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Bioactivity of metallic biomaterials with anatase
layers deposited in acidic titanium tetrafluoride
solution
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A simple and versatile treatment was developed to provide various metallic biomaterials
such as Ti, NiTi, Ta and SUS 316L stainless steel with in vitro bioactivity or ability to deposit
carbonate-incorporated apatite in a simulated body fluid (Kokubo solution). A well-
crystallized anatase layer deposited on the metallic biomaterials surfaces after soaking them
at 60°C for 24 h in an aqueous solution of titanium tetrafluoride (40 mM) whose pH was
adjusted to 1.9 with HCI. The as-coated anatase layers did not deposit apatite. When heated
at 300°C they were so bioactive as to deposit apatite within 5 day(s) in the Kokubo solution.
The trace amount of fluorine weakly bound in the as-coated anatase layers was suggested to

be one of the factors that suppressed the bioactivity.
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1. Introduction

Metallic biomaterials such as titanium and its alloys, Ni—
Ti alloys, tantalum, stainless steel and Co—Cr—Mo alloys
are widely used as surgical implants for orthopedic and
dental systems due to their high fracture toughness, long
fatigue life, good biocompatibility, and excellent work-
ability [1,2]. The orthopedic implants that are fixed
earlier to the surrounding bone or tissue are always
favorable [3,4]. Bone cement fixation is one of the
current major techniques though it suffers from many
problems like long-term degradation [5]. The so-called
bioactive fixation, a kind of cement-less fixation, has also
attracted much attention. It defines *‘interfacial bonding
of an implant to tissue by means of formation of a
biologically active hydroxyapatite layer on the implant
surface’” after Hench [5]. Thus, the key to the bioactive
fixation is the ability of implants to form a layer of
hydroxyapatite ~when implanted in the body.
Unfortunately, as Takatsuka et al. [6] pointed out, none
of the metallic biomaterials meets the requirement.
Therefore, plasma spraying [7-9] and sputtering
[10,11] have been applied to coat the implants with
bioactive glasses, glass—ceramics, and calcium phos-
phate ceramics. Since the substrates are exposed to high
temperatures in those coating processes, several dis-
advantages are reported [12]. Recently, Wei et al. [13]
applied electrophoresis to coat hydroxyapatite on Ti, Ti—
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6A1-4V and 316L stainless steel (SUS 316L) substrates.
Their procedure was of multi-steps involving the dual
coating process to prevent the layers from cracking as
well as the sintering process at 875—1000 °C to obtain the
desired adhesion.

An alternative is to provide the metallic biomaterials
with bioactivity through chemical treatments. The
following two approaches were so far most successful
for titanium and its alloys: the treatments with sodium
hydroxide [4, 12] and hydrogen peroxide [14] solutions
followed by heat treatments at moderate temperatures.
Recently, Miyazaki et al. [15, 16] found that the former
treatment was also applicable to Ta. Unfortunately,
Miyazaki et al. [4] and Kim et al. [12] confessed that the
alkali approach could not be applied to NiTi, SUS 316L
or Co—Cr-Mo alloy.

Kokubo’s simulated body fluid (SBF) or an aqueous
solution containing the same inorganic ions as the human
blood plasma in similar concentrations has been used
widely to examine in vivo bioactivity [17]. Several
studies showed that anatase derived by heating amor-
phous titania gels was more likely to induce apatite
deposition in SBF than rutile derived by heating the
amorphous titania as well [12, 14—18]. Thus, the sol—gel
route seems promising to develop an anatase layer on the
metal substrates: the amorphous titania layer was derived
from titanium alkoxides [19,20] and subsequently
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transformed by heating into the bioactive anatase layer.
Unfortunately, it is not easy to control the hydrolysis of
the alkoxides and polycondensation of the hydrated
titanium species [19-23].

In the present experiment, we deposited anatase layers
on the titanium, NiTi alloy, tantalum, and SUS 316L
substrates in an acidic titanium tetrafluoride solution.
The bioactivity of those metal substrates after such
simple treatment was evaluated using SBE.

