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Abstract

Ti metal treated with NaOH, NH,OH, and heat and then soaked in simulated body fluid (SBF) showed
in vitro apatite formation whereas that treated with NaOH, HNOs, and heat and then soaked in SBF did not. The
anatase TiO, precipitate and/or the fine network structure formed on the surface of the Ti metal treated with
NaOH, NH,OH, and heat and then soaked in SBF might be responsible for the formation of apatite on the
surface of the metal. The NaOH, NH,OH, and heat treatments might produce nitrogen-doped TiO, on the surface
of the Ti metal, and the concentration of methylene blue (MB) in the Ti metal sample treated with NaOH,
NH,4OH, and heat decreased more than in the untreated and NaOH- and heat-treated ones. This preliminary result
suggests that Ti metal treated with NaOH, NH,OH, and heat has the potential to show photocatalytic activity
under visible light.
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1. Introduction

Postoperative infection is a serious problem that occurs because of the growth of bacteria on the
surface of metallic orthopedic implants. Although the incidence of surgical site infection (SSI) depends on the
surgical sites themselves and on the operative procedures, it has previously been reported that the incidence of
SSI for artificial hip joints was 0.2-0.6% [1-3] and for artificial knee joints was 2.2-2.9% [2, 4, 5]. When
implants were externally fixed, the incidence of SSI was 51% [6]. Unfortunately when infection occurs, a
surgical operation is essential to replace the implants at worst, resulting in a remarkable decrease in quality of
life (QOL) for patients. Therefore, it is desirable to develop antibacterial, biocompatible metallic implants in
order to minimize the incidence of SSI and thus minimize the need for implant replacement.

Numerous attempts have been made to develop antibacterial, biocompatible metallic implants
including silver-coated [7, 8] and silver-containing-hydroxyapatite-coated metallic implants [9, 10]; however,
silver is toxic to human cells [11, 12]. Silver-free antibacterial metallic implants and iodine-supported titanium
implants were recently developed [13], and good clinical results have been reported [14].

About 15 years ago, treating titanium (Ti) metal and its alloys with sodium hydroxide (NaOH) and
subsequently heating them [15] was found to induce bone bonding (i.e., bioactivity) on implants produced from
them [16]. A NaOH- and heat-treated artificial hip joint produced from Ti-6Al-2Nb-Ta alloy was clinically used
in Japan for the first time in 2007 [17]. However, because NaOH- and heat-treated Ti metal does not exhibit
antibacterial properties, silver-doped bioactive Ti metal has recently been used as a material for implants [18]
despite concerns about the cytotoxicity of silver.

It has previously been reported that sodium titanate and titania (TiO,) containing rutile and anatase
structures, which are formed on the surface of NaOH- and heat-treated Ti metal and its alloys, are responsible for
the bioactivity [15]. Further, the TiO, layer that forms on Ti metal during anodic oxidation shows in vitro apatite
formation [19, 20] and in vivo bone bonding [21]. It has previously been reported that nitrogen (N)-doped TiO,,
on the other hand, shows visible-light-induced photocatalytic activity [22-24]. Therefore, if N atoms are
successfully incorporated into the surface TiO, layer on Ti metal to induce photocatalytic activity with visible
light, the resultant Ti metal would show not only in vivo bioactivity but also ex-vivo visible-light-induced
antibacterial properties such as those induced under shadowless light in an operation room. It is expected that
either aqueous ammonia (NH;OH) or nitric acid (HNOs3) could be used to introduce N atoms into the surface of

NaOH-treated Ti metal because the sodium-hydrogen-titanate-gel layer formed during NaOH treatment of Ti
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metal would be highly reactive. In this study, we investigated apatite formation and visible-light photocatalytic
activity of Ti metal subjected to a series of treatments: NaOH, either aqueous ammonia (NH4OH) or nitric acid

(HNOs), and heat. The results are discussed in terms of the structures on the surface of the treated Ti metal.

2. Materials and Methods
2.1. Sample preparation

Commercially available pure Ti plates (10 mm x 10 mm x 1 mm; purity: 99.9%; Kojundo Chemical
Laboratory, Japan) were used. They were abraded using No. 400 abrasive paper and then washed with pure
acetone and ultrapure water in an ultrasonic cleaner. The Ti plates were soaked in 5 mL of 5 M NaOH solution at
60°C. The samples were subsequently soaked in 7 mL of either 1 M NH,;OH or 1 M HNO; at 40°C for 24 h and
were then gently washed with ultrapure water and dried. Special grade NaOH (Wako Pure Chemical Industries,
Japan), 28% NH;OH (Wako Pure Chemical Industries, Japan), and HNO3; (Wako Pure Chemical Industries,
Japan) were used in this study. The samples were heated to 600°C at a rate of 5°C-min™ in an electric furnace
(MSFS-1218, Yamada Denki, Japan), maintained at this temperature for 1 h, and then naturally cooled to room
temperature in the furnace. The abbreviated names of the samples subjected to various treatments are listed in

Table 1.

