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small bone chips (2 mm average diameter) using a bone
mill. Radiometric analysis in a loading experiment
revealed that the acetabular components had greater sta-
bility when large bone chips were used [20]. However,
based on the Mohr-Coulomb failure criterion, both the
angle of shearing resistance and the interlocking of the
bone particles define the shear strength. Because the angle
of shearing resistance depends on the distribution of par-
ticle size and because smaller particles fill the voids and
interlock within the interparticulate spaces between larger
particles, well-graded aggregates comprising a mixture of
various-sized bone chips should have better mechanical
characteristics compared with an ungraded mixture. Fosse
et al. [8] reported that the bone aggregates with particles of
uniform size have worse mechanical properties than those
with a wider range of particle sizes. In our study, the
mixture of different-sized bone chips did not markedly
affect the stiffness properties of the bone aggregates. A
possible reason for this difference relates to the different
sizes of the bone particles. The bone mill used in our study
cannot produce very small particles (less than 2 mm in
diameter), and we used small-sized particles (3—4 mm in
diameter) mixed with large-sized particles. Another pos-
sible explanation is that the ex vivo compaction device in
our study loads more than 3,000 N of creep compression
force and more than 4,700 N of impaction force, which
crushes the trabecular structure of the bone chips. Small
crushed bone fragments occupy the interparticulate spaces.

Recoil

In our study, recoil of the graft aggregates was 2.6-3.9% of
the initial height of the compacted bone aggregates made
by the ex vivo compaction device, and recoil did not cor-
relate with the bone chip size. Previous studies showed that
the impaction force, particle size, and fluid content influ-
ence recoil behavior significantly [11, 21]. Our ex vivo
compaction device allows excess incompressible fluid
exudation during use of the creep technique and crushes the
trabecular structure of the bone particles during used of the
creep and impaction technique, so that the particles lose
their elasticity. In addition, small crushes of bone frag-
ments and a mixture of various sizes of the bone chips
reduce the void space and interlock each bone particle
within the aggregates, reducing the recoil. Our micro-CT
data visualized the collapsed trabeculae and the bone par-
ticles riding over each other.

Cement penetration
Closer packing increases the interparticulate contacts and

the shear strength of the bone aggregates [7, 21]. However,
well-compacted, well-graded bone aggregates can limit

cement penetration into the interparticulate spaces.
Because the bone cement creates a solid layer of bone at
the graft-cement interface, greatly increasing the constant
of the interlocking of the bone particles in the Mohr-
Coulomb failure criterion contributes to the mechanical
characteristics of the bone aggregates. Larger bone grafts
should provide better penetration of the bone cement
within the graft layer. Our data indicate that the maximal
depth of cement penetration into the bone aggregates varies
in relation to the proportion of large bone chips. This is
because of the larger pores between the bone chips, even
when a well-compacted bone aggregate can be produced
using the ex vivo compaction device. Thus, bone aggre-
gates made up with large-sized bone chips may produce
better initial stability of the acetabular component.

Osteoconductivity

Several previous studies showed new bone formation onto
the surfaces of the allograft bone chips and that regenera-
tion and remodeling continue gradually for several years.
Regeneration, remodeling, and a lasting bond between the
graft and the host are prerequisites for the long-term suc-
cess of impaction bone grafting. Pore size and intercon-
nectivity are among the most important factors for
osteoconduction by porous biomaterials [16, 18, 19, 29].
The optimal pore size for bone growth is generally con-
sidered to be 100400 pm. We had some concerns that
a well-compacted, well-graded mixture might hamper
osteoconduction into the graft by filling up the interpar-
ticulate spaces. However, micro-CT analysis revealed that
the grafts had adequate porous structure for osteoconduc-
tion and potential to encourage the bone graft healing
process, which provides scaffolding for the ingrowth of
vessels and osteoprogenitor cells to induce graft incorpo-
ration by the host [18, 19]. By contrast, bone aggregates
comprising only large-sized bone chips tend to possess
more pores, which may be too large to optimize bone
growth, although few studies have reported on the adverse
effects of large pores on osteoconduction [18, 19]. Thus,
the bone aggregates produced with small-sized bone chips
may provide superior osteoconductivity. Our data suggest
that the graft layer on the host bone should comprise small-
sized bone particles to facilitate bone ingrowth and that the
layer on the implant side should be produced with large-
sized bone particles to maximize cement penetration.
Further studies are needed to confirm this hypothesis.

Clinical cases
In our clinical practice, we performed acetabular recon-

struction by impaction bone grafting using the ex vivo
compaction device in eight patients. Because most
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migration and subsidence of the implant occurred during
the first 3 months after implantation, as reported previously
[30], the short-term outcome of the patients in this study
indicated that the procedure was successful. We note that,
after removing the compacted bone aggregates from the ex
vivo compaction device, further creep consolidation of the
bone aggregate with an impaction phantom formed a layer
of well-compacted, well-graded bone aggregates in the
acetabular defect in vivo. We also maintained the pressure
on the graft bed to avoid possible recoil until the acetabular
component was cemented. This procedure should contrib-
ute to the initial stiffness of the bone aggregates, leading to
the initial stability of the acetabular component. We have
applied this technique to acetabular reconstruction in
patients, and no implant has exhibited any subsidence
during a short-term follow-up period. Further clinical
studies are required to determine the mid- and long-term
outcomes of this technique.

