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ABSTRACT

It is commonly accepted that titanium and the
titanium alloying elements of tantalum, niobium,
zirconium, molybdenum, tin, and silicon are bio-
compatible. However, our research in the develop-
ment of new titanium alloys for biomedical
applications indicated that some titanium alloys
containing molybdenum, niobium, and silicon pro-
duced by powder metallurgy show a certain degree
of cytotoxicity. We hypothesized that the cytotox-
icity is linked to the ion release from the metals. To
prove this hypothesis, we assessed the cytotoxicity
of titanium and titanium alloying elements in both
forms of powder and bulk, using osteoblast-like
Sa0S, cells. Results indicated that the metal pow-
ders of titanium, niobium, molybdenum, and sili-
con are cytotoxic, and the bulk metals of silicon
and molybdenum also showed cytotoxicity.
Meanwhile, we established that the safe ion con-
centrations (below which the ion concentration is
non-toxic) are 8.5, 15.5, 172.0, and 37,000.0 pg/L
for molybdenum, titanium, niobium, and silicon,
respectively.
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INTRODUCTION

Titanium and some of its alloys, such as Ti6AlI4V and TiNi, have found
extensive applications in dentistry and orthopedics (Williams, 1982; Li
et al., 2000; Chu et al., 2005). The release of metal ions from titanium alloy
implants may generate an adverse biological effect or elicit allergic reactions.
Vanadium (V) and aluminum (Al) in the Ti6Al4V alloy were shown to be
potentially cytotoxic, and, over time, the alloy produced adverse reactions in
the body tissues (Okazaki ez al., 1998a,b). Nickel has also been reported to be
allergenic and possibly carcinogenic to humans (Kdster et al., 2000). The elas-
tic modulus of dense titanium implants (80-130 GPa) (Long and Rack, 1998)
is much higher than that of natural bone (0.1-20 GPa) (Wang et al., 2007),
which causes stress shielding, leading to the implant loosening, and contrib-
utes to the early failure of the implant material (Williams, 1982; Niinomi,
1998). Consequently, extensive research has been carried out to develop new
titanium alloys with a lower elastic modulus. Molybdenum (Mo), niobium
(Nb), tantalum (Ta), silicon (Si), zirconium (Zr), and tin (Sn) are commonly
used to develop new Ti alloys (Wang, 1996; Antipov and Moiseev, 1997;
Kuroda et al., 1998; Niinomi, 1998; Kasuga et al., 2003; Gogia, 2005).

Increased interest in the use of porous Ti and Ti alloy scaffolds for bio-
medical applications has also been observed in recent years, due to the poten-
tial of porous Ti and Ti alloy scaffolding to provide bone-mimicking
properties, including a low elastic modulus close to that of bone, and new
bone tissue ingrowth ability and vascularization (Gibson and Ashby, 1997;
Wen et al., 2001; Dunand, 2004). Powders of Ti and Ti alloying elements are
used to fabricate porous Ti and Ti alloy scaffolds with controlled pore shape,
pore size, and porosity through powder metallurgy (Wen et al., 2002a,b; Oh
et al., 2003a,b). Meanwhile, metals may exhibit different toxicity levels in
their bulk and powdered forms. To date, research on the biological properties
of Ti and Ti alloying metals has been focused on their bulk forms that were
prepared by methods other than powder metallurgy (e.g., the ingot method)
(Steinemann, 1980, 1999; Okazaki et al, 1998ab; Koster et al, 2000;
Okazaki and Nishimura, 2000; Okazaki and Gotoh, 2005), while little is
known about the biological properties of metal powders and the effects of
metal powders on cellular behavior (Pypen et al., 1998).

It is commonly accepted that titanium and the titanium alloying elements
of tantalum, niobium, zirconium, molybdenum, tin, and silicon are biocom-
patible. However, our research in the development of new titanium alloys for
biomedical applications indicated that some titanium alloys containing Mo,
Nb, and Si, produced by powder metallurgy, show a certain degree of cyto-
toxicity. In this study, the cytotoxicity of Ti and the most commonly used
titanium alloying elements, Ta, Nb, Zr, Sn, Mo, and Si, was assessed in both
the bulk and powdered forms, with SaOS, cells. The cell morphology and
adhesion to the Ti, Nb, Zr, Sn, Mo, and Si discs were observed by confocal
microscopy. The cytotoxicity of the elemental metals was linked to the metal
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ion concentrations, and safe concentration limits were
determined.

