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Commercially available pure metallic titanium was chemi- 
cally treated at 60°C for 24 h with H,O, solutions containing 
various metal chlorides to provide titanium with bioactivity, 

deposit on the specimens treated with the H,O,/TaCl, and 
H,O,/SnCl, solutions. X-ray photoelectron spectroscopic 
(XPS) study of the specimens treated with those H,O, solu- 

that is, to give it the ability to form a biologically active 
bone-like apatite layer on the surface. After the chemical 
treatment the titanium specimens were soaked in a simu- 
lated body fluid (the Kokubo solution). Apatite was found to 

tions indicated that basic Ti-OH groups in titania hydrogel 
layers on their surfaces were responsible for apatite nu&- 
ation and growth, 0 1997 John wiley & sons, 

INTRODUCTION 

Titanium and titanium alloys are clinically used as 
bone substitutes and bone-repairing materials.’ How- 
ever, because they are encapsulated by a fibrous tissue 
when embedded in the body, they cannot directly 
bond to living bones. It therefore would be extremely 
useful if methods were developed that could provide 
these bone substitutes with bioactivity. Now that 
many kinds of bioactive glasses and glass-ceramics’-’ 
have been developed, as well as calcium phosphate 
ceramics: several attempts have been made to pro- 
vide titanium and titanium alloys with bioactivity by 
way of coating  technique^.'^-'^ Such bioactive coat- 
ings, however, are difficult to achieve because it is 
difficult to control composition and structure and be- 
cause it is difficult to derive strong bonds with the 
substrates. 

For an artificial material to bond to living bone, a 
bone-like apatite layer must form on its surface when 
implanted in living bodies.I4 Similar apatite layers can 
be produced by way of an acellular simulated body 

denoted as the Kokubo solution, which con- 
tains the same pH and the same inorganic ions in simi- 
lar concentrations as human blood plasma.17 Li et al. 
reportedI8 that a sol-gel-derived titania hydrogel de- 
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posits apatite when soaked for 14 days in the Kokubo 
solution at 36.5”C. Thus Ti-OH groups would seem to 
play an important role for apatite formation in the 
body environment. Miyaji et al.I9 prepared an apatite 
layer on a piece of titanium by treating it with a 10 M 
(=mol/dm3)-NaOH solution at 60°C for 24 h, heating 
it at 600°C for 1 h, and then soaking it in the Kokubo 
solution. It is likely that when specimens are soaked in 
the Kokubo solution, amorphous alkali titanates 
formed by the chemical and thermal treatments are 
modified to Ti-OH groups and release sodium ions, 
hence increasing the pH of the surrounding fluid. Both 
of the Ti-OH groups and increased pH probably favor 
the apatite formation. Their method, however, re- 
quires not only treatment with a concentrated solution 
of a caustic alkali, but also heat treatment at 600°C. 

One of the important aspects of these two studies is 
the implication that apatite can be deposited on titania 
hydrogels on the titanium surface. Such titania hydro- 
gels can be derived by oxidizing titanium or titanium 
alloys under aqueous conditions at moderate tempera- 
tures. Indeed, Tengvall et a1.” treated metallic tita- 
nium with a hydrogen peroxide (H202) aqueous solu- 
tion to form a titania gel film on the surface. Unfortu- 
nately, following the same protocol, Walivaara et a1.” 
could not observe any apatite precipitation but de- 
tected only a small amount of calcium phosphate ad- 
sorbed on the surface. From these two studies the 
apatite-forming ability of the titania hydrogel seems 
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Figure 1. Concentration of titanium in H,O, solutions con- 
taining various additives after immersion of Ti metals in 
those solutions at 60°C for 24 h. 