In conclusion, the ex vivo compaction device produces
well-compacted, well-graded allograft bone aggregates
‘that possess adequate mechanical properties and putative
osteoconductivity. Progressive compaction of layers of
aggregates, comprising smaller sized chips at the host bone
side and larger sized chips at the component side, may have
the advantages of initial stability of the acetabular com-
ponent and biological response of the grafted aggregates in
acetabular reconstruction of revision THA.
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Abstract Nanometer-scale roughness was generated on
the surface of titanium (Ti) metal by NaOH treatment and
remained after subsequent acid treatment with HCI, HNO;
or H,SO, solution, as long as the acid concentration was
not high. It also remained after heat treatment. Sodium
hydrogen titanate produced by NaOH treatment was
transformed into hydrogen titanate after subsequent acid
treatment as long as the acid concentration was not high.
The hydrogen titanate was then transformed into titanium
oxide (TiO,) of anatase and rutile by heat treatment.
Treated Ti metals exhibited high apatite-forming abilities
in a simulated body fluid especially when the acid con-
centration was greater than 10 mM, irrespective of the type
of acid solutions used. This high apatite-forming ability
was maintained in humid environments for long periods.
The high apatite-forming ability was attributed to the
positive surface charge that formed on the TiO, layer and
not to the surface roughness or a specific crystalline phase.
This positively charged TiO, induced apatite formation by
first selectively adsorbing negatively charged phosphate
ions followed by positively charged calcium ions. Apatite
formation is expected on the surfaces of such treated Ti
metals after short periods, even in living systems. The
bonding of metal to living bone is also expected to take
place through this apatite layer.
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1 Introduction

Various surface treatment methods have been employed in
an attempt to induce the bone-bonding property of titanium
(Ti) metal and its alloys [1-14]. Of the treatment methods
considered, the formation of sodium titanate on Ti metal by
treating with both NaOH and heat has been shown to be
effective for inducing apatite formation on Ti metal in the
human body and causing Ti metal to bond to living bone
through the apatite layer [15-18]. This method was applied
to a porous Ti metal layer of an artificial hip joint, and the
resulting bone bonding, i.e., a bioactive hip joint, has been
clinically used in Japan since 2007 [19]. Apatite formation
on NaOH- and heat-treated Ti metal in the living body was
attributed to the negative surface charge of sodium titanate.

In contrast, it was recently shown that combining acid
and heat treatment to form TiO, on Ti metal effectively
induces apatite formation in the body environment and
causes Ti metal to bond to living bone through the apatite
layer [20]. The apatite formation in this case was attributed
to the positive surface charge of TiO, [20].

Treatment with NaOH generates a bioactive surface
with nanometer-scale roughness having a high specific
surface area, but the sodium titanate formed by this treat-
ment may have an undesirable effect on living cells in the
narrow spaces of the porous material by the release Na*
ions. In contrast, treatment with acid generates a bioactive
surface with micrometer-scale roughness having a low
specific surface area, but the TiO, formed by this treatment
does not release ions that are liable to have adverse effects
on living cells. Recently, it was shown that when Ti metal
is subjected to HCI and heat treatment [21] subsequent to
NaOH treatment, the bioactive TiO, layer that was formed
had nanometer-scale roughness with a high specific surface
area and releases no ions. In addition, porous Ti metal that
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had been subjected to these treatments exhibited higher
values of osteoconductivity and osteoinductivity than that
subjected to simple NaOH and heat treatment [22-25].

In this study, we investigated the type of acid treatment
that would be effective for inducing high apatite-forming
ability of TiO, formed on Ti metal. Treatment with NaOH,
acid, and heat were investigated. Factors governing their
apatite-forming abilities were discussed in terms of their
surface structure and properties.

Several articles that investigate the apatite-forming
ability of TiO, that is formed on Ti metal by various
treatment methods have been published [26-36]. However,
the principal factors governing apatite formation on TiO,
are not yet clearly understood.

2 Materials and methods
2.1 Preparation of the samples

Commercially pure Ti metal (Kobe Steel, Ltd, Japan) was
cut into rectangular samples with dimensions of 10 x
10 x 1 mm?>, abraded with a #400 diamond plate, washed
with acetone, 2-propanol, and ultra pure water for 30 min
each in an ultrasonic cleaner, and then dried overnight in an
oven at 40°C. Each sample was soaked in 5 ml of a 5 M
NaOH solution at 60°C in an oil bath, shaken at 120
strokes/min for 24 h, and then gently washed with ultra
pure water. Subsequently, the samples were soaked in
10 ml of an HCI, HNOs, or H,SO, solution with concen-
trations ranging from 0.5 to 100 mM at 40°C in an oil bath,
shaken at 120 strokes/min for 24 h, and then gently washed
with ultra pure water and dried overnight in an oven at
40°C. The samples were heated to 600°C at a rate of
5°C/min in an Fe—Cr electric furnace, maintained at this
temperature for 1 h, and then cooled naturally to room
temperature in the furnace.

2.2 Surface analysis of the treated Ti metal

The surface of the Ti metal treated as described above was
analyzed using thin film X-ray diffraction (TF-XRD,
RINT-2500, Rigaku Co., Japan). The X-ray source used
was CuKuo, and the angle of the incident beam was set to 1°
against the sample surface. The same surface was coated
with a Pt/Pd film and observed under a field emission
scanning electron microscope (FE-SEM, Hitachi S-4300,
Hitachi, Japan).

Ti metal plates with dimensions of 13 x 33 x 1 mm®
were used to measure the zeta potential, and in the NaOH
and acid treatments of the samples, the volumes of the
NaOH and acid solutions used were increased to 20 and
30 ml, respectively. The treated Ti metal plates were

@_ Springer

electrically grounded to discharge any stray charges, and
were immediately set in the zeta potential and particle size
analyzer (ELS-Z1, Otsuka Electronics Co., Japan) using a
glass cell for the plate sample. The zeta potential of the
samples was measured under an applied voltage of 40 V in
a 10 mM NaCl solution dispersing monitor particles of
polystyrene latex particles (diameter = 500 nm) coated
with hydroxyl propyl cellulose. Five samples were mea-
sured for each experimental condition, and the average
value was used in our analysis.

