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ABSTRACT 

Surface hydrophilicity is considered to have a strong influence on the biological reactions of bone-substituting materials. 
However, the influence of a hydrophilic surface on osteoconductivity is not completely clear, especially for superhy- 
drophilic surfaces. In this study, we conferred superhydrophilic properties on anodized TiO2 coatings using a hydro- 
thermal treatment, and developed a method to maintain this surface until implantation. The osteoconductivity of these 
coatings was evaluated with in vivo tests. A hydrothermal treatment made the surface of as-anodized samples more hy- 
drophilic, up to a water contact angle of 13 (deg.). Storage in both air and distilled water increased the water contact 
angle after several days because of the adsorption of hydrocarbon. However, storage in phosphate buffered solution led 
to a reduction in the water contact angle, because of the adsorption of the inorganic ions in the solution, and the sample 
retained its high hydrophilicity for a long time. As the water contact angle decreased, the hard tissue formation ratio 
increased continuously up to 58%, which was about four times higher than the hard tissue formation ratio on as-po- 
lished Ti. 
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1. Introduction 

Titanium (Ti) is widely used in dental and orthopedic im- 
plants because it is very biocompatible and highly resis- 
tant to corrosion; however, it has poor bone-forming pro- 
perties. An implant’s osteoconductivity is usually influ- 
enced by its surface characteristics, because the forma- 
tion of new bone on the implant is an interfacial reaction 
between the implant and body fluid. Therefore, it is im- 
portant to modify the surface characteristics to improve 
the osteoconductivity of Ti, using, for example, hydro- 
xyapatite coatings [1-8] or TiO2 coatings [9-14]. 

Surface roughness and hydrophilicity are considered 
two of the most important characteristics of biomaterials 
because of their strong influence on protein adsorption 
and cell adhesion after implantation into the body [15- 
19]. In previous studies, we assessed the influence of 
surface roughness and hydrophilicity on the osteocon- 
ductivity of anodized TiO2 coatings [11,14]. We found 
that the osteoconductivity of TiO2 coatings was improved 
by a fine (Ra/μm < 0.1) and hydrophilic surface. We also 
found that changing the anodizing condition altered the 
hydrophilicity of anodized TiO2 coatings. However, the 
water contact angle (WCA) did not decrease below 20  

(deg.) when only anodizing was used. An additional sur- 
face treatment is required to achieve a more hydrophilic 
surface. 

Processes using ultraviolet irradiation [20], plasma ir- 
radiation [21], and hydrothermal treatment [22] have 
been reported to confer high hydrophilicity on sol-gel or 
sputtered TiO2 coatings and on an anodized coating on a 
Ti substrate. Ultraviolet irradiation and plasma irradia- 
tion have merit in that they do not cause dynamic 
changes in the film properties, such as the surface mor- 
phology or crystal structure, but these processes are dif- 
ficult to apply to complex-shaped substrates with com- 
plex topographies, which typify many implants, because 
of the line-of-sight nature of the methods. In contrast, 
hydrothermal treatments can be applied regardless of the 
shape of the implant, although these processes may in- 
fluence the film properties because heat is applied. After 
hydrophilic surfaces are prepared, it is also important to 
maintain those surfaces until implantation, because sur- 
face hydrophilicity can change with time, as reported by 
Att et al. [23] Therefore, optimum methods must be ex- 
plored both to prepare hydrophilic surface and to main- 
tain their hydrophilicity. In this study, we attempted to 
confer superhydrophilic properties on anodized TiO2  
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coatings using a hydrothermal treatment, and developed 
a method to maintain the hydrophilic surface until im- 
plantation. The osteoconductivity of these coatings was 
then evaluated in in vivo tests. 

2. Materials and Methods 

2.1. Preparation of Anodized TiO2 Coatings 

Commercially pure Ti (cp-Ti) disks (area = 1.13 cm2) 
and rods (dimensions = 2 × 5 mm) were used to evalu- 
ate the coatings and in the in vivo tests, respectively. The 
cp-Ti disks were covered with epoxy resin, except for the 
face that would be in contact with the aqueous solution. 
All of the substrates were polished with emery paper, and 
then buffed with Al2O3 particles (particle size = 0.05 μm). 
After they were polished, the substrates were cleaned and 
degreased with distilled water and ethanol, and then used 
for anodizing. A Ti substrate and a Pt coil were used as 
the anode and cathode, respectively, and no reference 
electrode was used. Anodizing was performed in a 0.1 M 
H2SO4 aqueous solution (pH = 1.0) by increasing the 
applied voltage from 0 V to 100 V at 0.1 Vs−1. After ano- 
dizing, each sample was sterilized at 394 K for a period 
of 20 min. This sample is designated the “as-anodized 
Ti” in the following description. 

