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Abstract The gum metal with composition Ti—36Nb—
2Ta-37Zr-0.30, is free from cytotoxic elements and
exhibits a low elastic modulus as well as high mechanical
strength. We have previously demonstrated that this gum
metal, once subjected to a series of surface treatments—
immersion in 1 M NaOH (alkali treatment) and then
100 mM CacCl,, before heating at 700 °C (sample: ACaH-
GM), with an optional final hot water immersion (sample:
ACaHW-GM)—has apatite-forming ability in simulated
body fluid. To confirm the in vivo bioactivity of these
treated alloys, failure loads between implants and bone at
4, 8, 16, and 26 weeks after implantation in rabbits’ tibiae
were measured for untreated gum metal (UT-GM), ACaH-
GM and ACaHW-GM, as well as pure titanium plates after
alkali and heat treatment (AH-Ti). The ACaH-GM and UT-
GM plates showed almost no bonding, whereas ACaHW-
GM and AH-Ti plates showed successful bonding by
4 weeks, and their failure loads subsequently increased
with time. The histological findings showed a large amount
of new bone in contact with the surface of ACaHW-GM
and AH-Ti plates, suggesting that the ACaHW treatment
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could impart bone-bonding bioactivity to a gum metal
in vivo. Thus, with this improved bioactive treatment, these
advantageous gum metals become useful candidates for
orthopedic and dental devices.

1 Introduction

Commercially pure titanium (cp-Ti) and Ti-6A1-4V alloy
are commercially available and currently used as bioma-
terials for bone plates, intramedullary nails, and the artifi-
cial joints of total hip arthroplasties because they have
excellent specific corrosion resistance, do not cause allergic
reactions and, for metallic biomaterials, show good bio-
compatibility with bone [I]. Among them, Ti-6A14V
alloy has been widely used in orthopedics [2], because it
has excellent specific strength when compared with that of
cp-Ti. However, the Young’s modulus of Ti-6Al-4V alloy
(110 GPa) is much greater than that of human cortical bone
(10-30 GPa) [3], so the stems of cementless total hip ar-
throplasties made with high Young’s modulus alloys
sometimes cause severe stress shielding in the femur,
leading to thigh pain when walking [4-6]. To solve these
problems, so-called ‘isoelastic stems’ which have similar
elastic modulus to human cortical bone were developed in
the 1980s; these were aimed at providing a more natural
stress distribution in the proximal femur, in the hope of
reducing stress shielding [7-9].

In 2003, Saito et al. [10] reported that Ti-36Nb—-2Ta—
3Zr-0.30 alloy showed certain favorable mechanical
properties such as low Young’s modulus (55 GPa) and
high mechanical strength (1,200 MPa), as well as a
capacity for extensive elastic deformation and clayey
plasticity; this alloy (and related alloys) were named ‘gum
metal’, because of their mechanical characteristics. Gum
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metals are used commercially as wires for orthodontics,
and in the frames of glasses or shafts of golf clubs, but they
are not yet used as biomaterials for orthopedic or dental
implant applications.

In 2012, Yamaguchi et al. [11] reported that the gum
metal with composition Ti—-36Nb—2Ta—3Zr—0.30 exhibited
a high capacity for apatite formation in a simulated body
fluid (SBF) once subjected to a series of treatments:
immersion in 1 M NaOH (alkali treatment) and then
100 mM CaCl, treatment, heating at 700 °C, followed by
immersion in hot water (ACaHW treatment, to give
ACaHW-GM). The high-apatite formation was attributed
to the CaTi,O5 that was precipitated on the surface, and
found to be maintained, even in a humid environment, over
a long period. On the other hand, without the hot water step
in the surface treatment process, this gum metal (ACaH-
GM) did not exhibit any capacity for apatite formation in
SBF. Surface structures after both series of treatments are
similar as shown by field emission-scanning electron
microscope images. The apatite-forming ability in SBF
suggests a high potential for bone-bonding in the living
body [12-14], which would be useful for orthopedic and
dental implants. This means that we need to verify in vivo
the effect of the hot water step on the osteoconductivity of
ACaH-GM and ACaHW-GM.