2.3 Examination of the apatite-forming ability
in a simulated body fluid (SBF)

The Ti metals treated as described above were soaked in
30 ml of an acellular SBF at 36.5°C with ion concentra-
tions (Na* = 142.0, K™ = 5.0, Mg®* = 1.5, Ca®* = 2.5,
Cl™ = 147.8, HCO;™ = 4.2, HPO,>~ = 1.0, and SO,>~ =
0.5 mM) nearly equal to those of human blood plasma. The
SBF was prepared by dissolving reagent-grade NaCl,
NaHCO;, KCI, K,HPO,4-3H,0, MgCl,-6H,0, CaCl,, and
Na,SO4 (Nacalai Tesque Inc., Japan) in ultra pure water,
and buffering at pH = 7.40 using tris (hydroxymethyl)
aminomethane [(CH,OH);CNH,] and 1 M HCI (Nacalai
Tesque Inc.) [37].

After soaking for periods of 1 min and 12 h, the samples
were removed from the SBF, gently washed with ultra pure
water for 5 min and dried at 40°C in an oven. The sample’s
surface was analyzed using X-ray photoelectron spectros-
copy (XPS, ESCA-3300KM, Shimadzu Co., Japan) using
MgKo radiation (4 = 9.8903 A) as the X-ray source. The
XPS take-off angle was set at 45°, which enabled the
system to detect photoelectrons to a depth of 5-10 nm from
the surface of the substrate. The binding energy of the
measured spectra was calibrated by reference to the Cig
peak of the surfactant’s CH, group on the substrate
occurring at 284.6 eV.

After soaking in the SBF for 1 day, the surface was ana-
lyzed for apatite formation using TF-XRD and FE-SEM. To
examine the stability of the apatite-forming ability in a
humid environment, the NaOH, acid, and heat-treated sam-
ples were kept at a relative humidity of 95% at 80°C for
1 week, and the apatite formed on their surface in the SBF
was examined using FE-SEM.

3 Results
3.1 Surface structure of the treated Ti metals
Figure 1 shows FE-SEM photographs of the surface of Ti

metals subjected to various acid treatments after an NaOH
treatment, compared with the surface of untreated Ti metal
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and that treated with an NaOH solution. The treatments
shown in Fig. 1 are designated according to the classifi-
cations shown in Table 1. A fine network structure of
nanometer-scale was generated on the surface of the Ti
metal by an initial NaOH treatment, and this remained
essentially unchanged after a subsequent acid treatment, as
long as the acid concentration was not high. The network
structure was completely dissolved by treatment with a
concentrated acid solution. The maximum concentration of
the acid solution in which the fine network structure
remained was 50 mM for the HCl and HNOj5 solutions, and
10 mM for the H,SO, solution.

Fig. 1 FE-SEM photographs of
surfaces of Ti metals subjected
to various acid treatments after
NaOH treatment, in comparison
with those of Ti metal untreated
and as-treated with NaOH.
Explanation of notation is given
in Table |

Figure 2 shows FE-SEM photographs of the surface of
Ti metals subjected to a heat treatment after an NaOH and
acid treatment. The surface structure formed on the Ti
metals by the NaOH and acid treatments remained essen-
tially unchanged after the heat treatment.

Figures 3 and 4 show the TF-XRD patterns of the sur-
face of Ti metals subjected to NaOH and acid treatments,
and those of Ti metals subjected to a subsequent heat
treatment, respectively. From Fig. 3, it can be seen that a
layer of sodium hydrogen titanate (Na,H, _ ,TizO-,
0 < x < 2) had formed on the surface of Ti metal after the
initial NaOH treatment [38], and that this was converted to

Table 1 Notation of treatments R
Notation

Treatments

A

A-05, 10, 50, or 100HC
A-05, 10, 50, or 100HC-H
A-05, 10, 50, or 100HN
A-05, 10, 50, or 100HN-H
A-05, 10, 50, or 100HS
A-05, 10, 50, or 100HS-H

Only NaOH treatment

A + 0.5, 10, 50 or 100 mM HCI treatments

A 4+ 0.5, 10, 50 or 100 mM HCI + heat treatments
A + 0.5, 10, 50 or 100 mM HNO; treatments

A + 0.5, 10, 50 or 100 mM HNQOj; + heat treatments
A + 0.5, 10, 50 or 100 mM H,SO, treatments

A + 0.5, 10, 50 or 100 mM H,SO,4 + heat treatments
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Fig. 2 FE-SEM photographs of
surfaces of Ti metal subjected to
the heat treatment after the acid
and NaOH treatments, in
comparison with those of Ti
metal subjected to heat
treatment without and after the
NaOH treatment

Fig. 3 TF-XRD of surfaces of
Ti metal subjected to different
chemical treatments. 77 o Ti, HT
Hydrogen titanate, SHT Sodium
hydrogen titanate

Intensity / Arb. Unit

2 theta / degrees

hydrogen titanate (H,TizO7) [39] after a subsequent acid
treatment, if the concentration of the acid solution was not
high. After treatment with concentrated acid solutions, the
sodium hydrogen titanate layer was completely dissolved.
All the NaOH- and acid-treated Ti metals precipitated TiO,
of anatase and/or rutile after the heat treatment (Fig. 4).
The ratio of rutile to anatase increased with increasing
concentration of the acid solution. Only the rutile phase
was observed for the HCl and HNOj solutions with a
concentration of 100 mM, and H,SO, solutions with a
concentration of 50 and 100 mM.