dependent on the structure and state of hydration. 
Their characteristics change with the treatment condi- 
tions, such as the temperature of treatment, the con- 
centration of treatment agents, and the presence of 
catalyzing transition metal cations. In the present 
study, we treated titanium specimens with H,O, so- 
lutions containing various metal chlorides. The apa- 
tite-forming ability is examined in the Kokubo solu- 
tion. Surface structure is studied by thin-film X-ray 
diffractometry and X-ray photoelectron spectroscopy, 
and a comparison is made between the specimens that 
can and cannot induce apatite. 

titanium. They were polished on both surfaces with a 
3 km-diamond slurry, washed with acetone, and then 
washed with distilled, deionized water in an ultra- 
sonic cleaner. The specimens were immersed in 30 mL 

dm3) of 30 vol% hydrogen peroxide solutions 
containing NaC1, KC1, MgCl,, CaCl,, ZrCl,, VCl,, 
NbCl,, TaCl,, NiCl,, PdCl,, CuCl,, SiCl,, or SnC1, in 5 
mM concentration. All of the specimens were treated 
in a solution for 24 h at 60°C and then washed with 
distilled, deionized water for 5 min in the ultrasonic 
cleaner before they were used for further experiments. 
The concentration of titanium in the supernatant so- 
lutions after the immersion of the specimens was mea- 
sured with inductively coupled plasma (ICP) atomic 
emission spectroscopy (SPS7700, Seiko Instruments 
Inc., Japan). 

Soaking in the Kokubo solution 

The specimens treated with one of the H,O, solu- 
tions were soaked at 36.5"C up to 14 days in 35 mL of 
the Kokubo solution. Table I compares the Kokubo 
solution and human blood plasma in inorganic ion 
concentration. The solution was prepared after the 
procedure described in the literature'5f22 and stored in 
a polystyrene bottle before use. It was buffered at pH 
7.4 with 50 mM tris(hydroxymethy1aminomethane) 
and 45 mM hydrochloric acid. It is confirmed that with 
the Kokubo solution, in vivo reactions are well repro- 
duced by an in vitro experiment.22 The specimens were 
removed from the Kokubo solution and gently 
washed with distilled water. 

Analysis of the surface structure 

The surface structure of the specimens before and 
after the soaking in the Kokubo solution was exam- 
ined by a thin-film X-ray diffractometer (IUD IIA, 
Rigaku, Japan) equipped with a thin-film attachment, 
the glancing angle of which was 1". The surface tex- 
ture of the specimens was observed under a scanning 
electron microscope (JEOL JSM-6300, Japan) equipped 
with an energy-dispersive X-ray analyzer (EDX-4, 
Phillips) after the surfaces were coated with a thin 
gold film. 

Before and after treatment with the H,O, solutions, 
X-ray photoelectron spectra (XPS) of the 0 1s and Ti 
2p levels for some of the specimens were measured 
under an ultra high vacuum (-9 x 1OP1O Torr) using an 
ESCA spectrometer (S-Probe ESCA SSX-lOOS, Fisons 

MATERIALS AND METHODS 

Surface treatment with the H,O, solutions 

Pieces of titanium specimens of 15 x 10 x 1 mm3 
were cut from a sheet of commercially available pure 
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Figure 2. SEM photographs of the surfaces of Ti metals, each treated with a H,O, solution containing one of several metal 
chlorides at 60°C for 24 h. 
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Figure 2 (Continued). 
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TABLE I 
Ion Concentrations of a Simulated Body Fluid (The 
Kokubo solution; SBF) and Human Blood Plasma 

screen positioned about 1 mm above the sample sur- 
face. The binding energy was normalized to the c ls 
energy (284.6 eV) of adventitious hydrocarbons as an 

Concentration/mM indirect standard. 
Ions SBF Human Plasma 

Na’ 142.0 
K’ 5.0 
Mg” 1.5 
Ca2’ 2.5 
c1- 147.8 
HC0,- 4.2 

so:- 0.5 
HP0,’- 1 .o 

142.0 
5.0 
1.5 
2.5 

103.0 
27.0 

1.0 
0.5 

Instrument) and a monochromatized Al-Ka X-ray 
(1486.6 eV) irradiation. Charge neutralization during 
the measurement was achieved by a combination of a 
flood gun and an electrically grounded Ni mesh 