In addition, the toxicity of V has been previously
pointed out [15]. So the V in Ti—-6Al-4V has been replaced
by other B-stabilizing elements, such as Fe and Nb, both of
which are considered to be safer than V for the living body
[15].

The purpose of this study is to evaluate in vivo osteo-
conductivity (which is crucial for clinical applications) of a
chemically and thermally treated low modulus Ti alloy:
gum metal. Samples of untreated gum metal (UT-GM), two
different chemically and thermally treated gum metals
(ACaH-GM and ACaHW-GM) and pure titanium subjected
to alkali and heat treatment (AH-Ti) were prepared for this
study. In previous studies, apatite was shown to form on
the surfaces of ACaHW-GM plates and AH-Ti plates after
soaking in SBF for 3 days; UT-GM and ACaH-GM plates
did not show any apatite-forming ability [11, 16]. If in vivo
osteoconductivity is shown, these alloys may be used for
bioactive cementless total hip arthroplasties, and would be
expected to reduce stress shielding in the femur and con-
sequent thigh pain.

2 Materials and methods
2.1 Implant preparation

Plates of size 15 x 10 x 2 mm were prepared from the
gum metal: Ti-36Nb-2Ta-3Zr—0.30 alloy sheet (Toyota
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Table 1 Types of implanted plates

Type of Treatment Apatite-
implant forming ability
in SBF

UT-GM Untreated gum metal No
ACaH-GM 1 M NaOH, 100 mM CaCl,, and  No

heat (700 °C) treated gum metal
ACaHW-GM 1 M NaOH, 100 mM CaCl,, heat  Yes

(700 °C) and water treated

gum metal
AH-Ti 5 M NaOH and heat (600 °C) Yes

treated pure Ti

UT-GM untreated gum metal, ACaH-GM alkali, CaCl, and heat
treated gum metal, ACaHW-GM alkali, CaCl,, heat and water treated
gum metal, and AH-Ti alkali and heat treated pure Ti

Central Research and Development Laboratories, Inc., Ti:
Bal.,, Nb:36.39, Ta: 2.00, Zr: 2.87, O: 0.31, Fe: 0.02
mass%) and cp-Ti (Ti > 99.5 mass%). The plates were
polished with a No. 400 diamond plate, then washed with
acetone, 2-propanol, and ultrapure water in an ultrasonic
cleaner for 30 min each, and finally dried at 40 °C.

The plates of gum metal were first soaked in 10 mL of
1 M aqueous NaOH solution at 60 °C for 24 h (alkali
treatment). After removal from the solution they were
gently rinsed with ultrapure water for 30 s and dried at
40 °C. The plates were subsequently soaked in 20 mL of
100 mM CaCl, solution at 40 °C for 24 h, and then washed
and dried in a similar manner. Next, they were heated to
700 °C at a rate of 5 °C min~' in an electric furnace in air
and kept at that temperature for 1 h, followed by natural
cooling (ACaH-GM). After the heat treatment, some plates
were soaked in 20 mL of ultrapure water at 80 °C for 24 h,
and then washed and dried (ACaHW-GM). Apatite was
shown to form on the surfaces of ACaHW-GM plates after
soaking in SBF for 3 days, but ACaH-GM plates did not
show any apatite-forming ability [11].

For the positive controls in the animal experiments, pure
titanium plates were soaked in 5 M aqueous NaOH solu-
tion at 60 °C for 24 h (alkali treatment). After removal
from the solution they were gently rinsed with ultrapure
water for 30s and dried at 40 °C for 24 h in an air atmo-
sphere. Next, they were heated to 600 °C at a rate of 5 °C
min~" in an electrical furnace in air and kept at that tem-
perature for 1 h, followed by natural cooling (AH-Ti).
Apatite was shown to form on the surfaces of AH-Ti plates
after soaking in SBF for 3 days [16], and pure titanium
after this treatment is already known to show osteocon-
ductivity in vivo [12, 17, 18].