3.2 Apatite-forming ability of treated Ti metals
in an SBF

Figures 5 and 6 show FE-SEM photographs of the surface
of Ti metals soaked in an SBF for 1 day after different
chemical treatments and a subsequent heat treatment,
respectively. Spherical particles were observed on the
surface, and these were identified as crystalline apatite

@ Springer

HNO; H,S0,

Intensity / Arb. Unit
Intensity / Arb. Unit

2 theta / degrees 2 theta / degrees

from the TF-XRD data. Ti metals subjected to the chemical
treatment alone did not form (or only formed a little)
apatite on their surface in an SBF within a period of 1 day
(Fig. 5). In contrast, all the Ti metals subjected to a heat
treatment after a chemical treatment formed appreciable
amounts of apatite on their surfaces in an SBF within 1 day
(Fig. 6). The apatite-forming ability of the samples was
high when the concentration of the acid solution used was
greater than 10 mM.

Figure 7 shows FE-SEM photographs of the surface of
Ti metals soaked in an SBF for 1 day after being kept at a
relative humidity of 95% at 80°C for 1 week following
NaOH, acid, and heat treatments. From Fig. 7, it can be
seen that a high apatite-forming ability of such treated Ti
metals was maintained, even in a humid environment.

3.3 Zeta potential of treated Ti metals

The zeta potentials of Ti metals treated with an acid
solution after an NaOH treatment were not able to be
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Fig. 5 FE-SEM photographs of
surfaces of Ti metals soaked in
SBF for 1 day after different
chemical treatments

measured, as no insulating TiO, layer formed. This indi-
cates that the zeta potential of these samples was almost
zero. Figure 8 shows the zeta potentials of Ti metals sub-
jected to a heat treatment after an NaOH and acid treat-
ment. All the heat-treated samples showed a positive zeta
potential, although the zeta potentials of Ti metals treated
with 0.5 mM acid solutions were as low as 4 mV.

3.4 XPS spectra of treated Ti metals

Figure 9 shows the Cayp and Pyp XPS spectra of the sur-
faces of Ti metals soaked in an SBF for 1 min and 12 h
after NaOH, acid, and heat treatments. From Fig. 9, it can
be seen that all the treated Ti metals selectively adsorbed
phosphate ions on their surface in an SBF within a period

of 1 min, and later on, also adsorbed calcium ions to form
calcium phosphate.

Figure 10 shows the Clp and N;g XPS spectra of the
surfaces of Ti metal subjected to a heat treatment following
an NaOH and 50 mM HCI or HNO; treatment. Also shown
are the S,p spectra of the surfaces of Ti metal treated with a
10 mM H,SO, solution after an NaOH treatment after
being subjected to a subsequent heat treatment and then
kept at a relative humidity of 95% at 80°C for 1 week.
From Fig. 10, it can be seen that chloride, nitrate, and
sulfate jons were observed on the surface of Ti metals heat-
treated after an HCl, HNOj3, and H,SO, treatment follow-
ing an NaOH treatment. Sulfate ions were detected on the
surface of the samples before the heat treatment, and even
after being kept in a humid environment for 1 week.
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Fig. 6 FE-SEM photographs of
surfaces of Ti metals soaked in
SBF for 1 day after heat
treatment following different
chemical treatments

Fig. 7 FE-SEM photograph of
surface of Ti metals soaked in
SBF for 1 day, after kept in
humid environment for 1 week
following the NaOH, acid and
heat treatments
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Fig. 8 Zeta potentials of surfaces of Ti metal plates after different

chemical and heat treatments
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4 Discussion

It is apparent from Figs. 1 and 2 that a nanometer-scale
roughness is generated on the surface of Ti metals by an
NaOH treatment and remained after the subsequent acid
and heat treatments as long as the acid concentration is not
high.

According to Figs. 3 and 4, sodium hydrogen titanate
formed on Ti metals by an NaOH treatment is transformed
into hydrogen titanate or completely dissolved by the
subsequent acid treatment and then transformed into TiO,
of anatase and/or rutile by the heat treatment.

It is apparent from Figs. 5 and 6 that the apatite-forming
ability in an SBF of Ti metals subjected to an acid treat-
ment after an NaOH treatment was very low before a heat
treatment, but increased markedly after a heat treatment,
irrespective of the type of acid solution used.
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Fig. .9 XPS spectra 9f surfaces Cap 1min SBF Par 1min SBF
of Ti metals soaked in SBF for
1 min and 12 h after different
chemical and heat treatments - -
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Fig. 10 XPS spectra of surfaces of Ti metals subjected to various
chemical and heat treatments. ] after heat treatment following NaOH
and 50 mM HCI treatment; 2 after heat treatment following NaOH

As described above, the surface roughness of Ti metal
subjected to an acid treatment after an NaOH treatment did
not change after a heat treatment. Therefore, the increase in
the apatite-forming ability after the heat treatment cannot
be attributed to the change in surface roughness.

As described above, the surface phase of the Ti metals
subjected to an acid treatment after an NaOH treatment was
either hydrogen titanate or titanium before the heat

and 50 mM HNO; treatment; 3 before and after heat treatment
following the NaOH and 10 mM H,SO, treatment, and after
subsequent storage in 95% relative humidity at 80°C for 1 week

treatment, while it was TiO, of anatase and/or rutile after
the heat treatment. This indicates that TiO, is responsible
for the high apatite-forming ability of the heat-treated Ti
metal. However, apatite-forming ability of the heat-treated -
Ti metal does not depend upon the type of TiO, formed.
For example, Ti metal treated with a 10 mM H,SO4
solution showed an almost equal apatite-forming ability to
that of sample treated with a 100 mM H,SOy solution (see

‘2_) Springer
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Fig. 6), although the former sample had a larger amount of
anatase precipitated than rutile, whereas the latter sample
had precipitated only rutile (see Fig. 4). Therefore, the
apatite-forming ability of the heat-treated Ti metal samples
cannot be attributed to the specific crystalline phase of
TiO, precipitated.