2. Experimental procedure
The titanium tetrafluoride solution was prepared after
Shimizu et al. [23]. Aqueous solutions were prepared and
employed unless otherwise described. Appropriate
amount of reagent grade TiF, (Nacalai Tesque Inc.,
Kyoto, Japan) was dissolved into an HCl solution (1.9 in
pH) to yield 40 mM TiF, solution. The Ti, NiTi, Ta and
SUS316L substrates (1 x1x0.1cm?® in size) were
soaked in 0.1 M nitric acid, and subsequently rinsed
with ethanol and distilled water. Three pieces of each
metal were soaked in 20 ml of the TiF, solution held in
50 ml-polyethylene bottles with tight screw caps, and
kept in an oven at 60°C for 24 h. After soaking, they
were rinsed gently with distilled water to detach the
loosely attached particles. After drying at 60°C over-
night, they were heat-treated at 300 °C for 1h in air.
SBF was prepared and pH was adjusted to 7.4 at
36.5°C as described in the literature [17]. The ion
composition was 142.0: Na™, 5.0: K*, 2.5: Ca’> ", 1.5:
Mg? ", 148.8: Cl~, 42: HCO;, 1.0: HPO; , 0.5:
SO . The samples were autoclaved at 121 °C for 20 min
and then soaked in SBF at 36.5°C up to 5d. Surface
analysis was conducted using thin-film X-ray diffraction
(TF-XRD, RAD IIA, Rigaku, Japan), Fourier transform
infrared reflection (FT-IR, JASCO FT-IR300, Japan)
spectroscopy, scanning electron microscopy (SEM,
JEOL JSM-6300, Japan), and energy dispersive X-ray
spectroscopy (EDS). In addition, X-ray photoelectron
spectra (XPS) were measured under an ultra high vacuum
(~9%x 10~ Torr) using an ESCA spectrometer (S-
Probe ESCA SSX-100S, Fisons Instruments, USA) and a
monochromatized Al-Ko X-ray (1486.8 V) irradiation.
The binding energy was presented in eV(= 1.60 x
10~'J) by convention and was normalized to the
C 1s energy (284.46¢eV) for adventitious hydrocarbons
as the indirect standard.

3. Results

Fig. 1 shows the TF-XRD patterns of the substrates after
soaking in the TiF, solution at 60°C for 24h and
ultrasonic rinsing. All the profiles had sharp diffractions
of anatase besides the diffractions of the metal substrates,
indicating that anatase with good crystallinity was
deposited on the substrates. Typical morphology of the
anatase layer was illustrated in Fig. 2 for the Ta substrate.
The layers on the Ti, NiTi and SUS 316L substrates had a
similar microstructure. Fig. 2(a) shows anatase particles
with sizes of about 1 pm. Fig. 2(b) shows that they were
actually the aggregates of primary anatase particles with
sizes of several tens of nanometers. Such aggregation
gave a porous microstructure. Fig. 2(c) indicates the
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Figure 1 The TF-XRD patterns of Ti, NiTi, Ta and SUS 316L
substrates treated with the TiF, solution at 60°C for 24h. The
diffractions without any symbols were from the substrates.

presence of a solid layer under the porous layer: both
were durable to the ultrasonic cleaning for up to 5 min.
From Fig. 1 it is clear that the solid layer also consisted of
anatase. The EDX analysis of the layer on the Ta
substrates naturally indicated the presence of no other
elements than Ti, Ta, and O.

None of the as-coated substrates deposit apatite even
after 10d in SBF. Thus, they were heated at 300 °C for 1 h
in air and subsequently soaked in SBF for only 5 d. Then,
the TF-XRD profiles of the Ti, Ta and SUS 316L
substrates in Fig. 3 showed strong diffractions assignable
to apatite, though NiTi had weaker diffractions. The
broad and unresolved apatite diffractions at about 26°
and 32° in 20 have been commonly interpreted as
showing that such apatite was either poor in crystallinity
or fine in grain size. Their FT-IR spectra had the
carbonate (1500, 1417, and 869 cm ~ 1) [22] bands, which
confirmed that the carbonate ions were incorporated. Fig.
4 shows the typical morphology of the apatite layers
covering the heated anatase-coating layer on the Ta
substrates. The apatite layers with a similar micro-
structure were obtained for the Ti, NiTi and SUS 316L
substrates, too. The smaller dots with < 1um in
diameter in Fig. 4(a) were anatase. Fig. 4(b) shows that
tiny spherical particles stacked and grown like linked
beads; around the beads deposited were spherical apatite
crystals with ~ 10 um in diameter consisting of petal-
like primary crystallites, but not on the beads. Such
petal-like morphology is characteristic of apatite bio-
mimetically deposited in SBF [4,12,14-16, 18-20].
Thus, the morphology of the samples was described as:
the open spaces among the anatase beads aggregations
were filled with apatite particles.