2.2. Immersion of samples in simulated body fluid

The samples were soaked in 30 mL of simulated body fluid (SBF) [25, 26] containing ion concentrations
(Na': 142.0 mM; K*: 5.0 mM; Ca**: 2.5 mM; Mg*": 1.5 mM; CI': 147.8 mM; HCO;: 4.2 mM; HPO,*: 1.0 mM;
S0,%: 0.5 mM) that were nearly identical to those in human blood plasma at 36.5°C, according to the 1SO 23317:
2007 standard. After the samples had been immersed in SBF for 7 d, they were removed and gently washed with

ultrapure water.

2.3. Characterization of sample surfaces

The surface structures of the samples were investigated using a thin-film X-ray diffractometer (TF-XRD;
RINT-2200VL, Rigaku, Japan), scanning electron microscope (SEM; VE-8800, Keyence, Japan), and an X-ray
photoelectron spectrometer (XPS; AXIS Ultra DLD, Kratos Analytical, U.K.). We used the following settings

during the TF-XRD measurements. X-ray source: Ni-filtered Cu K« radiation; X-ray power: 40 kV, 40 mA,;
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scanning rate: 2° min'; sampling angle: 0.02°. We used the following settings during the XPS measurements.
X-ray source: monochromatic Al Ka radiation (1486.7 eV); X-ray power: 15 kV, 10 mA. The binding energy was
calibrated using the Cys photoelectron peak at 284.8eV as a reference. The XPS peak analysis was performed
using CasaXPS Version 2.3.15 software with all spectra Shirley background subtracted prior to fitting. The
elemental composition was calculated from XPS spectra using the specific relative sensitivity factors for the

Kratos Axis Ultra (Oy: 0.78, Tigp: 2.001, Nys: 0.477, Cyq: 0.278).

2.4. Evaluation of visible-light photocatalytic activity

The visible-light photocatalytic activity of the samples was evaluated by examining the decomposition
of methylene blue (MB; Waldeck, Germany), which is often used as a model substance. The samples were soaked
in 5 mL of 0.01 mM MB aqueous solution and incubated for 24 h to reach adsorption equilibrium. The MB
aqueous solution was then replenished, and the samples were irradiated with 400-700-nm wavelength
fluorescent light (FPL27EX-N, Panasonic, Japan) for 6 h. The distance between the fluorescent light and the
samples was fixed at 10 cm. Here, it is noted that the wavelength of the fluorescent light (400-700 nm) should be
similar to that of light source in operation room, but the distance between fluorescent light and samples (10 cm)
is not possible in operation room. However, in the present study, we aimed to investigate visible-light
photocatalytic activity of samples fundamentally. Fundamental findings on the visible-light photocatalytic
activity of samples can be obtained even in the present experimental condition. In future study, we should carry
out the experiment under the real condition in operation room. The MB concentration in the irradiated samples
was examined using an ultraviolet visual (UV-VIS) spectrophotometer (Sefi [lUV-1240, As One, Japan) by
measuring the UV absorbance at 664 nm. A schematic illustration of the apparatus is shown in Figure 1. The MB
concentration was also measured in unsoaked samples as a control. The decrease in MB concentration (%) was
calculated based on the difference in the concentration of MB in the soaked and unsoaked samples, Cgampie and
Chiank» respectively, as follows [27]:

Decrease in concentration (%) = (Cpiank — Csample) X 100/Cpjank Q)

3. Results and Discussion
Figure 2(a) shows SEM photographs of samples of Ti metal subjected to various surface treatments. A

fine network structure had formed on the surface of the S-A-H sample, similar to that previously reported on the
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surface of the S-H sample [15]. In contrast, the untreated Ti metal and the S-N-H samples exhibited flat surfaces.
Figure 2(b) shows TF-XRD patterns for the Ti metal samples subjected to various treatments. The pattern for the
S-H sample displayed TF-XRD peaks ascribed to Ti (PDF #44-1294), sodium titanate (Na,TisO4;) (PDF
#11-0289), rutile TiO, (PDF #21-1276), and anatase TiO, (PDF #21-1272). TF-XRD peaks associated with Ti,
anatase TiO,, and rutile TiO, were observed in the pattern for the S-A-H sample, and those associated with Ti
and rutile TiO, were observed in the pattern for the S-N-H sample. Figure 3 shows TF-XRD patterns for the S-A
and S-N samples. The pattern for the S-A sample showed TF-XRD peaks associated with Ti, sodium hydrogen
titanate (Na,H,Tis07) [28, 29], and anatase TiO,, whereas the pattern for the S-N sample only showed peaks
associated with Ti. The experimental results shown in Figs. 2(a) and 3 suggest that although the surface layer
formed during NaOH treatment was completely dissolved in 1 M HNO; [29], it persisted even after NH,OH
treatment. In fact, it has previously been reported that sodium titanate nanowire was dissolved under acidic
conditions such as in 1 M HCI [30]. Further, according to the results shown in Figs. 2(b) and 3, we can speculate
that the rutile TiO, on the surface of the SH-NA-H sample was formed during simple thermal oxidation of Ti
metal and that although a very small amount of Na,TisO1; might be formed during subsequent heat treatment, the
Na,H,.Ti;0; that had formed on the surface of the S-A sample was transformed into anatase and rutile TiO,
[31].