The zeta potential of Ti metals subjected to an acid
solution after an NaOH treatment was almost zero before
a heat treatment, as described above. According to Fig. 8,
the zeta potential of Ti metals subjected to an acid
treatment after an NaOH treatment showed positive val-
ues after the heat treatment, and high values were
observed when the concentration of the acid solution was
greater than 10 mM, irrespective of the type of acid
solution used. Figures 5 and 6 show that the apatite-
forming ability of Ti metals subjected to an acid treatment
after an NaOH treatment was increased by the heat
treatment and became high when the concentration of the
acid solution was greater than 10 mM, irrespective of the
type of acid solution used.

When Ti metals have a positively charged surface, then
negatively charged phosphate ions can be selectively
adsorbed on their surface first. As these phosphate ions
accumulate, the surface becomes negatively charged. As a
result, positively charged calcium ions can be adsorbed on
the surface to produce apatite. This sequential adsorption of
phosphate and calcium ions was confirmed in the XPS
spectra of Ti metals heat-treated after various acid treat-
ments shown in Fig. 9. From these observations, it can be
concluded that the high apatite-forming ability of the Ti
metals heat-treated after an acid treatment following an
NaOH treatment can be attributed to their positive surface
charge.

The reason why the Ti metals heat-treated after an acid
treatment following an NaOH treatment had a positive
surface charge can be interpreted in terms of the acid
groups adsorbed on their surface after the acid treatment. It
was confirmed by the XPS spectra shown in Fig. 10 that
sulfate ions were adsorbed on Ti metal soaked in an H,SO,4
solution after an NaOH treatment, and that these remained
on the Ti metal surface, even after subsequent heat treat-
ment. Chloride ions and nitrate ions were also confirmed to
be adsorbed on the Ti metal heat-treated after treatment in
an HCl and HNO; solution, as shown in Fig. 10. These
acid groups can dissociate from the surface of the Ti metals
in an SBF to give an acidic surface environment. TiO, has
been reported to be positively charged in acidic aqueous
solutions, and its positive charge increases with decreasing
pH of the solution [40, 41]. The acid solutions used in this
study had pH values that decreased with increasing acid
concentration, as shown in Table 2. All the acid solutions
used in this study had pH values lower than 2 when their
concentration was greater than 10 mM.

@ Springer

Table 2 pH values of acid solutions used in the present study

Solution pH

0.5 mM 10 mM 50 mM 100 mM
HCI 3.46 2.13 1.47 1.16
HNO; 3.50 2.14 1.46 1.15
H,S04 3.10 1.98 1.25 1.05

The acid groups adsorbed on the Ti metals heat-treated
after an acid treatment remained, even after the Ti metals
were stored in a humid environment at high temperature, as
shown in Fig. 10. Therefore, their high apatite-forming
ability was maintained, even after storage in a humid
environment at high temperature (see Fig. 7).

We have shown in a separate article that Ti metal heat-
treated after H,SO4/HCI mixed acid treatment without
being subjected to NaOH treatment formed TiO, layer [20]
that formed apatite on its surface in a body environment
and tightly bonded to living bone. The formation of apatite
on the surface was also attributed to positive surface charge
[20]. Our present results show that apatite formation
induced by the positive surface charge of the Ti metal heat-
treated after acid treatment is not specific to the use of a
mixed acid solution, but is independent of the type of acid
solution used, and is also independent of the surface con-
dition before the acid treatment.

It has been shown previously that a porous Ti metal
heat-treated after an HCI treatment following an NaOH
treatment exhibits high osteoconductivity [22, 42] as well
as osteoinductivity [23, 24]. This type of bioactive porous
Ti metal is now being subjected to clinical trials for
application in spinal fusion devices after animal experi-
ment [25]. Our results provide a contribution to the
development of porous Ti metals with higher osteocon-
ductivity and osteoinductivity.

5 Conclusions

Nanometer-scale roughness was generated on the surface
of Ti metal by NaOH treatment and remained even after
formation of titanium oxide by the subsequent acid and
heat treatments, as long as the acid concentration was not
high. Ti metal treated with HCI, HNO;s and H,SO, solu-
tions after an NaOH treatment showed high apatite-form-
ing ability in an SBF after a subsequent heat treatment,
especially when the acid concentration was greater than
10 mM. This was not attributed to either the surface
roughness induced by the chemical treatment or to the
specific crystalline phase precipitated on the Ti metal, but
to the positive surface charge of the TiO, precipitated on
the Ti metal by the acid and heat treatments. The positively
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charged Ti metals first adsorbed the negatively charged
phosphate ions in an SBF, and then the positively charged
calcium ions to form apatite on their surface.

Such treated Ti metals are expected to form apatite on

their surface in a short period, even in a living body, and
can bond to living bone through this apatite layer. These
findings will contribute to the development of porous Ti
metal with higher osteoconductivity and osteoinductivity.
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Abstract Titanium (Ti) metal was soaked in HCI solution
after NaOH treatment and then subjected to heat treatments
at different temperatures. Their apatite-forming abilities in
a simulated body fluid (SBF) were discussed in terms of
their surface structures and properties. The nanometer scale
roughness formed on Ti metal after NaOH treatment
remained after the HCI treatment and a subsequent heat
treatment below 700°C. Hydrogen titanate was formed on
Ti metal from an HCI treatment after NaOH treatment, and
this was converted into titanium oxide of anatase and rutile
phases by a subsequent heat treatment above 500°C. The
scratch resistance of the surface layer increased with the
formation of the titanium oxide after a heat treatment up to
700°C, and then decreased with increasing temperature.
The Ti metal with a titanium oxide layer formed on its
surface showed a high apatite-forming ability in SBF when
the heat treatment temperature was in the range
500-~700°C. The high apatite-forming ability was attributed
to the positive surface charge in an SBF. These positive
surface charges were ascribed to the presence of chloride
ions, which were adsorbed on the surfaces and dissociated
in the SBF to give an acid environment.