Untreated plates of gum metal (UT-GM) were used as
negative controls in the animal experiments. UT-GM plates
did not show any apatite-forming ability [11]. Thus, a total
of four different types of plates were implanted (Table 1).
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Fig. 1 Schematic drawings
showing preparation of test
specimens and the set-up for
detaching tests. (a) Insertion of
the titanium plate into the rabbit
tibia. (b) The bone—plate—bone
construct after cutting the tibia
at the proximal and distal ends
of the plate. (¢) The anterior and
posterior cortices were held, and
tensile load was applied until
detachment occurred

cutting line

rabbit rabbit
fibula tibia

(a)

2.2 Surface analyses

The surfaces of the treated plates were analyzed by a field
emission-scanning electron microscope (FE-SEM) (S-4300;
Hitachi Co., Tokyo, Japan) equipped with an energy dis-
persive X-ray (EDX) analyzer (EMAX-7000; Horiba Ltd.,
Kyoto, Japan). The FE-SEM and EDX analyses were carried
out at accelerating voltages of 15 and 5 kV, respectively.

2.3 Animal study

The plates were conventionally sterilized using ethylene
oxide gas and implanted into the metaphyses of the tibiae
of mature male Japanese white rabbits weighing
2.8-3.5 kg. The surgical methods used have been described
previously [12, 17-19]. Briefly, the rabbits were anesthe-
tized with an intravenous injection of sodium pentobarbital
(0.5 mL kgfl) and local administration of a solution of
0.5 % lidocaine. A 3-cm-long longitudinal skin incision
was made on the medial side of the knee and the fascia and
periosteum were incised and retracted to expose the tibial
cortex. Using a dental burr, a 16 x 2 mm? hole was made
from the medial to the lateral cortex running parallel to the
longitudinal axis of the tibial metaphyses, as shown in
Fig. la. After irrigating the hole with saline, the plates
were implanted in the frontal direction, perforating the tibia
and protruding from the medial to lateral cortex. The fascia
and skin were closed in layers and the same surgical pro-
cedures were performed bilaterally.

The animals were housed individually in standard rabbit
cages and fed standard rabbit food and water ad libitum.

T "]W[ .. l—‘

plate —=»

o
6 5

Each rabbit was euthanized with an overdose of intrave-
nous sodium pentobarbital at 4, 8, 16, or 26 weeks after
implantation; a total of 80 rabbits were used (10 plates of
each type per implantation time). The Kyoto University
guidelines for animal experiments were observed in this
study.

(b)

2.4 Measurement of detaching failure load

After euthanasia, the segments of the proximal tibial
metaphyses containing the implanted plates were harvested
and eight samples were prepared for detaching tests [19].
All samples were kept moist after harvesting. The bone
tissue surrounding the plates was carefully removed on
both sides and at the ends; a dental burr was used to remove
periosteal bone growth. Traction was applied vertically to
the implant surface using load test equipment (model
1310VRW; Aikoh Engineering Co. Ltd., Nagoya, Japan) at
a crosshead speed of 35 mm min~' (Fig. 1b, c). Specially
designed hooks held the bone-plate-bone construct. The
detaching failure load was measured when the plate
detached from the bone. If the plate detached before the
test, then the failure load was defined as 0 N. Eight samples
were analyzed for each type of implant at each implanta-
tion period.

All data were recorded as the mean =+ standard deviation
(SD). They were assessed using one-way analysis of vari-
ance followed by Tukey—Kramer multiple comparison post
hoc tests at each time point. For statistical analysis, JMP 9
(SAS Institute, Cary, NC, USA) was used. Differences with
P < 0.05 were considered statistically significant.
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Fig. 2 FE-SEM images of the surfaces of the treated implants. (a) UT-GM, (b) ACaH-GM, (¢) ACaHW-GM, and (d) AH-Ti

2.5 Histological examination
2.5.1 Surface examination after detaching test

After the detaching tests, samples from each group at
each interval after implantation were separated from any
soft tissue by soaking in 30 % sodium hypochlorite
aqueous solution for 3 h. Subsequently, they were fixed
in 10 % phosphate-buffered formalin for 3 days and
dehydrated in serial concentrations of ethanol (70, 80, 90,
99, 100, and 100 vol%) for 1 day each. Then they were
soaked in isopentyl acetate solution for 1 day and dried in
a critical point drying apparatus (hcp-2; Hitachi Ltd.,
Tokyo, Japan). The samples were sputter-coated with
platinum and palladium for SEM observation (S-4700;
Hitachi Ltd.) and coated with carbon for SEM-EDX
analyses (EMAX-7000; Horiba Ltd., Kyoto, Japan). The
SEM-EDX observations were performed mainly at the
sample surface.