Figure 4 shows XPS spectra containing Nak,(, Tizp, O, and Ny, peaks associated with samples of Ti
metal subjected to various surface treatments. The Nak, . XPS peak ascribed to the Na-O bond [32] was observed
at around 495 eV in the spectra for the S-H and S-A-H samples; however, the intensity of the peak changed
depending on the surface treatment. The peak was not observed in the spectrum for the S-N-H sample. We
estimated from the areas under the Nay,; XPS peaks that the concentrations of Na on the surfaces of the SH-H
and S-A-H samples were 10.36 + 1.40 and 2.93 + 1.97 at.%, respectively. We observed that the concentration of
Na remarkably decreased on the surfaces of the samples treated with either NH,OH or HNO;. The spectra for all
samples showed Ti,, XPS peaks at around 457.9 and 464.8 eV, which were ascribed to TiO, [33]. The spectra
also showed an O;5 XPS peak ascribed to TiO, at around 529 eV [33] and a shoulder peak ascribed to OH [34] at
around 530.6 eV. The concentrations of OH on the surfaces of the S-H, S-A-H, and S-N-H samples were
calculated as 5.76 + 0.61, 7.60 + 1.02, and 9.73 + 0.34 at.%, respectively. We observed that although the
concentration of OH increased on the surfaces of the samples treated with either NH,OH or HNOg, the former

developed apatite whereas the latter did not. Although numerous studies have previously indicated that Ti-OH
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groups induced apatite nucleation [35-38], no correlation was found between the concentrations of Na and OH
on the surfaces of the samples and formation of apatite in our study. The spectra for the S-H and S-A-H samples
showed a single Ny peak at around 399.5 eV, whereas that for the S-N-H sample showed two N, peaks at
around 399.5 and 401 eV. The peak at around 399.5 eV was ascribed either to nitrogen dopant incorporated into
TiO, as interstitial and/or impurity N atoms or to O-Ti-N, and the one at around 401 eV was ascribed to
surface-adsorbed NO [39-42]. The concentrations of N on the surfaces of the S-H, S-A-H, and S-N-H samples
were calculated as 0.64 + 0.40, 0.16 + 0.02, and 1.10 + 0.03 at.%, respectively. Here, we note that the
concentration of the impurity N on the surface of the untreated Ti plates was around 2.96 at.%. These results
suggest that the impurity N partially dissolved in the NaOH and that although the concentration of N on the
surface was further decreased, N-doped TiO, might be formed when the samples were subsequently treated with
either NH,OH or HNO3. We cannot provide convincing explanation on the reason why the nitrogen can be
entered into the surface TiO, by either NH,OH or HNO; treatment. But, we consider that either NH,OH or
HNO; could be used to introduce N atoms into the surface of NaOH-treated Ti metal, because the
sodium-hydrogen-titanate (NayH,.,TisO-) gel layer formed during NaOH treatment of Ti metal would be highly
reactive and it is reported that N-doped TiO, can be obtained by agueous ammonia solution treatment of
TiO,-based materials [43].

Figures 5 show SEM photographs (a) and TF-XRD patterns (b) for samples of Ti metal subjected to
various treatments and then soaked in SBF for 7 d. Apatite formed on the surfaces of the S-H and S-A-H
samples; however, it did not form on the surface of the S-N-H sample. Although the extent of the formation of
apatite on the surface of the S-A-H sample was slightly less than that of the formation of apatite on the surface of
the S-H sample, the present results suggest that the sample of Ti metal treated with NaOH, NH,OH, and heat has
the potential to show in vivo bioactivity. Here, we note that although apatite did not form on the surface of the
S-N-H sample, even after it was soaked in SBF for 7 d in the present study;, it did form on the surface of the Ti
metal sample soaked in SBF within 1 d, even after the sample was treated with NaOH, HNO3, and heat
according to the previous report [29]. The difference in the concentration of HNO; (present study: 1 M; previous
study: 0.5-100 mM) might be responsible for the remarkable difference in the formation of apatite on the
surfaces of the samples. That is, the surface structure produced when the sample was treated with NaOH might
have partially remained when the sample was subsequently treated with HNOjs in previous study, whereas the

surface structure might have completely dissolved in HNO3, as can be seen from Fig. 3, because the
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concentration of HNO3 was as high as 1 M in the present study. Table 2 summarizes crystalline phases, Na,
Ti-OH, and N contents, and formation of apatite on the surfaces of samples subjected to various treatments and
then soaked in SBF. According to the results shown in Table 2 and Fig. 2, the anatase TiO, [44, 45] and/or the
fine network structure formed on the surface of the Ti metal sample treated with NaOH, NH,OH, and heat are/is
considered to be responsible for the formation of apatite on the surface of the sample soaked in SBF although the
detailed mechanism for the formation of apatite is still unclear.