1 Introduction
Titanium (Ti) metal and its alloys are widely used as var-

ious implants in orthopedic and dental fields because of
their high mechanical strength and good biocompatibility
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[1]. However, they do not bond to living bone [2]. Early on,
it was shown that Ti metal forms a bone-like apatite layer
on its surface in the living body, and bonds to living bone
through this apatite layer, if it is subjected to NaOH and
heat treatment to form sodium titanate on its surface [3—-6].
These treatments have been applied to the porous layer of
an artificial hip joint and the resulting implant has been
used clinically in Japan since 2007 [7].

Later it was also found that Ti metal forms the bone-like
apatite on its surface in a simulated body fluid (SBF), even
if it is soaked in water or HCI solution after the NaOH
treatment and then heat-treated at 600°C to form titanium
oxide on its surface [8]. Its apatite-forming ability
increased with increasing concentration of the HCI solu-
tion, and assumed to be attributed to positive surface
charge of the Ti metal increased with increasing concen-
tration of the HCI solution [8].

In this study, Ti metal was soaked in 50 mM HCl solution
after the NaOH treatment and then subjected to heat treat-
ment at different temperatures. Their apatite-forming abili-
ties in SBF were discussed in terms of their surface structures
and properties. Much attention has been paid on bioactive Ti
metal prepared by HCl and heat treatments after the NaOH
treatment, because a porous Ti metal subjected to these
treatments was found to exhibit osteoconductivity [9] as well
as osteoinductivity [10]. It is already being subjected to
clinical trial for application to spinal fusion devices [11].

2 Materials and methods
2.1 Preparation of specimens

Commercially pure Ti metal (Kobe Steel, Ltd., Japan) was cut
into rectangular samples (dimensions = 10 x 10 x 1 mm>),

@ Springer
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abraded with a #400 diamond plate, washed with acetone,
2-propanol, and ultrapure water for 30 min each in an
ultrasonic cleaner, and then dried overnight in an oven at
40°C. The samples were then soaked in 5 ml of a5 M NaOH
solution at 60°C in an oil bath while being shaken at
120 strokes/min for a period of 24 h, and then gently washed
with ultrapure water. Subsequently, the samples were soaked
in 10 ml of a 50 mM HCl solution at 40°C in an oil bath while
being shaken at 120 strokes/min for a period of 24 h. The
samples were then gently washed with ultrapure water and
dried overnight in an oven at 40°C. The samples were heated
to several temperatures in the range 400-800°C at a rate of
5°C/min in Fe-Cr electric furnace in air, maintained at the
desired temperature for a period of 1 h, and then allowed to
cool at the natural rate of the furnace to room temperature.
For the present study, ten samples were prepared in each heat
treatment condition.

2.2 Examination of the apatite-forming ability
in an SBF

The samples subjected to NaOH, HCl, and heat treatments
were soaked at 36.5°C in 30 ml of an acellular SBF with ion
concentrations nearly equal to those of human blood plasma
(Nat142.0,K* 5.0, Mg®* 1.5,Ca*" 2.5, C1~ 147.8, HCO5~
4.2, HPO,*~ 1.0, and SO,>~ 0.5 mM). The SBF was pre-
pared by dissolving reagent grade NaCl, NaHCO;, KCl,
K,HPO,-3H,0, MgCl,-6H,0, CaCl,, and Na,SO, (Nacalai
Tesque, Inc., Japan) in ultrapure water, and the solution was
buffered at pH = 7.40 using tris (hydroxymethyl) amino-
methane [(CH,OH);CNH,] and 1 M HCI (Nacalai Tesque,
Inc.) [12]. The samples were removed from the SBF after
1 day, gently washed with ultrapure water, and dried in an
oven at 40°C. The formation of apatite on the surface of the
samples was examined using scanning electron microscopy
(SEM) and thin film X-ray diffraction (TF-XRD) using the
methods described in the next section.

2.3 Surface analysis of treated Ti metals

The surface of the Ti metals subjected to NaOH, HCl, and
heat treatments, and those subsequently soaked in an
SBF for several periods were analyzed using TF-XRD
(TE-XRD; RINT-2500, Rigaku Co., Japan) and X-ray pho-
toelectron spectroscopy (XPS; ESCA-3300KM, Shimadzu
Co., Japan). In the TF-XRD experiments, CuKa radiation
was used as the X-ray source, and the angle of the incident
beam was 1° against the sample surface. In the XPS exper-
iments, MgKa radiation was used as the X-ray source
(A = 9.8903 A). The XPS takeoff angle was set at 45°,
which enabled the system to detect photoelectrons to a depth
of 5-10 nm from the surface of the substrate. The binding
energy of the measured spectra was calibrated by reference
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to the C; peak of the surfactant’s CH, group on the substrate
occurring at 284.6 eV.

The sample surfaces were coated with a Pt/Pd film and
observed under a field emission scanning electron micro-
scope (FE-SEM; Hitachi S-4300, Hitachi Co., Japan) using
an acceleration voltage of 15 kV.