2.5.2 Histological examination

Two specimens from each group harvested after each time
interval were allocated to histological examinations. The
segments of the tibiae containing the implanted samples
were fixed in 10 % phosphate-buffered formalin for 7 days,
and dehydrated in serial concentrations of ethanol (70, 80,
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90, 99, 100, and 100 % v/v) for 3 days at each concen-
tration. Some sections with a thickness of 500 pm were
cut, bound to a transparent acrylic plate, and ground to a
thickness of 40-50 um. These samples were stained using
Stevenel’s blue and Van Gieson’s picrofuchsin. Histolog-
ical evaluation was performed on each stained section
using a digital microscope (DSX 500; Olympus, Tokyo,
Japan).

3 Results
3.1 In vitro evaluation
3.1.1 Surface structures

Figure 2 shows FE-SEM images of the surfaces of the
implants. A fine network structure was seen at the nano-
meter scale on the ACaH-GM and ACaHW-GM samples,
and at the submicrometer scale on the AH-Ti sample; no
fine network structure was seen on the UT-GM plate.

3.2 In vivo evaluation

All rabbits tolerated the surgical procedure well. None
exhibited infection of the surgical site, dislocation of the
implants, or adverse reactions such as inflammation or
foreign body reactions on or around the implants.
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Fig. 3 Failure loads in the
detaching tests at different

(N)

45
periods after implantation for

gum metals subjected to various
treatments and AH-Ti. (Error
bar standard deviation) (N).

P values of ACaHW-GM versus
UT-GM, AH-Ti versus UT-GM,
ACaHW-GM versus ACaH-GM
and AH-Ti versus ACaH-GM
were, respectively, 0.008, 0.008,
0.0192, and 0.0364 at 4 weeks;
0.0023, 0.0023, 0.0081, and
0.0048 at 8 weeks; 0.0023,
0.0023, 0.0050, and 0.0050 at
16 weeks; 0.0023, 0.0023,
0.0052, and 0.0052 at 26 weeks.
*P < 0.01 versus UT-GM and
ACaH-GM, *P < 0.01 versus

40

354

30+

25+

20+

15+

Failure load in detaching test

10

UT-GM and P < 0.05 versus
ACaH-GM, *P < 0.05 vs UT-
GM

UT ACaHACaHW AH-TI
GM -GM -GM

4 weeks

3.2.1 Detaching test (failure load)

The detachment failure loads for each material at 4, 8, 16, and
26 weeks after implantation are summarized in Fig. 3. The
failure loads for the UT-GM, ACaH-GM, ACaHW-GM and
AH-Ti groups were, respectively, 0 £ 0, 0.863 £ 1.496,
8.95 + 5.829, and 6.463 £+ 4.786 N at 4 weeks; 0 £ 0,
2.25 £ 3.053, 16.138 £ 10.182, and 19.988 £ 9.547 N at
8 weeks; 0 £ 0,2.7 £ 2.882,19.988 £ 13.868, and 25.05 £+
13.302 N at 16 weeks; and 0 £ 0, 3.563 + 2.488, 20.55 +
13.741,and 27.9 £ 10.890 N at 26 weeks. The UT-GM group
showed a failure load of O N at all times, while the ACaH-GM
group showed a slight increase in failure load throughout the
experimental period. In contrast, at all time periods, both the
ACaHW-GM and AH-Ti samples showed statistically signif-
icant higher failure loads than those of UT-GM and ACaH-GM
groups (for P values, please see the figure caption). At all
periods of the study, no statistically significant differences in
failure loads between the ACaHW-GM and the AH-Ti groups
were found (P = 0.835 at 4 weeks, P = 0.6219 at 8 weeks,
P = 0.8601 at 16 weeks and P = 0.5547 at 26 weeks). The
failure loads for all groups (apart from the UT-GM samples)
increased steadily with time.

