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Ti­29Nb­13Ta­4.6Zr alloy (TNTZ), a new ¢-type Ti alloy, has excellent advantages as a biomaterial, such as low Young’s modulus and
cytotoxicity, and the absence of allergens. However, it is unclear whether TNTZ can achieve sufficient osseointegration for it to be used as a
dental implant. The effectiveness of surface modification of TNTZ implants by radiofrequency (RF) magnetron sputtering is also unclear. We
investigated the biomechanical behaviors of TNTZ implants in vivo, using cylindrical implants of four types: pure Ti, TNTZ, and pure Ti and
TNTZ coated with amorphous calcium phosphate (ACP). The implants were inserted in rat femurs, and the femurs were subjected to
biomechanical analyses after various time intervals. The results suggest that TNTZ implants can achieve osseointegration similar to that of pure
Ti, and that surface modification with ACP by RF magnetron sputtering improves osseointegration, especially in the later stages of healing.
[doi:10.2320/matertrans.M2012078]
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1. Introduction

Ti­29Nb­13Ta­4.6Zr alloy (TNTZ) has excellent advan-
tages as a biomaterial, such as a low Young’s modulus
(around 60GPa) and the absence of allergenic elements.1)

Niinomi et al. reported that the cytotoxicity of TNTZ was
nearly the same as that of commercially available pure Ti
(cpTi) and greater than that of a conventional biomaterial,
Ti­6Al­4V.2,3) When TNTZ was inserted into rabbit lateral
femoral condyles, newly formed bones were observed at the
interface between the implant and the surrounding tissue.4)

In the field of orthopedics, a significant advantage of a low
Young’s modulus is inhibition of bone atrophy and enhanced
bone remodeling, which prevents stress shielding.5­7) These
reports suggested to us that implants with a low Young’s
modulus would mechano-biologically adapt to the adjacent
bone and prevent loss of osseointegration over time.

In dental implant treatment, osseointegration at the Ti­
bone interface is essential for the success of the treatment;
this is defined as direct integration of the implant with the
bone.8) From the biomechanical viewpoint, occlusal forces on
the implant are directly transmitted to the adjacent bone as a
mechanical stress. Some studies have suggested that occlusal
overload may contribute to implant bone loss and/or loss of
integration of successfully integrated implants.9­13) It has
been hypothesized that the use of TNTZ for dental implants
could deal with these biomechanical issues by improving the
stress distribution in the peri-implant bone.

The elements and proportions in TNTZ are different from
those in cpTi, and it expected that the osseointegration ability
of TNTZ is less than that of cpTi. We thought that surface
modification of TNTZ by plasma spraying, sputtering,

or electrophoretic deposition would improve osseointegra-
tion.14) Narushima et al. previously reported that amorphous
calcium phosphate (ACP) coating using a radiofrequency
(RF) magnetron sputtering system could be achieved at
room temperature; the coating was a very thin layer
(within 500 nm) and had sufficient bonding strength (over
60MPa).15) To assess the biocompatibility of the coating with
bone, threaded implants were inserted in the mandibles of
beagle-dogs and in rabbit femurs. The bone­implant contact
of ACP-coated cpTi implants was significantly higher than
those of non-coated implants.16) Moreover, the removal
torque values of ACP-coated Ti­6Al­4V implants were
significantly higher than those of non-coated implants.17)

The aim of this study is to confirm the osseointegration
ability of TNTZ implants and to investigate the effectiveness
of surface modification of TNTZ implants by RF magnetron
sputtering.

2. Materials and Methods

All procedures were approved by the Animal Research
Committee of Tohoku University.

2.1 Implant design
Non-screw-type, cylindrical implants (¤ 1.0 © 2.0mm)

made from cpTi and TNTZ were prepared. Each implant was
polished with wet abrasive paper (P1500, Sankyo-Rikagaku
Co, Saitama, Japan). After ultrasonic cleaning with 99.5%
ethanol, the surface was coated with ACP using an RF
magnetron sputtering system with ¢-TCP targets (MS-320,
Universal Systems Co., Ltd., Tokyo, Japan). Four types of
implants, namely cpTi, ACP-coated cpTi (ACP-cpTi), TNTZ
and ACP-coated TNTZ (ACP-TNTZ), were prepared for this
study.+Graduate Student, Tohoku University
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2.2 Animal experiments
Ten-week-old male Sprague­Dawley rats were used to

evaluate the osseointegration and biomechanical aspects.
The experimental rats were anesthetized with an intra-
peritoneal injection of sodium pentobarbital (50mg/kg)
supplemented with ether inhalation. A full-thickness incision
was made aseptically from the head to the medial aspect
of the right femur, and exposed the distal surface of the
femur. An implant cavity was prepared using a surgical
drill with irrigation. Two implants per femur were placed 7
and 11mm from the knee joint. The surgical site was closed
in layers; muscle layers were sutured using dissolvable
stitches, and skin layers were closed using non-absorbable
sutures.