Figure 6 shows the decrease in the concentration of MB in samples immersed in MB solution and
irradiated with visible light. The concentration of MB in the S-A-H sample decreased more than that in the
untreated and S-H samples. It is interesting that S-A-H sample gave slightly better visible-light photocatalytic
activity than S-H sample although the concentration of N on the surface of the S-A-H sample was smaller than
that of the S-H sample (see Fig. 4 and Table 2). We speculate that the precipitation of anatase TiO, on sample
would play some role in the expression of visible-light-induced photocatalytic activity. In fact, as can be seen in
Fig. 2(b), anatase TiO, mainly precipitated on the surface of on the S-A-H, whereas Na, TisOy; and rutile TiO,
mainly precipitated with on the S-H sample. Although further detailed investigation of this phenomenon is
required because not only the surface structure but also the surface area of the samples would affect the results of
the evaluation of the visible-light photocatalytic activity, this preliminary result suggests that the S-A-H sample
has the potential to show photocatalytic activity under visible light. Antibacterial activity test is important to
directly indicate the usefulness of the S-A-H sample. However, further optimizing of condition of NaOH,
NH4OH, and heat treatments is needed prior to antibacterial activity test, because only one treatment condition
was used in this study. Now we are finding the optimal treatment condition and hence we believe to report the
antibacterial activity of samples in future work. In conclusion, treating the samples with NaOH, NH,OH, and
heat is useful for forming apatite on the surface of Ti metal and for producing photocatalytic activity of Ti metal
under visible light. Achieving these two properties would provide novel bioactive Ti metal that exhibits

antibacterial properties when subjected to visible light.

4. Conclusions
Ti metal sample treated with NaOH, NH,OH, and heat and then soaked in SBF showed in vitro
formation of apatite on the surface of the metal whereas that treated with NaOH, HNOs, and heat did not. The

anatase-TiO, precipitate and/or the fine network structure formed on the surface of the Ti metal sample treated
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with NaOH, NH,OH, and heat and soaked in SBF might be responsible for the formation of apatite on the
surface of the metal. A small amount of nitrogen was on the surface of Ti metal sample treated with NaOH,
NH,OH, and heat, and the concentration of MB in that sample decreased more than in the untreated and NaOH-
and heat-treated ones. The present results suggest that Ti metal treated with NaOH, NH,OH, and heat has the

potential to show bioactivity and photocatalytic activity under visible light.
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Figure legends

Figure 1 Schematic illustration of apparatus used to evaluate visible-light photocatalytic activity.

Figure 2 SEM photographs (a) and TF-XRD patterns (b) of Ti metal subjected to various surface treatments.
Figure 3 TF-XRD patterns for samples SH-AS and SH-NA.

Figure4 XPS spectra containing Na, Tizp, O1s, and Nis peaks for Ti metal subjected to various surface
treatments.

Figure 5 SEM photographs (a) and TF-XRD patterns (b) of Ti metal subjected to various surface treatments and
then soaked in SBF for 7 d.

Figure 6 Decrease in concentration of MB due to irradiating immersed samples with visible light (mean + SD,

n=5).

Table legends
Table 1 Abbreviated names of samples subjected to various surface treatments.
Table 2 Crystalline phases, Na, Ti-OH, and N contents (mean £ SD, n=5), and formation of apatite on surfaces of

samples subjected to various surface treatments and then soaked in SBF.
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Table(s)

Treatments

Abbreviated name

NaOH + heat

NaOH + NH,OH

NaOH + NH,OH + heat
NaOH + HNO;,

NaOH + HNO, + heat

S-H
S-A
S-A-H
S-N
S-N-H

Table 1 Kawashita et al.



Sample Crystalline phase  Na content/ at.% Ti-OH content/ at.% N content/ at.% Apatite formation

in SBF
S-N-H T, R 0.04 £ 0.02 9.73+0.34 1.10+0.03 No
S-A-H T, A, R 293+1.97 7.60+£1.02 0.16 £ 0.02 Yes
S-H Ti, ST,A, R 10.36 £ 1.40 5.76 £ 0.61 0.64 £ 0.40 Yes

Table 2 Kawashita et al.