3.2.2 Histological examination

3.2.2.1 Surface examination after detaching tests After
the detaching tests, bone residue was observed on the intact
surface layer of the treated plates in SEM images taken at
all time intervals. From SEM-EDX analysis, the bony
areas had more Ca than the CaCl,-treated metal surfaces,
and also contained P, while Ti was only present at the
metal surface, so we could easily distinguish the bony area

- | |
UT ACaH ACaHW AH-TI UT ACaH

uT M:aH. ACaHW AH-TI ACaHW AH-Ti
GM -Gl M GM  -GM  -GM GM -GM -GM
8 weeks 16 weeks 26 weeks

Period after implantation

from the metal surface. In the images taken at 4 weeks,
there was little bone residue on ACaH-GM plates. These
plates showed almost no increase in bone residue
throughout the experimental period. From 4 weeks to
26 weeks, there was no bone residue on all UT-GM plates.
In contrast, some bone residue was observed on the
ACaHW-GM (Fig. 4a) and AH-Ti plates at 4 weeks, and
the amount of residue increased with time. Bone tissue was
well integrated on the ACaHW-GM and AH-Ti plates at all
time periods. At 26 weeks, we observed abundant inte-
gration of bone tissue on the ACaHW-GM (Fig. 4b) and
AH-Ti plates, and the visible areas of metal surface were
decreased. Consistent with this finding, no Ti was observed
(nor detected by EDX) on the bony surfaces after detaching
tests for the ACaHW-GM and AH-Ti samples, indicating
that the treated surface structure is sufficiently strong.

3.2.2.2 Histological examination Representative histo-
logical images for each sample group are shown in Fig. 5
(at 4 weeks) and Fig. 6 (at 26 weeks). In the samples from
the ACaHW-GM and AH-Ti groups, new bone (NB) had
formed in the gap at the implantation site within 4 weeks,
and a large amount of new bone was in contact with the
surface (Fig. 5c, d). The samples from the UT-GM and
ACaH-GM groups had an intervening layer of soft tissue
between the bone and the implant at 4 weeks (Fig. 5a, b).

At 26 weeks, the newly formed bone had become
remodeled and exhibited more organized collagen patterns
in all samples; however, the amount of bone was far greater
in the samples from the ACaHW-GM and AH-Ti groups
than in the samples from the UT-GM and ACaH-GM
groups (Fig. 6). These histological findings were consistent
with the results of mechanical testing.
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Fig. 4 SEM images of the surface of an ACaHW-GM plate after 4 weeks. (b) Much more bone residue (Bone) was observed on the
detaching tests at (a) 4 weeks and (b) 26 weeks. (a) Some bone ACaHW-GM plate (P) at 26 weeks
residue (Bone) was observed on the ACaHW-GM plate (P) at

ACaHW-GM

1mm 1mm
:— ﬁ

Fig. 5 Surface staining of the bone—implant interface with Stevenel’s blue and Van Gieson’s picrofuchsin at 4 weeks. (a) UT-GM, (b) ACaH-
GM, (c¢) ACaHW-GM, and (d) AH-Ti. OB original bone; NB new bone. White arrows indicate a gap between the plate and new bone

4 Discussion contrast, the UT-GM and ACaH-GM showed almost no

bonding until 26 weeks. Histological examination con-
ACaHW-GM successfully bonded to bone and retained this ~ firmed that the newly formed bone tissue made direct
bond for up to 26 weeks; its performance was similar to  contact with the ACaHW-GM and AH-Ti implants as early
that of AH-Ti, which is already known to be bioactive. In  as 4 weeks after surgery. Conversely, for the UT-GM and
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ACaH-GM

Fig. 6 Surface staining of the bone—implant interface with Stevenel’s blue and Van Gieson’s picrofuchsin at 26 weeks. (a) UT-GM, (b) ACaH-

GM, (¢) ACaHW-GM, and (d) AH-Ti. OB original bone; NB new bone

ACaH-GM samples, a layer of fibrous tissue existed at the
bone—implant interface 8 weeks after surgery, and the bone
tissue made only partial contact with the implant at 16 and
26 weeks. These results confirm that ACaHW treatment of
gum metal enhanced its bone-bonding ability.