Figure 2 Dual layer morphology of the anatase layer coated on the Ta substrate. (a) The layer consisted of anatase particles; (b) a higher
magnification image of (B) in (a); (c) a higher magnification image of the circled area (C) of (b), showing the denser anatase (An) layer with a few
cracks beneath the anatase particle layer as well as agglomerated anatase particles.

Fig. 5 indicates the wide range XPS spectra of the
anatase layers deposited on the Ti substrates. Here,
spectrum (a) was for the as-coated Ti substrate and
spectrum (b) was for the substrate heat-treated at 300 °C
for 1 h. Note that spectrum (a) had the fluorine peak at
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Figure 3 The TF-XRD patterns of the Ti, NiTi, Ta, and SUS316L
substrates, treated with the TiF, solution, heated at 300 °C for 1h, and
subsequently soaked in SBF for 5d (O: apatite, A: anatase). The
diffractions without any symbols were from the substrates.

684.0eV. Yet, after heating, the fluorine peak disap-
peared in spectrum (b). Fig. 6 showed the Ols XPS
spectra, whose profiles were deconvoluted into three
component peaks after Ohtsuki et al. [25]: the oxygen
atoms in the surface oxide lattices (529.3 eV), in acidic
Ti—OH groups and physisorbed H,O (530.8eV), and in
basic Ti—-OH groups (532.1eV). Although the heat
treatment reduced remarkably the intensity of the peak
for the —OH groups, there still remained in the film some
—OH groups, especially the basic Ti-OH groups, which
were believed to be responsible for the apatite nucleation
and growth [25].

4. Discussion

4.1. Deposition of the anatase layer

In the sol-gel techniques, one of the most commonly
used titanium resources is a group of titanium alkoxides
(Ti(OR),) [19,20] such as titanium ethoxide (Ti(OE),)
[21] and titanium isopropoxide (Ti(C5H,0),) [22]. They
are very sensitive to humidity and water as to be easily
hydrolyzed and instantly precipitate amorphous titania.
In contrast, TiF, is dissolvable in water under acidic
conditions, and the solution is stable at ambient
temperature due to the relatively strong Ti—F bonds
[23]. With keeping the resulted transparent solution at
60 °C, hydrolysis (Equation 1) starts to form titania:

TiF, + H,0 - Ti(OH), - TiO,] (1)

Thus, depositing titania changed the surface tint from
silver to violet-blue due to the light interference as Gaul
described [26]. Fig. 2 has indicated that the deposited
titania layer gave the dual-layer microstructure: the solid
bottom layer and the porous outer layer. It is commonly
accepted that at earlier stages, the supersaturation of
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Figure 4 Surface morphology of the hydroxyapatite layer deposited on the anatase-coated Ta substrate. The larger spherical particles in (a) and
spherical agglomerates of crystallites with a flake-like morphology in (b) were apatite (Ap). The white smaller dots in (a) and white spherical particles

in (b) were anatase (An).

Ti(IV) is high and the formation of titania yields a layer
on the substrates due to the high nucleation rate. At later
stages with lower supersaturation, it is preferable for
titania to be precipitated on the surface of the previously
formed titania particles rather than to form new nuclei.
Therefore, the titania deposition proceeded as illustrated
in Fig. 7: (a) in the earlier stage, sub-nanometer-sized
titania particles precipitated from the solution deposited
on the substrate to form a homogeneous layer; and (b) at
the later stage, titania deposited preferably on the surface
of the previously grown titania particles, leading to a
porous dual-layer surface structure.