RESULTS 

After the immersion of the titanium specimens, pre- 
cipitation was observed in the H,O, solutions that 
contained the metal chlorides other than MgCl,, 
CaCl,, NiCl,, and CuC1,. The calcined precipitation 
showed X-ray diffraction patterns of TiO,; hence the 
precipitation was a titania hydrogel. After filtering out 
the precipitation, we measured the concentration of 
titanium in the H,O, solutions. The Ti concentrations 
summarized in Figure 1 represent Ti(1V) ion solubility 

a 

Figure 3. 
additive and then soaked in the Kokubo solution for 14 days. 

SEM photographs of the surfaces of Ti metals treated with hydrogen peroxide containing metal chlorides or no 
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Figure 3 (Continued). 

of the H,O, solutions under the presence of those 
chlorides. The Ti concentration increased in the order 
of the chloride: MgC1, - CaC1, < NaCl - KC1 - NiC1, 
< no additives < SnC1, < PdC1, < TaC1, < SiC1, < ZrC1, 
< NbCl, < VC1,. Figure 2 shows SEM photographs of 
a few specimens soaked in the H,O, solutions with or 
without the metal chlorides. Many cracks were ob- 
served in the surface layer of the specimens treated 
with the H,O, solutions containing NaC1, SiCl,, PdCl,, 
or TaC1,. Rough surfaces of the specimens treated 
with the H,O,/SnCl, (Fig. 2) and H,O,/NbCl, solu- 
tions signaled rigorous dissolution of titanium. No 
significant changes were observed for the surface 
treated with the H,O,/CaCl, solution except for the 
presence of some particles that might be residual cal- 
cium salts. These results indicate that the presence of 
those metal chlorides in the H,O, solution accelerates 
dissolution of titanium. It is thus likely that the surface 
of the specimens is highly hydrated after treatment 
with those solutions. 

Figure 3 shows scanning electron microphoto- 
graphs of the surfaces of some specimens treated with 
the H202 solution containing various metal chlorides 
and soaked in the Kokubo solution for 14 days. Fine 
particles were observed only for the specimens treated 
with the H,O,/TaCl, and H,O,/SnCl, solutions, not 
for the other specimens. According to energy disper- 
sive X-ray analysis, both calcium and phosphorus 
were detected only on the specimens treated with the 
H,O,/TaCl, and H,O,/SnCl, solutions before being 
soaked in the Kokubo solution. Figure 4 shows thin- 
film X-ray diffraction patterns after the H,O, treat- 
ment followed by the soaking in the Kokubo solution 
for 14 days. Crystalline apatite was detected only for 
those specimens treated with the H,O,/TaCl, and 
H,O,/SnCl, solutions. It is therefore indicated that the 
presence of Ta and Sn in the H,O, solution gives apa- 
tite-forming ability to Ti. Moreover, as shown in Figure 
5, it takes only 3 days of soaking in the Kokubo solu- 
tion for those specimens to deposit crystalline apatite. 
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Figure 4. Thin-film X-ray diffraction patterns of Ti metal 
treated with H,O, solutions containing various additives 
and soaked in the Kokubo solution for 14 days. 

DISCUSSION 

The apatite-forming effect of TaC1, and SnC1, in the 
H,02 solution suggests that Ta and Sn ions modify the 
titania hydrogels, making them more suitable for apa- 
tite crystallization. That is, those ions optimize the 
chemical states of oxygen or titanium atoms on the Ti 
surfaces. Because this suggests that only a specific 
type of hydrated titania retains apatite nucleation abil- 
ity, we examined the surface of the specimens with 
XPS to measure the 0 1s and Ti 2p core levels. Little 
change was observed in the Ti 2p spectra, but a greater 
dependence on the treatment was observed in the 0 Is 
profile. Figure 6 compares the 0 1s spectra of the 
specimens treated with the H,O, solutions containing 
TaCl,, SiCl,, or no metal chloride additives with the 
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Figure 5. Thin-film X-ray diffraction patterns of titanium 
metal treated with a hydrogen peroxide solution containing 
TaC1, and soaked in the Kokubo solution for various peri- 
ods. 

