlapped.
However, in the FAAS solution (Fig. 4(d)) the phase angle decreased
largely at intermediates frequencies, and there was a significant differ-
ence in the profiles, indicating changes of the passive oxide films on
the surface of Ti–Nb and Ti alloys due to the presence of F− ions. In
the case of pure Ti in the fluoridated acidified solution, the phase
angle shifted to −48° higher than that of Ti–Nb (−67°) at intermedi-
ates frequencies, and the modulus of impedance at low frequencies
dropped evenmore than Ti–Nb alloy. Besides, the linear slope the spec-
tra was not−1, those meant that the alteration of the passive film of Ti
was accelerated by the presence of F ions at a lower pH in this solution.
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EIS is a tool used to analyze complex electrochemical systems through
evaluation with equivalent circuit modeling, and three equivalent
circuit models were proposed here to numerically fit the measured
impedance data at different conditions. In the present experiment, the
Rs(QoRo)(QiRi) equivalent circuit model based on a two layer structure
(an inner compact layer and an outer relatively porous layer)
was proposed to fit the EIS data for the two experimentl metals in
SBF and MAS solutions. Rs(QoRo)(QmRm)(CiRi) model was employed
to fit the Ti–Nb alloy in FAAS (0.2% NaF, pH = 4.0), and model
Rs(Cdiff(Rdiff(QiRi)))(CoRo) fit for pure Ti in FAAS. For the
Rs(QoRo)(QmRm)(CiRi) model, the passive surface of Ti–Nb alloy
was supposed to be composed of three layers: an inner compact layer,
a middle porous layer and an outer compact layer. With regard to the
Rs(Cdiff(Rdiff(QiRi)))(CoRo) model, boundaries among the passive layers
were not clear, which could be attributed to the diffusion of corrosion
products. It has been reported by Ibris et al. that the space charge
layer and the complex structure of the oxide film formed on the Ti sur-
face in artificial saliva containing fluoride ions [42]. In all models, Ci, and
Ri represented the capacitance and resistance of the inner oxide layer;
Qm and Rm represented the capacitance and resistance of the middle
oxide layer; Qdiff and Rdiff represented the capacitance and resistance
of the intermediate diffusion combination layer; Qo and Ro represented
the capacitance and resistance of the outer oxide layer; Rs represented
the solution resistance of the test electrolyte.

The parameter values obtained by the fitting procedurewere shown
in Tables S1–S3. The circuit displayed a perfect fit for the experimental
data with chi-square (χ) values below 10−3. For the double-layer
Fig. 5. SEM images of the corroded surfaces of the Ti–Nb all
circumstance (Table S1), comparing the capacitances (Qi and Qo) and
polarization resistances (Ri and Ro) for the Ti–Nb alloy and Ti sample,
it could be evidenced that corrosion protection was predominantly in-
duced by the inner barrier layer, as recently reported by Assis et al.
[43]. Furthermore, it was clear that the passive film formed on the Ti–
Nb alloy becamemore stable after immersion in SBF andMAS supported
by the highter Ri and decreased Qi values, consistent with OCP and Tafel
plots results, indicating the Nb addition greatly increased the corrosion
resistance of Ti–Nb alloy. Next, we could see in Tables S2–S3 that both
Ti–Nb alloy and Ti samples were susceptible to corrosion in fluoride-
containing solution. For the three layers circumstance, it could be
concluded that corrosion protection of Ti–Nballoy in FAASwas predom-
inantly induced by the inner barrier layer, and the corrosion protection
of Ti in FAAS was mainly depended on the both inner and outer barrier
layer. These electrochemical corrosion results demonstrated that Ti–Nb
binary alloy displayed better anti-corrosive perfomance than pure Ti.

3.3.2. Surface characterization of the bio-corrosive Ti–Nb alloy
The typical SEM images of Ti–Nb alloy and Ti samples surfaces after

potentiodynamic polarization measurements were presented in Fig. 5.
In comparison to their un-polarized samples, Ti–Nb alloy did not show
obvious alteration on its surface morphology after polarized in MAS
and SBF, whereas the surface scratch of Ti–Nb alloy was dissolved,
corrosive micropits occurred, and dissolution became severe in FAS
(0.2% NaF, pH = 5.0). Under the identical testing solution, Ti alloy cor-
roded more badly compared with Ti–Nb alloy, especially in fluoride-
containing solutions.
oy (a, c, e) and Ti alloy (b, d, f) in the various solutions.