The scratch resistance of the surfaces of the treated Ti
metals was measured using a scratch tester (CSR-2000;
Rhesca Co., Lid., Japan). In this measurement, a stylus
with diamond tip was moved on the sample surface at a
speed of 10 mm/s under an applied load of 100 mN/min.
The critical scratch load was estimated from an abrupt
change in the signal of the sensor output, which indicated a
complete peeling of the surface layer.

The zeta potential of the treated Ti metals was measured
using plate samples (dimensions = 13 x 33 x 1 mm?®). In
the preparation of these plate samples, 20 ml of the NaOH
solution and 30 ml of the HCI solution were used. The Ti
metal samples were first grounded to allow for leakage of
any stray charge, and were then immediately set in a zeta
potential and particle size analyzer (ELS-Z1, Otsuka
Electronics Co., Japan) using a glass cell for the plate
sample. The zeta potential was measured under an applied
voltage of 40 V in a 10 mM NaCl solution with dispersed
monitor particles composed of polystyrene latex particles
(diameter = 500 nm) coated with hydroxyl propyl cellu-
lose. Five samples were measured for each experimental
condition, and the average values were used in the analysis.

3 Results
3.1 Surface structure of the treated Ti metal

Figure 1 shows FE-SEM photographs of the surface of Ti
metal subjected to heat treatments at various temperatures
after NaOH and HCl treatments. A fine network structure on
the nanometer scale formed on the surface of the Ti metal after
the initial NaOH treatment, and this remained essentially
unchanged after the subsequent HCI and heat treatments up to
700°C, but began to fade for a heat treatment of 800°C.

Figure 2 shows the TF-XRD patterns of surface of Ti
metal subjected to heat treatment at various temperatures
after NaOH and HCl treatments. From Fig. 2, it can be seen
that hydrogen titanate (H,TizO,) had formed on the Ti
metal surface after the NaOH and HCI treatments [8, 13,
14], and that this phase had converted to anatase and rutile
after subsequent heat treatments above 500°C. The ratio of
rutile to anatase increased with increasing heat treatment
temperature, and only rutile was detected for a heat treat-
ment temperature of 800°C.

Figure 3 shows the scratch resistance of the surface
of Ti metal subjected to heat treatments at various
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Fig. 1 FE-SEM photographs of surface of Ti metals subjected to heat treatments after NaOH and HCI treatments at various temperatures
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Fig. 2 TF-XRD patterns of surfaces of Ti metals subjected to heat
treatments at various temperatures after NaOH and HCI treatments. Ti
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Fig. 3 Scratch resistances of surfaces of Ti metals subjected to heat
treatments at various temperatures after NaOH and HCI treatments

temperatures after NaOH and HCI treatments. From Fig. 3,
it can be seen that the scratch resistance of the surface of
the Ti metal was as low as 5 mN after the NaOH and HC1
treatments, and this increased to 45 mN with increasing
heat treatment temperature up to 600°C, and that the
scratch resistance decreased for heat treatment tempera-
tures above 700°C.

3.2 Apatite-forming ability of treated Ti metal
in an SBF

Figure 4 shows FE-SEM photographs of the surface of Ti
metal soaked in an SBF for 1 day after heat treatment at
various temperatures following NaOH and HCI treatments.
A small number of spherical particles was observed on the
surface of the Ti metal treated with NaOH and HCI solu-
tions, and the number of these particles increased with
increasing heat treatment temperature up to 700°C, and
then decreased for a heat treatment temperature of 800°C.

Figure 5 shows the TF-XRD patterns of Ti metal soaked
in an SBF for 1 day after heat treatment at various tem-
peratures following NaOH and HCl treatments. From
Fig. 5, it can be seen that apatite had precipitated on the Ti
metal heat-treated at temperatures in the range 500-700°C.
These results indicate that the spherical particles observed
on the surface of the Ti metal samples in Fig. 4 were
composed of apatite.

3.3 Zeta potential of treated Ti metal

Figure 6 shows the zeta potential of the surface of Ti metal
subjected to heat treatment at various temperatures

Fig. 4 FE-SEM photographs of surfaces of Ti metals soaked in SBF for 1 day, after heat treatments at various temperatures following the NaOH

and HCI treatments
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Fig. 5 TF-XRD patterns of the surfaces of Ti metals soaked in SBF
for 1 day after heat treatments at various temperatures following the
NaOH and HCI treatments. 7i o Titanium, HT Hydrogen titanate,
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Fig. 6 Zeta potentials of surfaces of Ti metals subjected to heat
treatments at various temperatures after NaOH and HCI treatments

following NaOH and HCI treatments. The zeta potential of
the samples that had been heat-treated at temperatures
below 400°C was not able to be measured, because no, or
only a thin, insulating titanium oxide layer had formed on
the surface. The Ti metal heat-treated at temperatures in the
range 500-700°C exhibited a positive zeta potential that
increased with increasing heat treatment temperature up to
700°C, while the Ti metal samples heat-treated at 800°C
exhibited a zeta potential of zero.

3.4 XPS spectra of treated Ti metal
Figure 7 shows the XPS spectra of the Ca and P ions on the
surface of the Ti metal samples subjected to heat treatment

at 400, 600, and 800°C as a function of the soaking time in
an SBF after NaOH and HCl treatments. From Fig. 7, it can

@ Springer

be seen that Ti metal treated with NaOH and HCI solutions
that was subsequently heat-treated at 400°C adsorbed both
calcium and phosphate ions almost simultaneously on its
surface from the initial stages of soaking in the SBF,
whereas Ti metal samples heat-treated at 600 and 800°C
only adsorbed phosphate ions during the early stages of
soaking in the SBF.