2.3 Push-in tests
To evaluate the degree of osseointegration, push-in

tests were performed.18) After the implant placements, rats

were sacrificed at weeks 2, 4 and 8 of healing. The femurs
were harvested and embedded in an auto-polymerizing
resin, and then push-in tests were carried out on a univer-
sal testing machine (EZ-L-500N, Shimadzu Co., Kyoto,
Japan).

2.4 Analyses of the implant­tissue interface
After the push-in tests, the exposed implants were soaked

in stirred distilled water for an hour and dried at 37°C in a
vacuum. The implant surfaces after the push-in tests were
examined using scanning electron microscopy (SEM) and
analyzed using energy-dispersive X-ray (EDX) spectroscopy
(JSM-6500F, JEOL, Tokyo, Japan).

2.5 Statistical analysis
At each healing period, the push-in test values for ACP-

coated and non-coated implants were compared using Mann­
Whitney’s U test.
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Fig. 1 SEM micrographs and EDX spectra of implant surfaces before insertion: (a), (e), (i) cpTi; (b), (f ), (j) ACP-cpTi; (c), (g), (k) TNTZ;
and (d), (h), (l) ACP-TNTZ. EDX spectra (i), (j), (k), (l) indicate EDX spot elemental analyses sites shown in (e), (f ), (g) and (h),
respectively. Bars = 50µm (a), (b), (c), (d), 1 µm (e), (f ), (g), (h).
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3. Results

3.1 Surface analyses of cylindrical implants before
insertion

The implant surfaces before insertion were examined
by SEM and EDX analyses (Fig. 1). In the SEM ob-
servation, there is no characteristic change by RF magnetron
sputtering. In the EDX analyses, characteristic metal
substrate element peaks were observed in both non-coated
implants. After ACP coating, the EDX spectra of ACP-cpTi
and ACP-TNTZ showed Ca and P peaks from the ACP
coating, without detectable contamination, and metallic
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Fig. 3 SEM micrographs of cpTi, ACP-cpTi, TNTZ and ACP-TNTZ implants after push-in tests: (a), (e) cpTi; (b), (f ) ACP-cpTi; (c), (g)
TNTZ; and (d), (h) ACP-TNTZ. (a), (b), (c) and (d) were at healing period week 4; (e), (f ), (g) and (h) were at week 8. *: remnant tissue.
Bars = 50µm.
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Fig. 2 Push-in test values for cpTi, ACP-cpTi, TNTZ and ACP-TNTZ
implants. Data are the mean « SD (n = 4). *Significant differences
(P < 0.05) determined by the Mann­Whitney U test.
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substrate element peaks were also detected (Figs. 1(j) and
1(l)).

3.2 Push-in tests on animals
At 2 and 4 weeks, there is no significant difference

between the push-in test values for the ACP-coated groups
and the non-coated groups. However, at 8 weeks, the values
for the ACP-TNTZ implants were significantly higher than
those for the non-coated TNTZ implants (Fig. 2). (Data are
mean « SD, n = 4, Mann­Whitney’s U test, P < 0.05.)

3.3 Analyses of the implant­tissue interface
After the push-in tests, SEM observations (healing period

weeks 4 and 8), spot elemental analyses, and mapping
analyses (healing period week 8) were performed to observe
the biological structures.

The surfaces of the non-coated implants were relatively
smooth, without remnant tissue, similar to those before

insertion (Figs. 3(a), 3(c), 3(e) and 3(g)). In contrast, the
ACP-coated implant surfaces were partially covered by
remnant tissue (Figs. 3(b), 3(d), 3(f ) and 3(h), indicated
by *). In particular, the amount of remnant tissue on the ACP-
TNTZ surfaces increased as the healing period increased
(Figs. 3(d) and 3(h)).

EDX analyses of the implant surfaces of ACP-cpTi and
ACP-TNTZ at 8 weeks were performed, which had the
highest push-in test value; the original bone tissue was also
analyzed (Figs. 4 and 5). The EDX mapping analyses
showed no Ti peak (Figs. 4(c) and 4(g)). Conversely, a Ti
peak was detected at the sites without Ca peaks (Figs. 4(b)
and 4(f )). P peaks were detected over the entire surface
(Figs. 4(d) and 4(h)).