Both ACaHW-GM and ACaH-GM have nanometer-
scale fine network structures on their surfaces (Fig. 2b, c).
However, the failure load of ACaHW-GM was higher than
that of ACaH-GM at all time periods. This means the
bioactivity of gum metals cannot be attributed to their
surface structures. In previous studies, the surfaces of
ACaHW-GM showed apatite-forming abilities when
soaked in SBF for 3 days; this behavior was not seen for
the ACaH-GM plates [11]. It has been shown that Ti and
Ti-based alloys with surfaces conducive to apatite forma-
tion in SBF bond to living bone through the apatite layer
that forms on their surfaces in the living body [12-14].
These findings suggest that it is the apatite-forming ability

of the ACaHW-GM samples that enables them to tightly
bond to living bone in the body.

We suggest that apatite forms on the surfaces of ACaHW-
GM samples but not on ACaH-GM samples, because of
differences in chemistry. When the gum metal is subjected to
CaCl, treatment after NaOH treatment, the calcium ions can
substitute for sodium in the sodium hydrogen titanate formed
by the NaOH treatment; the result of this is a layered calcium
hydrogen titanate structure, Ca,H,_,,TizO7, on the surface.
This calcium hydrogen titanate is then transformed into
various forms of calcium titanate (such as CaTisOo,
CaTi,0,, and CaTi,0s5), calcium niobate (such as Ca,Nb,O-
and CaNb,0g), rutile, and anatase by the subsequent heat
treatment. The gum metal treated to this point did not show
apatite-forming ability in SBF, probably because of the
extremely slow diffusion of calcium ions from the calcium
titanates and niobates, as has been previously seen for the
calcium titanate formed on the surface of Ti—15Zr-4Nb—4Ta
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alloy [20]. The final water treatment step results in some of
the calcium ions in the surface layer being exchanged for
oxonium ions, without an apparent change in the crystal
phases. Thus, the resultant phases can be described as
CatzfszL;Og, Catzfszi204, and Catz,ZXTi205 for
the calcium-deficient calcium titanate, and Ca,H,_,,Nb,O,
and Ca,H,_,,Nb,Og for the calcium-deficient calcium nio-
bate. The gum metal treated in this way (the ACaHW-GM
samples) exhibited a high capacity for apatite formation in
SBF probably because of the increased mobility of the cal-
cium ions in the calcium titanates and niobates caused by
incorporation of the oxonium ions [11].

In our animal study, the ACaHW-GM samples showed
good affinity for bone tissue, and histological examinations
demonstrated biocompatibility. The ACaHW-GM plate,
which is V-free Ti alloy, seems to be nontoxic with good
osteoconductivity.

To resolve stress shielding after cementless total hip ar-
throplasties, which can arise because of differences in
Young’s modulus between the stem and human cortical
bone, the Young’s modulus of the alloy used for the stem
alloy needs to be close to the Young’s modulus of human
cortical bone [7-9]. To precisely assess local stress—strain
distributions in geometrically complex structures, finite
element methods are a standard tool used in biomedical
engineering [21]. A finite element model (FEM) of a bio-
mimetic stem (composed of hydroxyapatite—coated carbon
fibers), with material properties similar to those of a cortical
bone (Young’s modulus is 5-30 GPa) was constructed [22].
Three static load cases representing slow walking, stair
climbing, and gait in a healthy individual were considered.
Stress shielding was evaluated and compared with the results
of a similar FEM for a titanium alloy (Ti—-6Al-4V). The
composite stems allowed for reduced stress shielding when
compared with a traditional Ti-6Al—4V stem.

The Young’s modulus of the gum metal used in this
study is 55 GPa, much closer to that of human cortical
bone (10-30 GPa) than Ti-6Al-4V alloy (110 GPa), so the
gum metal should reduce stress shielding in the femur, and
thus decrease thigh pain. Further animal studies and FEM
analyses are needed to test this hypothesis.

Thus, ACaHW-GM should be useful for developing novel
orthopedic implants such as cementless joint replacements or
dental implants, because of its good bone bonding ability.
The gum metal should also prevent stress shielding under
loaded conditions because it has a low Young’s modulus.

5 Conclusions
A gum metal with composition Ti-36Nb—2Ta-3Zr-0.30

exhibited bone bonding ability in vivo after successive
NaOH, CaCl,, heat (700 °C), and water treatments. The
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present results suggest that the gum metal may be useful in
novel orthopedic implants or dental implants because of its
excellent bioactivity. The low Young’s modulus of gum
metal mean that stress shielding under loaded conditions
should be able to be prevented.
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