Figure 8 shows the XPS spectra of Cl ions of the surface
of Ti metal subjected to heat treatment at 600 and 800°C
after NaOH and HCl treatments. From Fig. 8, it can be seen
that Cl ions were adsorbed on the surface of the Ti metal
after the NaOH and HCI treatments, and that these ions
remained on the surface even after the subsequent heat
treatment at 600°C, but the samples showed a slight
decrease in the number of Cl ions after a heat treatment at
800°C.

4 Discussion

It is apparent from the experimental results described
above that the nanometer scale roughness formed on the
surface of Ti metal after the NaOH treatment remained
after the HCI treatment, and even after a subsequent heat
treatment at temperatures below 700°C (see Fig. 1). The
decrease in roughness at a heat treatment temperature of
800°C is because of sintering and thickening of the surface
oxide layer. The NaOH- and HCl-treated Ti metal formed
titanium oxide of anatase and rutile phases when heat-
treated at temperatures above 500°C (see Fig. 2).

The scratch resistance of the surface of NaOH- and HCI-
treated Ti metal increased with the formation of a titanium
oxide layer for heat treatment temperatures above 500°C,
but decreased for a heat treatment temperature of 800°C.
This decrease may be attributed to the difference in thermal
expansion coefficients between the Ti metal substrate and
the thick titanium oxide layer.

The titanium oxide formed on the NaOH- and HCI-
treated Ti metal samples showed a high apatite-forming
ability in an SBF when the temperature of the heat treatment
was in the range 500-700°C. This high apatite-forming
ability was not attributable to the surface roughness, since
the surface roughness of Ti metal samples heat-treated in
this temperature range was not different from that of sam-
ples heat-treated at lower temperature. Nor was it attribut-
able to a specific crystalline phase, as the ratio of rutile to
anatase on the surface of the Ti metal samples was largely
changed in this temperature range (see Fig. 2). Therefore,
the high apatite-forming ability was attributed to the posi-
tive surface charge, as the Ti metal samples only showed a
positive zeta potential when the samples were heat-treated
in the temperature range of 500-700°C (see Fig. 6). When
the Ti metal samples had a positively charged surface,
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Fig. 8 XPS spectra of Cl ion on the surface of Ti metals as a function
of soaking period in SBF subjected to heat treatments at 600 and
800°C after NaOH and HCI treatments

negatively charged phosphate ions were selectively adsor-
bed on the surface in the SBF. As the phosphate ions begin to
accumulate, the surface becomes negatively charged, and,
therefore, positively charged calcium ions are adsorbed on
the surface to form an apatite layer. This sequential
adsorption of phosphate and calcium ions on the Ti metal
samples was confirmed by the XPS spectra of Ti metal
samples heat-treated at 600°C after NaOH and HCI treat-
ments (see Fig. 7). According to the data in Fig. 7, Ti metal
samples heat-treated at 800°C also showed an initial selec-
tive adsorption of phosphate ions. However, this tendency
was weak. Both Ti metal samples treated with NaOH and
HClI solutions and those subsequently heat-treated at 400°C
did not show any selective adsorption of phosphate ions, but
showed the simultaneous adsorption of calcium and phos-
phate ions (see Fig. 7). When the calcium and phosphate
ions were adsorbed simultaneously on the surface, then its

T T T L 1 T T
135 130 125 140 135 130 125 140 135 130 125
Binding energy / eV

charge was soon neutralized and the calcium phosphate
formed could not grow to form an apatite layer.

The reason for the positive surface charge of Ti metal
samples heat-treated in the temperature range 500-700°C
was attributed to the presence of chloride ions that were
adsorbed on the hydrogen titanate layer formed on the Ti
metal after the HCIl treatment. These remained on the
surface, even after the conversion of the hydrogen titanate
into titanium oxide by a heat treatment below 700°C. The
adsorbed chloride ions dissociate from the surface of the
titanium oxide in an SBF to create an acidic environment
on the Ti metal. Titanium oxide has been reported to have a
positively charged surface in an acidic environment [1].
Above a temperature of 800°C, the chloride ions on the
surface of the titanium oxide decompose (see Fig. 8), and
so do not form a strong acidic environment and a positive
surface charge in an SBF.

Recently, it was reported that Ti metal subjected to a
mixed acid treatment shows high apatite-forming ability
when it was heat-treated at temperatures ranged from 500
to 650°C, and that their high apatite-forming abilities are
also attributed to their positive surface charge [15]. This is
consistent with the present results.

It has been reported that osteoconduction and osteoin-
duction are closely related to an apatite-forming ability
[16]. Our present results could establish the fundamental
conditions required for chemical and heat treatments to
obtain porous titanium metal that could induce high
osteoconductivity and osteoinductivity.

5 Conclusions

1. A nanometer scale roughness formed on Ti metal
samples after an NaOH treatment remains after an HC1
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treatment and a subsequent heat treatment below
700°C.

2. NaOH- and HCl-treated Ti metal forms titanium oxide
of anatase and rutile phases on its surface after a heat
treatment above 500°C.

3. The scratch resistance of the surface of Ti metal
increases with the formation of titanium oxide up to
'700°C, and then decreases with increasing temperature.

4. The apatite-forming ability in an SBF of Ti metal is
remarkably high when the Ti metal is heat-treated in
the temperature range 500-700°C after NaOH and HC1
treatments.

5. The high apatite-forming ability of Ti metal subjected
to the above treatments is attributed to positive surface
charges.

6. These positive surface charges arise from the presence of
chloride ions adsorbed on the titanium oxide layer, which
dissociate in an SBF to give an acidic environment.

7. Our present results could establish the conditions
required for the chemical and heat treatments to obtain
porous Ti metal oxide that could induce high osteo-
conductivity and osteoinductivity.
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