Image of Fig. 5


Fig. 6. (a) Indirect cell viability of L929 and MG-63 cells cultured in extracts of the Ti–Nb
alloy and pure Ti. (b) Direct cell proliferation of L929 and MG-63 cells cultured on the
surfaces of the Ti–Nb alloy and pure Ti.
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Fig. S2 showed theXPSwide survey spectra of each tested specimens
after the series electrochemical measurements in three solutions. From
Fig. S2(a), it revealed that themain chemical composition of the surface
layer for Ti–Nb alloy after corrosion tests in all solutions were TiO2 and
Nb2O5, while the corrosive surface composition of pure Ti after polar-
ized was mainly constituted by TiO2. There was little alteration of
elements for Ti–Nb alloy in three solutions, however, as for pure Ti,
the most noticeable change was the decrease of Ti and O contents,
with the increase of C element, resulting from the gradual dissolution
of TiO2 in the presence of F ions. Furthermore, the Nb/Ti ratio increased
from 1:5 in MAS to 1:2 in FAAS solution, suggest more dissolution of
TiO2 than Nb2O5. Metal and its alloys for orthopedic/dental applications
are known to rely on their surface oxides for corrosion resistance, and
the passive film had an important effect on corrosion protection of me-
tallic implant [23]. It is proved the protective TiO2 passive film formed
on Ti is vulnerable to fluoride ion [44]. In this study, the increased corro-
sion resistance of Ti–Nb alloys indicated the addition of Nb helped to
form the spontaneous passive film (complex TiO2 and Nb2O5 layer) on
the metallic surface which is more stable thermodynamically [23,45],
especially in FAAS solution with both fluoride and lactic acid. These re-
sults suggested that the Nb2O5 layer on the Ti–Nb alloy exert a positive
effect on preventing Ti alloy from being attacked by fluoride ions. The
SEM and XPS analysis were in accordance with the open circuit poten-
tial measurements, electrochemical impedance spectroscopy studies
and polarization tests.

3.4. In vitro cytocompatibility

A good biocompatibility with the surrounding tissue cells is usually
expected for implantable biomaterials, therefore, the cytocompatibility
test of the Ti–Nb alloy regarding of the murine fibroblast cells L929
and human osteoblast-like MG-63 cells was probed in this study.
Fig. 6(a) showed the relative viability of two cells cultured in extracts
of Ti–Nb alloy for 1, 4 and 7 days, respectively, with bare Ti as control.
It could be seen that the cell viabilities of both L929 andMG-63 cells cul-
tured in Ti–Nb alloy extracts were almost the same as those in pure Ti
(an average of 93%) within 7 days. The statistical analysis indicated no
significant difference between Ti–Nb alloy and pure Ti, representing a
non-toxicity feature. The cell proliferation and cytotoxicity of Ti–Nb
disc was also evaluated by the MTT assay at from 1 day and 7 days
through the direct contact method. After 7 days of culture, the prolifer-
ation of L929 and MG-63 cells cultured on Ti–Nb alloy surface varied
between 92.1% (Day 14) and 107.3% (Day 4) as shown in Fig. 6(b). Dif-
fering from indirect cytotoxicity results, the cell viabilities of MG-63
cells on the Ti–Nb alloy surface were higher than that of pure Ti at
Day 4 (Fig. 6(b)). Also no significant differences in cell viabilities of
both L929 and MG-63 cells with the results of the TCP plate used as a
negative control at each culture period confirmed that Ti–Nb alloy
did not induce cytotoxic effect on cells, consistent with previous lit-
erature that Ti and Nb element showed an excellent biocompatibility
in vitro. To further examine the toxicity of Ti–Nb alloy, adherentmor-
phologies of the cells were probed. The typical overview of L929 and
MG-63 cells morphologies grown with Ti–Nb alloy and pure Ti
specimens for 2 day was illustrated in Fig. 7. It could be seen that
cells exhibited extended and polygon-like morphology with many
pseudopodium and a cytoplastic shape on the surfaces of Ti and Ti–
Nb alloy. Compared with the Ti counterpart, higher amount of cells
with better adhesion and spreading was observed in the Ti–Nb
group. In addition, good correspondence could be found between
the direct observation and the indirect cell viability evaluation. Ti is
known to be nontoxic and cytocompatible because a stable oxide
film forms on its surface, which shows good biocompatibility, and
can effectively inhibit the release of metal ions. Besides, the alloying
element Nb also recognized as a biocompatible heavymetal element,
and has been used in the applications of orthopedics and medical ap-
paratus [46,47]. In combination with the results of the MTT assay,
hence, the conclusion could be drawn that Ti–Nb alloys exerted no
negative on the proliferation and growth of cells, thereby showing
good in vitro cytocompatibility.
3.5. Alkaline phosphatase activity