EDX spot elemental analyses revealed that Ca and P peaks
were present at the sites with remnant tissue (Figs. 5(j) and
5(l)). Conversely, metallic substrate element peaks were
detected at the sites without any remnant tissue (Figs. 5(i)
and 5(k)). The ratio of the Ca to P peaks in the remnant tissue
was similar to that of the original bone element peaks
(Fig. 5(h)).

4. Discussion

The aim of the present study was to confirm the
osseointegration ability of TNTZ implants and the influence
of ACP coatings prepared by RF magnetron sputtering on
TNTZ implants. Our study group investigated TNTZ,
developed by Niinomi,1) as a dental implant material. First,
we performed push-in tests to determine whether TNTZ has
sufficient osseointegration ability.18) Push-in tests are used
to evaluate the mechanical properties of the bone­implant
interface.19) The results of the push-in tests revealed that
TNTZ may be useful as a dental implant material.
Furthermore, surface modification by RF magnetron sputter-
ing could increase the degree of osseointegration in both cpTi
and TNTZ implants.

It has been reported that the various synthesis routes of
ACP make different formation, composition, structure and
physico-chemical properties, in spite of having the similar
X-ray diffraction pattern, and their Ca/P molar ratios are
relatively wide range (1 to 2 or even higher).20) ACP having
Ca/P molar ratio 1.5 is recently called amorphous tricalcium
phosphate (ATCP) because this ACP is considered to be
consisted from TCP cluster. A previous study using ACP
with Ca/P molar ratio 1.5 synthesized chemically showed
that while the ACP could be highly soluble in nature, it
remains un-dissolved in vivo and is converted into apatite
with rasing highly osteoconductive property.21) However, in
the case of synthesis by high energy processing techniques,
the synthesized ACP also showed wide range of Ca/P ratios
but a biodegradable property in vivo,20) suggesting that the
calcium phosphates called ACP display distinct physico-
chemical and tissue response properties depending on the
material characteristics possibly determined by the synthesis
processes. EDX analyses of the implant surfaces revealed that
Ca/P atomic ratio of ACP on cpTi, TNTZ was 1.33 and 1.55,
respectively (Figs. 1(j), 1(l)). After push-in test, Ca/P atomic
ratio at the metallic surface was 0, 0.26, 2.20 and 1.51
(Figs. 5(i), 5(j), 5(k) and 5(l), respectively). In addition to
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Fig. 4 EDX mapping of implant surfaces of ACP-cpTi and ACP-TNTZ at
8 weeks. (a), (b), (c), (d) ACP-cpTi implant surfaces; (e), (f ), (g), (h)
ACP-TNTZ implant surfaces. (a), (e) SEM micrographs; (b), (f ) Ti
element; (c), (g) Ca element; and (d), (h) P element. Bars = 300µm.
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that, bone of 18-week-old male Sprague­Dawley was 2.0
(Fig. 5(h)). These results suggested that there were two
sheared-surface patterns; one was between the metallic
substrate and bone tissue, and the other was inside the bone
tissue. It has been reported that resorption lacunae by
osteoclasts were not observed in the case of ACP coating
in vivo.22) However, it has also been reported that ACP
coatings in the tibiae of rabbits were completely resorbed and
replaced by bone, which came into direct contact with
underlying materials without any intervention of soft tissue
until 16 weeks.23) Ueda et al. reported that ACP coatings

produced by RF magnetron sputtering rapidly dissolved
in vitro.24) Our EDX analyses data are consistent with these
studies.

5. Conclusion

The results of this study confirm the following:
(1) TNTZ implants have the potential to achieve osseointe-

gration to the same degree as that achieved by cpTi
implants.

(2) The osseointegrations of cpTi and TNTZ implants are
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Fig. 5 SEM micrographs and EDX spectra of implant surfaces of ACP-cpTi and ACP-TNTZ at 8 weeks, and of original bone tissue.
(a) Original bone tissue of 18-week-old Sprague­Dawley rats; (b), (d), (e) ACP-cpTi; and (c), (f ), (g) ACP-TNTZ. (d), (e), (f ) and (g)
show the sites corresponding to the circles (d), (e), (f ) and (g) in (b) and (c). (h), (i), (j), (k) and (l) are the EDX analyses for (a), (d), (e),
(f ) and (g), respectively. Bars = 10µm (a), (d), (e), (f ), (g), 100 µm (b), (c).
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improved by surface modification with ACP coatings
prepared using an RF magnetron sputtering system,
especially in the later stages of healing.
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