2.2. Hydrothermal Treatment 

The hydrothermal treatment was only applied to as-ano- 
dized samples. Therefore, samples that were both ano- 
dized and subjected to the hydrothermal treatment are 
simply designated “hydrothermally treated Ti” in the fol- 
lowing sections: The as-anodized samples were im- 
mersed in a beaker of distilled water, which was then 
placed in an autoclave unit. During the hydrothermal 
treatment, the samples were heated to 393 K or 453 K at 
a rate of 4 K·min−1 in the autoclave unit and kept at that 
temperature for up to 180 min. After the treatment, the 
beaker was immediately taken out from the autoclave 
unit, and the samples cooled naturally to the room tem- 
perature in the beaker. 

2.3. Storage of Samples 

The samples were stored under one of the following four 
conditions (at room temperature): in air, in distilled water, 
in phosphate buffered saline (×1 PBS(-), pH 7.2), or in 
five times concentrated phosphate buffered saline (×5 
PBS(-), pH 7.5). The composition of ×1 PBS(-) was (in 
g·L−1) 8 NaCl, 0.2 KCl, 1.44 Na2HPO4, 0.24 KH2PO4, 
and <0.1 diethyl dicarbonate. The samples were stored in 
each of the conditions for up to 170 h. 

2.4. Analysis of the Coatings 

Surface morphology was observed with an SEM. The 

crystal structure of the coating was identified with XRD. 
The elements on the coated surface were identified using 
XPS. Surface roughness was measured with a confocal 
laser scanning microscope, with a measurement area of 
150  112 μm2, and was expressed as the arithmetical 
mean of the surface roughness (Ra), because this value is 
not susceptible to any local scarring of the sample [18]. 
WCA was measured at three different points on each 
sample, using a 2 μL droplet of distilled water, after a 
specified time in each of the storage environments, and 
the average value was used as the WCA value. 

2.5. In Vivo Test 

Because the experimental procedure for our in vivo study 
was almost the same as that described in a previous re- 
port [6], it is described only briefly here. Before surgery, 
all the implants were cleaned in distilled water and im- 
mersed in a chlorhexidine gluconate solution. Ten-week- 
old male Sprague Dawley rats (Charles River Japan, Inc., 
Tokyo, Japan) were used in our experimental procedures. 
The samples were implanted in the tibial metaphysis of 
the rats. A slightly oversized hole, which did not pass 
through to the rear side of the bone, was created using a 
low-speed rotary drill. Subsequently, the implants were 
inserted into these holes, and then the subcutaneous tis- 
sue and skin were closed and sterilized. 

The rats were sacrificed after a period of 14 d, and the 
implants with their surrounding tissue were retrieved. 
The samples were fixed in a 10% neutral buffered forma- 
lin solution, dehydrated in a graded series of ethanol, and 
embedded in methylmethacrylate. Following polymeri- 
zation, each implant block was sectioned longitudinally 
into 20 μm thick slices. These sections were then stained 
with toluidine blue. 

The sum of the linear bone contact with the implant 
surface was measured and was expressed as a percentage 
over the sum of hard tissue contact and soft tissue contact 
with the specimen (the bone-implant contact ratio, RB-I) 
in the cortical bone part [6]. Significant differences in the 
bone-implant contact ratios were analyzed statistically 
using the Tukey-Kramer method [24]. Differences were 
considered statistically significant at the p < 0.05 level. 
This animal study was conducted in the laboratory of the 
Association for Assessment and Accreditation of Labo- 
ratory Animal Care (AAALAC) International. 