The ordinary sol-gel procedure generally results in
amorphous titania. Crystallization of the amorphous
titania needs heating. However, the present process gave
anatase under ambient conditions. Most trivial inter-
pretation involves the equilibrium of dissolution and
deposition of the titania yielded by the hydrolysis of TiF,
as well as structure relaxation leading to an ordered
atomic arrangement. Here, important factors are mod-
erate solubility of the titania gel and thermochemical
stability of the Ti(IV) species in the TiF, solution: too
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Figure 5 Wide-scan X-ray photoelectron spectra of the anatase layers
deposited on the Ti substrate: (a) as-deposited, (b) after heating at
300 °C for 1 hin air. Note the presence of the F 1s peak at ~ 684.0¢eV in
(a) and the absence in (b).
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large the rate of attachment of the incoming Ti(IV)
species onto the growth sites might lend less time for
them to form an ordered structure, and be likely to result
in an amorphous structure. Thus, in other words, the fact
that anatase has directly deposited on the substrates
indicates that a moderate rate of polymerization and
deposition is attained at the growing surface. The
reduced rate is ascribed to the fluorine atoms in the
surface layer as suggested by Shimizu et al. [23].

4.2. Bioactivity of the anatase-coated
substrates

Amorphous titania derived by any methods was not
bioactive, but anatase obtained by heating it at
appropriate temperatures was all found in vitro bioactive.
The in vitro bioactivity is ascribed to Ti—~OH groups or
negatively charged surface as well as to an epitaxical
effect of the anatase structure [12,14,18-20,25].

lattice
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Figure 6 The X-ray photoelectron spectra of the O 1s core level for the
anatase layers deposited on the Ti substrate: (a) as-deposited, (b) after
heating at 300 °C for 1h in air.
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Figure 7 A schematic representation of anatase and apatite deposition on the metallic substrates. (a) In the earlier stages in the TiF, solution; (b) in

the later stages in the TiF, solution; (c) after soaking in SBF.

However, the present experiment indicated that although
anatase was precipitated directly from the TiF, solution,
the subsequent heat treatment at 300 °C was necessary to
induce apatite deposition within 5d in SBE. After the
XPS analysis in Fig. 5, the heat-treatment at 300°C
eliminated fluorine from the anatase layer. Therefore,
one cannot rule out the effects of the trace fluorine atoms
incorporated in the anatase layers to depress significantly
the apatite deposition. The binding energy of 684.0eV
for the F 1s core level in Fig. 5 is as large as that for ionic
F in CaF, (684.3eV) [27] and smaller than that for
covalent F in HF (687.0eV [28]), F,, and F-O bonds
(687.4eV [28,29]). Thus, the fluorine atoms were
present in the titania layers in an ionic state. It is
speculated that they were attached on or loosely involved
in the titania particles forming bonds like Ti—O-F, Ti—-O—
H-F and Ti-H-F since they were readily removed by
heating at 300 °C. Therefore, it is quite probable that
when soaked in SBF the as-coated substrates would
release the fluorine atoms into SBF. Those fluoride ions
in SBF would reduce the activity of SBF to induce apatite
nucleation, as Nakao et al. [30] pointed out.

The O 1s spectra in Fig. 6 have demonstrated that the
basic Ti-OH groups remained in the anatase layer.
Ohtsuki et al. [25] concluded that the basic Ti—-OH
groups favored the nucleation of apatite. Mufioz et al.
[31] also confirmed the sol-gel-derived TiO, to retain
hydroxyls in its lattice even after the treatment at
temperatures over 600 °C. Thus, it is not strange that
after eliminating the adverse effects of the fluorine
atoms, all metallic substrates coated by the anatase layer
induce apatite deposition in SBF within 5 d, according to
the processes illustrated schematically in Fig. 7(c).

In conclusion, the present study has proposed a simple
but versatile approach to provide various metallic
biomaterials with the bioactive anatase layers. This
method avoids the use of expensive equipments or high
temperatures that encountered in the techniques such as
plasma spraying and ion beam sputtering [7-10]. The
method makes it unnecessary to use complicated and
toxic reagents involved in the sol-gel methods [19, 20]. It
is applicable to various metallic biomaterials with any

complex shapes. Therefore, the present process is quite
promising as to contribute to both bioactive fixation of
bone replacements and tissue engineering such as
scaffolds for bone developments.

5. Conclusions

Well-crystallized anatase was deposited on the Ti, NiTi,
Ta and SUS 316L substrates directly by soaking them in
the 40 mM TiF, solution at 60°C for 24 h. They had a
dual-layer microstructure: the solid bottom layer and
upper porous layer consisting of the linked-beads like
agglomerated particles. The as-deposited anatase layers
involved trace fluorine and could not deposit apatite in
SBF within 10d. When heated at 300°C for 1h, the
fluorine atoms were removed and the anatase layers
deposited apatite in SBF within 5d.
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