MATERIALS & METHODS

Preparation of Specimens

The bulk elemental metals of Ti, Ta, Nb, Zr, Sn, Si, and Mo were
prepared by arc-melting of the respective elemental metal pow-
ders (all with purity of 99.8% and particle size of 325 mesh;
Atlantic Equipment Engineers, Bergenfield, NJ, USA) in an
argon atmosphere. The ingots of the elemental metals were cut
into discs of 14 mm in diameter and 2 mm in thickness. The
surfaces of the discs were ground with silicon carbide papers
with grits of 240 and 600 sequentially. The discs were then
ultrasonically cleaned in the following sequence: distilled water,
100% acetone, distilled water, 100% ethanol, and distilled water
for 10 min at each step. All bulk discs were sterilized in 70%
ethanol for 2 hrs in an orbital shaker and air-dried at room tem-
perature in a biohazard hood for 2 hrs.

Cell Culture

Osteoblast-like cells (SaOS,) (Barwon Biomedical Research,
Geelong Hospital, Victoria, Australia), a human osteosarcoma
cell line with osteoblastic properties, were cultured in minimum
essential media (MEM) (Gibco, Invitrogen, Mulgrave, VIC,
Australia) supplemented with 10% fetal bovine serum (Bovogen
Biologicals, Essendon, VIC, Australia), 1% non-essential amino
acid (Sigma-Aldrich, Castle Hill, NSW, Australia), 10,000 units/
mL penicillin-10,000 pg/mL streptomycin (Gibco), and 0.4%
amphostat B (In Vitro Technologies, Auckland, New Zealand) at
37°C in a humidified atmosphere of 5% CO, in air. The culture
medium was changed every 3 days.

Cytotoxicity

The cytotoxicity of all elemental metal samples was evaluated
by use of the media extracts of the samples (International
Organization for Standardization, 1999). The sterilized bulk
samples were immersed in the media at a ratio of 3.6 cm?/mL
(the surface area of disc to volume of media). Alloy element
powders were mixed with the media at a concentration of 0.22
g/mL. All samples (discs and powders with media) were incu-
bated in a humidified atmosphere of 5% CO, in air at 37°C for
72 hrs. The discs were removed from the media, and the pow-
dered mixture was filter-sterilized with a 0.22-um filter (Falcon,
BD Biosciences, San Jose, CA, USA) to obtain the extracts.
Cells were also seeded into wells containing only the media and
incubated for 72 hrs as a negative control.

Sa0s, cells were seeded into negative controls and extracts
from the discs and powders at a density of 10,000 cells per well.
After cell culture for 5 days, cells were harvested with 0.1%
Trypsin-5 mM EDTA (Sigma-Aldrich) and collected. Cell
counts were obtained by the trypan blue exclusion method,
whereby dead cells are stained blue and live cells remain clear.
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The cell viability was determined by the ratio of live cells to the
total number of cells per sample (Kruse and Patterson, 1973).

The metallic ion concentrations in the extracts of Ti, Nb, Mo,
and Si powders were measured by inductively coupled plasma
atomic emission spectroscopy (Varian Vista AX Simultaneous
CCD, Palo Alto, CA, USA) and inductively coupled plasma
mass spectroscopy (Agilent 4500, Palo Alto, CA, USA), accord-
ing to the ANSTO method ENV-1-035-027 and ENV-I-035-026
(Australian Nuclear Science and Technology Organisation,
Lucas Heights, NSW, Australia).

Cell Morphological Analysis

After cell culture for 5 days, the cell-seeded discs were fixed with
2% paraformaldehyde and permeabilized with 0.2%(v/v) triton-
X100 in phosphate-buffered saline (PBS) (Sigma-Aldrich) for 10
min each at room temperature. The discs were then incubated with
1% phalloidin and 4’-6-diamidino-2-phenylindole (DAPI) over-
night at 4°C. Three washes with PBS were included between each
of the steps mentioned. The cell morphology of SaOS, cultured on
surfaces of bulk element metals was observed by confocal micros-
copy (Leica SP5, Leica Microsystems, Wetzlar, Germany).