spectrum of an as-polished specimen (denoted as no 
treatment). The spectra was deconvoluted into three 
Gaussian component peaks after Sham and Lagar~s ,~  
and Healy and D~cheyne,~: 529.5 eV: 0 in surface 
oxide lattices, denoted as TiO,; 531.4 eV: 0 in acidic 
TiOH groups and physisorbed H20, denoted as OH(s) 
and H,O; and 532.2 eV: 0 in basic Ti-OH groups (Ti- 
OH). The oxygen atom in an acidic OH(s) is doubly 
coordinated by titanium atoms while in a basic Ti-OH 
group it is singly ~oord ina ted .~~ Figure 6 shows that 
the intensity of the component peaks depends on the 
additive in the H,O, solution. The intensity of the ba- 
sic Ti-OH groups relative to that of the TiO, is the 
strongest for the specimen treated with the H202/ 
TaC1, solution. It follows that the formation of the 
basic Ti-OH groups is accelerated by the chemical 
treatment with the H,O,/TaCl, solution and that the 
titania hydrogel rich in the basic Ti-OH groups has a 
specific structure responsible for apatite nucleation 
and growth. Moreover, pKa values for the basic Ti- 
OH and acidic OH(s) groups are 12.7 and 2.9, respec- 
t i~e ly .*~  Thus in the Kokubo solution with pH = 7.4, 
the latter groups are wholly neutralized whereas prac- 
tically all the former groups remain Ti-OH ([Ti-O-]/ 
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Figure 6. XPS spectra of the surfaces of titanium metal 
treated with H,O, solutions containing TaC1, or VCl, at 
60°C for 24 h compared with those of titanium metal treated 
with H,O, solution without additives and nontreated tita- 
nium metal. 

[Ti-OH] - lo-,). Therefore, as silanol groups are pro- 
posed to induce apatite nucleation in bioactive ceram- 
ics,I8 so the basic Ti-OH groups can be induced to 
form apatite nucleation and crystallization. 

SUMMARY 

Metallic titanium specimens were treated first with 
H,O, solutions containing one of several metal chlo- 
rides-ZrCl,, VCl,, NbCl,, TaCl,, PdCl,, SiCl,, and 
SnC1,-and, second, with an acellular simulated body 
fluid (the Kokubo solution). The titanium concentra- 
tion in the H,O, solutions after the treatment in- 

creased in the order of the chloride: MgC1, - CaC1, < 
NaCl - KC1 - NiC1, < no additives < SnC1, < PdC1, < 
TaC1, < SiC1, < ZrC1, < NbCl, < VC1,. According to 
thin-film X-ray diffraction analyses of the specimen 
after the treatment with the Kokubo solution, apatite 
was observed only on the specimens treated with 
H,O,/TaCl, and H,O,/SnCl, solutions. This suggests 
that only specific types of hydrated titania show 
apatite nucleation ability. To verify this observation, 
X-ray photoelectron spectra of the 0 Is core levels 
were measured. Among the three kinds of oxygen at- 
oms detected, the intensity of the basic Ti-OH groups 
relative to the lattice oxygen atoms was the strongest 
for the specimen treated with the H,O,/TaCl, solu- 
tion. It is concluded that the basic Ti-OH groups favor 
the nucleation of apatite, and, as a consequence, tita- 
nium was made bioactive by treatment at a low tem- 
perature (60°C) with H202 solutions containing tanta- 
lum or tin ions. 

This work was supported in part by a Grant-in-Aid for 
Developmental Scientific Research (07558127) from the Min- 
istry of Education, Science, Culture, and Sports, Japan. 
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