To successfully apply the Ti–Nb alloy in dental or orthopedic ap-
plication, favorable osteogenic differentiation activity is needed,
usually, the differentiated function of osteoblasts could be evaluated
by monitoring alkaline phosphatase (ALP) activity of MG-63 cells.
ALP is an important indication of osteoblast cells expressed in their
early differentiation phase and a significant quantitative marker of
osteogenesis [48]. As depicted in Fig. 8, ALP activity activities
increased with time when MG-63 cells were co-cultured with Ti-
based materials, indicating that Ti–Nb alloy could induce the
ostogenic differentiation of cells. Much higher ALP expression was
detected in the case of the Ti-based substrates after 14 and 21 days
of growth than the negative control (p b 0.05), although no signifi-
cant differences were detected among groups at 7 days. The
enhancement of osteogenic differentiation of Ti–Nb alloy could re-
sult from the contacting with the metal surface, because Ti and Nb
surfaces were proved to have a positive influence on osteogenesis
[19,20,49,50]. However, the statistical analysis indicated that there
was no difference between the pure Ti and Ti–Nb alloys for ALP activ-
ities of MG-63 cells. It indicated that Ti–Nb alloy had the comparable
oseto-differentiation capability of osteoblast to commercial Ti.

Image of Fig. 6


Fig. 7. The cellular morphology of L929 (a–b) and MG-63 cells (c–d) on the Ti–Nb alloy and pure Ti after 2 days of culture.
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3.6. Oral mucosa irritation

Next, we performed oral mucosa irritation to determine if Ti–Nb
alloy induced inflammatory and allergic reactions in the buccal mucosa.
After 14 days, none of the tested parts of New Zealand white rabbits
treated with the Ti–Nb alloy and pure Ti alloy displayed erythema or
edema reactions. Histological analysis reflected that the buccal mucosa
maintained normal epithelium and connective tissue with the absence
of inflammatory infiltrate, cellular degeneration and putrescence,
engorged blood vessels and no submucous edemawith neatly arranged
with clear structure as shown in Fig. 9. The two groups showed the same
phenomenon after 2 weeks in the cheek pouches of the rabbit, indicat-
ing that the Ti–Nb alloy, similar to pure Ti, is not irritant or traumatic to
the mucous membranes of mouth. This result confirmed the safety of
Ti–Nb to oral mucosa, and Ti–Nb alloy could be used as dentalmaterials
in oral environment.
Fig. 8. ALP activity of MG-63 cells after culturing with the Ti–Nb binary alloy and pure Ti
for 7, 14, and 21 days. * represents p b 0.05 compared with the control group.
3.7. In vivo bone tissue compatibility

3.7.1. Micro-CT
In order to investigate osteo-compatibility, in vivo experimentswere

designed based on our previously established protocol, utilizing a beagle
tibia implantation model [51,52]. New bone formation and implant
change after operation were evaluated at prescribed time points by
micro-CT. The high resolutionmicro-CT scans in Fig. 10a clearly exhibit-
ed continuous parts of the adjacent bone around the implanted Ti–Nb
alloy and Ti in the region of trabecular bone and cortical bone area.
The implant grooves and threads were also enveloped by new-formed
bone, which showed the trabeculae about 0.2 mm thickness vertical to
the longitudinal axis of cylindrical implants, indicating that good bone
tissue compatibility of Ti–Nb alloy in vivo. To assess bone remodeling,
the indices of bone histomorphometry from the 3D micro-CT data was
further analyzed. Similar peri-implant bone volume/tissue volume
(BT/TV) was maintained in both trabecular and cortical bone regions
between Ti–Nb alloy and pure Ti implant at 2, 4, and 12weeks, suggest-
ing that Ti–Nb alloy possessed comparable osseointegration effect to
pure Ti, which is widely used as implantable materials in orthopedic/
dental applications due to its good bone integration in vivo.