Statistical Analysis

The values are expressed as means + standard deviation (SD).
All of the experiments were conducted in triplicate. We used
one-way ANOVA (SPSS 14.0 for Windows software) to deter-
mine the differences observed among the groups; p < 0.05 was
considered significant.

RESULTS
Cytotoxicity of Elemental Metal Powders

The metal powders of Ti, Ta, Nb, Zr, Sn, Si, and Mo showed
different degrees of cytotoxicity after cell culture for 5 days
(Fig. 1). The control group (cells seeded into wells containing
only media) was considered biocompatible. The elemental met-
als could also be considered biocompatible if the cell viability
on the metals was equivalent to or greater than that of the con-
trol group. The cell viability for the metal powders of Ta, Zr, and
Sn was 78 £ 2%, 76 + 3%, and 77 + 6%, respectively, compared
with that of the control group, which was 84 + 5% (p > 0.05). It
could be seen that the metal powders of Ta, Zr, and Sn showed
biocompatibility compared with the control group. It was notice-
able that the cell proliferations in these groups of powder sam-
ples were lower than that of the control group, displaying an
increase of 0.5- to 0.7-fold above the initial density of 10,000
cells, whereas the control group showed an increase of 1.8-fold.
The metal powder of Nb group displayed a moderate cell viabil-
ity of 66 + 3%, but the cell proliferation rate on the Nb powders
was 0.9 + 0.1, compared with that of the control group, 2.8 +
0.4. It could be seen that the SaOS, cells were inhibited in the
extract of Nb powder. The cell viabilities for the metal powders
of Ti, Si, and Mo groups were 43 + 4%, 2 + 0.7%, and 11 £ 3%
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Figure 1. Mean = SD cell number (left, Y axes) of live and dead cells,
and mean + SD cell viability (right, Y axes) in extracts of elemental
metal powders of Ti, Ta, Nb, Zr, Sn, Si, and Mo after cell culture for 5
days. N = 3. *Significantly different from the control, p < 0.05.

(p <0.05), respectively, and cell proliferation was not observed
in this group of powder samples. It can be concluded that the
metal powders of Ti, Si, and Mo were cytotoxic.

Cytotoxicity of Bulk Elemental Metals

The cell viability for the bulk metals of Ti, Ta, Nb, Zr, and Sn
groups ranged from 90 + 3% to 92 + 4%, comparable with that
of the control group, 93 + 2% (p > 0.05), and the cell viability
for the bulk metals of Mo and Si groups was 34 £+ 5% and 12 +
3%, respectively (Fig. 2). It could be seen that the bulk metals
of Ti, Ta, Nb, Zr, and Sn exhibited excellent biocompatibility,
while the bulk Si and Mo showed substantial cytotoxicity after
cell culture for 5 days. It was also noted that the biocompatibil-
ity of the bulk metal of Sn was slightly inferior to that of the
bulk metals of Ti, Ta, Nb, and Zr. The SaOS, cells cultured in
the extracts of Ti, Ta, Nb, and Zr discs proliferated at similar
rates, with an increase of 1.5- to 1.7-fold compared with the
control group of 1.7-fold increases, while the cell proliferation
rate in the Sn extract was slower, with an increase of 1.1-fold.

Morphology of Cells

The cell attachment and morphology on the elemental metals of
Ti, Ta, Nb, Zr, Sn, Si, and Mo in their bulk forms after cell cul-
ture for 5 days were observed by confocal microscopy (Fig. 3).
The SaOS, cells had flattened and spread on the surfaces of Ti,
Ta, Nb, and Zr. Although the cells were able to attach to Sn, only
a small number of cells were observed. In contrast, the cells
attached to Si and Mo were small and shrunken, generally
exhibiting the characteristics of unhealthy cells. It can be con-
cluded that the bulk elemental metals of Ti, Ta, Nb, and Zr
exhibited excellent biocompatibility, the bulk metal of Sn exhib-
ited moderate biocompatibility, and the bulk metals of Si and
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Figure 2. Mean + SD cell number (left, Y axes) of live and dead cells,
and mean * SD cell viability (right, Y axes) in extracts of elemental bulk
metals of Ti, Ta, Nb, Zr, Sn, Si, and Mo after cell culture for 5 days.
N = 3. *Significantly different from the control, p < 0.05.

Mo exhibited substantial cytotoxicity. The cell morphology
observations are consistent with the cytotoxicity test results.

Safe lon Concentration

The cytotoxicity assessment demonstrated that the metal pow-
ders of Ti, Nb, Mo, and Si were toxic, but the bulk Ti and Nb
were biocompatible; meanwhile, the bulk Mo and Si were less
cytotoxic compared with their powder counterparts. The cyto-
toxicity of the metal powders may be linked to the ion release
from the metals, because the ion concentrations in the extracts
of the bulk and powdered metals are measured significantly
differently. Therefore, it is necessary to determine the safe ion
concentrations of the elemental metals of Ti, Nb, Mo, and Si,
below which the material is biocompatible for biomaterial
applications. To obtain the safe ion concentrations for the metal
powders of Ti, Nb, Mo, and Si, we assessed the extracts in 5
different ion concentrations: (i) undiluted, (ii) 1:2 dilution, (iii)
1:4 dilution, (iv) 1:8 dilution, and (v) 1:16 dilution. The cell
viability and proliferation increased with the decrease of the
metallic ion concentrations in the extracts (Fig. 4). It can be
seen that the biocompatibility of the extracts with different
metal powder concentrations was significantly improved by the
decrease of the metal ion concentrations. The cell proliferation
and viability reached a plateau when the metal ion concentra-
tion was lower than a certain concentration. When this thresh-
old was reached, the cell proliferation and viability were
comparable with those of the control group, a benchmark
of good biocompatibility and non-toxicity. The threshold of
metal ion concentrations was determined to be 15.5 pg/L for Ti,
8.5 pg/L for Mo, 172.0 pg/L for Nb, and 37,000.0 ug/L for Si
(Fig. 4). It can be concluded that the biocompatibility of Ti
alloys can be achieved when the metal ion concentrations are
below these values.
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Figure 3. Confocal microscope images showed that SaOS, cells grew on elemental metals of
Ti, Ta, Nb, Zr, Sn, Si, and Mo after cell culture for 5 days.
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DISCUSSION

The release of metal ions from dental and
orthopedic implants directly affects their bio-
compatibility. It has been reported that ion
release from implants into the surrounding
tissue may cause various problems such
as osteolysis, cutaneous allergic reactions,
remote site accumulation, and, eventually,
the failure of the implants (Takeda et al.,
1989; Wapner, 1991; Okazaki and Nishimura,
2000; Brunette et al., 2001; Geurtsen, 2002;
Manaranche and Hornberger, 2005).

The present study demonstrated that the
elemental metals exhibited different cytotox-
icities in the forms of bulk and powder. The
experimental results indicated that the ele-
mental metal powders of Ti and Nb showed
substantial cytotoxicity, but the bulk Ti and
Nb showed biocompatibility. The elemental
metal powders of Mo and Si exhibited rela-
tively strong cytotoxicity, while the bulk Mo
and Si showed substantial cytotoxicity.
Meanwhile, the elemental metals of Ta, Zr,
and Sn exhibited good biocompatibility in
both forms of bulk and powder. However, a
reduction in the degree of cytotoxicity was
observed in the bulk metals when compared
with their powdered forms. This is because
the bulk elemental metals released a signifi-
cantly lower ion concentration into the media
compared with their powdered counterparts.
This lower metal ion concentration produced
lower cytotoxicity (e.g., Mo and Si), or
led to non-cytotoxicity completely (e.g., Ti
and Nb).

We have found that there is a safe ion
concentration for the elemental metals below
which the extract of the metal powders is
non-toxic. The safe ion concentrations of the
elemental metal powders for Mo, Ti, Nb, and
Si are 8.5, 15.5, 172.0, and 37,000.0 pg/L,
respectively. The elemental metal of Mo
exhibited the lowest safe ion concentration
and showed substantial cytotoxicity even in
the bulk form. These results indicated that the
Mo contents should be limited to a certain
level in the design and development of new
Ti alloys for dental and orthopedic applica-
tions. In conclusion, these new findings
provide fundamental knowledge and new
insights for future design and development of
new biocompatible titanium alloys for dental
and orthopedic applications.
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