In the end, sequential fluorochrome labeling has been used to locate
the site of new bone formation since it is designed to bindwith calcium
ions and to become incorporated into the site ofmineralization [53]. The
fluorochrome bonemarker labels (tetracycline and calcein) were clear-
ly observed for new-formed bone tissue bonding to the cylindrical im-
plants (Fig. 11). All implants showed direct contact with the newly
formed bones, and there was no sign of a fibrous layer which implied
a loosening of the implants. At 4 weeks, new-formed bone with only
green bio-marker could be found in the periphery of all Ti-based im-
plants, while at 12 weeks more double labeling stripes of calcein and
tetracycline in appositional new bonewas observed under CLSM obser-
vation, suggesting the bone deposition and remodeling around the two
Ti-based implants. In the dynamic process, the bone contact and bone
area of the Ti–Nb alloy rapidly increased up to 12 weeks in all three
time points (Fig. S3), with no significant difference with that of Ti,
suggesting that the osseointegration of Ti–Nb alloy was as good as Ti.
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Fig. 9. Photographs of the suture to fix the samples on the cheeks, and histological images of oral irritation reaction of rabbit treated with the Ti–Nb alloy and pure Ti at 12 weeks.

Fig. 10. 3D reconstruction (a) and BV/TV results (b) of trabecular bone and cortical bone for both Ti–Nb and Ti obtained frommicro-CT at 12 week.
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Fig. 11.Histotomy of bone contact of the Ti–Nb alloy (a, c) and Ti (b, d) at 4weeks and 12weeks illustrated byfluorescence-dyeing reagents, respectively. Green (#) revealed thenewbone
formation of 2-week duration dyed by calcein, and the yellow (Δ) revealed that new formation of 4-week duration by tetracycline.
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Niinomi et al. evaluated the biocompatibility of a low rigidity Ti–29Nb–
13Ta–4.6Zr alloy (Young'smodulus 65 GPa) and concluded that the bio-
compatibility of Ti–29Nb–13Ta–4.6Zr with bonewas better than that of
stainless steel and Ti–6Al–4 V alloys with high elastic modulus [37]. Lin
et al. reported that new bone area of the Ti–6Al–4 V alloy (110 GPa)
surrounded by cancellous bone decreased with time, while the new
bone area of the Ti–7.5Mo alloy (65 GPa) surrounded by cancellous
bone increased with time. They speculated that the less stiff Ti–7.5Mo
alloy probably facilitated new bone formation in the cancellous bone
area [54]. In addition to that, Johansson et al. conducted a removal
torque and histomorphometric study of commercially pure Nb and Ti
implants in rabbit bone, and they found that after a healing period of
3 months, a significantly higher removal torque (average 32.9 N·cm)
andmore bony contact (41.1%) were demonstrated for the pure Nb im-
plants compared to the c.p. Ti ones (average 25.3 N·cm, and 37.2%),
confirming the excellent bone-bonding and bone formation ability of
Nb [20]. These studies suggested that the lower stiffness of the Ti–Nb
alloy might be related to accelerating new bone formation compared
with pure Ti, although no significant enhancement in bone formation
was observed in Ti–Nb alloy possibly due to the too short in vivo test
time. Therefore, the long-term in vivo bone formation assessment of
the Ti–Nb alloy requires further investigation and is currently underway
in the laboratory. As a consequence, in vivo tests clearly indicated our
Ti–Nb binary alloy implant as a bioinert material, possessed the good
compatibility with host bones and in vivo osseointegration thereby
boding well to orthopedic and dental applications.

4. Conclusion

In summary, the developed Ti–45Nb binary alloy composed of β-Ti
phase showed a satisfactory balance between low elastic modulus
(64.3 GPa), high tensile strength (527 MPa) and high hardness
(233.4 MPa). The electrochemical tests indicated that Ti–Nb alloy pos-
sessed the better corrosion resistance than pure Ti in both fluorine-
free andfluorine-containing solutions. Besides, in vitro cytotoxicity eval-
uation reflected that both L929 and MG-63 cells presented a favorable
attachment, proliferation, differentiation on the surface of Ti–Nb alloy.
More importantly, the Ti–Nb alloy with low Young's modulus displayed
any no adverse effect on new bone formation and had good bone tissue
compatibility, equal to that of pure Ti. As a whole, these outcomes dem-
onstrated the potentialities of the Ti–Nb alloy, with an elasticity similar
to cortical bone and with a good cell response and osteo-compatibility,
to be used as implant devices for replacing failed hard tissue.
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