3. Results and Discussion 

3.1. Effect of Hydrothermal Treatment on Film 
Properties 

Figure 1 shows the X-ray diffraction (XRD) patterns of 
the anodized samples before and after the hydrothermal 
treatment performed at different temperatures. Figure 2 
shows typical surface scanning electron microscope  
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Figure 1. XRD patterns of Ti samples processed with dif- 
ferent surface modification methods: (a) as-anodized; (b) 
hydrothermally treated at 393 K for 180 min in distilled 
water; and (c) hydrothermally treated at 453 K for 180 min 
in distilled water. 
 

 

Figure 2. Surface morphology and surface roughness (Ra) 
of Ti samples processed with different surface modification 
methods: (a) as-anodized; (b) hydrothermally treated at 393 
K for 180 min in distilled water; (c) hydrothermally treated 
at 453 K for 180 min in distilled water; and (d) as-polished. 
 
(SEM) images of the samples. Figure 3 shows the in- 
fluence of the period of hydrothermal treatment at dif- 
ferent processing temperatures on the WCA value imme- 
diately after treatment. 

The surfaces of the Ti samples were covered with ox- 
ide coatings consisting of only anatase-type TiO2 after 
anodizing and after the additional hydrothermal treat- 
ments at both temperatures (393 K and 453 K) (Figure 
1). Neither anodizing nor the additional hydrothermal 
treatment made the surfaces dramatically rougher than 
that of the as-polished Ti; rather, the fine surfaces were 
retained (Ra/μm < 0.1) (Figure 2). In contrast, WCA of 
the as-polished Ti decreased from 71 (deg.) (shown later 
in Figure 4) to 28 (deg.) after anodizing, and further still 
to 13 (deg.) after the additional hydrothermal treatment at 
both processing temperatures (Figure 3). WCA reached 
a stable value of 13 (deg.) in a shorter period when either 
the hydrothermal processing temperature or the hydro- 
thermal processing period increased (Figure 3). A simi- 
lar stable value was previously reported by Takebe et al., 
although their results for surface roughness differed from 
ours [22]. 

 

Figure 3. The relationship between WCA and the process- 
ing time for the hydrothermal treatment on as-anodized Ti 
in distilled water at 393 K (○) and at 453 K (●). 
 

When we used X-ray photoelectron spectroscopy 
(XPS) to analyze the chemical species on the surfaces of 
the as-polished Ti, as-anodized Ti, and hydrothermally 
treated Ti samples processed at 453 K, the elements C, O, 
and Ti were detected on all the samples. In general, 
WCA is strongly related to the surface chemical species, 
such as OH groups and adsorbed hydrocarbon, each of 
which has the opposite effect on WCA [23,25]. The 
numbers of OH groups and amounts of adsorbed hydro- 
carbon on the as-polished Ti, the as-anodized Ti, and the 
hydrothermally treated Ti are shown in Figure 4. The 
number of OH groups decreased after anodizing (1(d)), 
probably because the pH decreased locally during the 
anodizing process, but did not change after the additional 
hydrothermal treatment (1(g)) compared with that on the 
as-polished sample (1(b)). Therefore, the OH groups 
were not introduced by the additional hydrothermal treat- 
ment. In contrast, the amount of adsorbed hydrocarbon 
did not change after anodizing (2(d)), but decreased after 
the additional hydrothermal treatment (2(g)). Therefore, 
the TiO2 surface was cleaned by the removal of the ad- 
sorbed hydrocarbon after the additional hydrothermal 
treatment. Despite the smaller number of OH groups, the 
hydrothermally treated Ti was more hydrophilic than the 
as-polished Ti. This means that the reduction in adsorbed 
hydrocarbon more strongly influenced the surface hy- 
drophilicity than the reduction in the OH groups, result- 
ing in a significant reduction in WCA. Thus, the hydro- 
thermal treatment converted the surface to a more hy- 
drophilic state by removing the adsorbed hydrocarbon 
from it. The temperature for the hydrothermal treatment 
did not influence the final WCA achieved, as mentioned 
above. In the following experiment, the hydrothermal 
treatment was performed at a temperature of 453 K for 
180 min, which was sufficient to produce a small and 
stable WCA value (θ < 15 (deg.)). 

3.2. Storage of the Samples in Different 
Environments 

Figure 5 shows the effects of the four different storage 
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Figure 4. The relationship between WCA and (1) the number of OH group and (2) the amount of adsorbed hydrocarbon on 
the Ti samples processed with different surface modifications and different storage methods, as listed in the table. The con-
centrations of [-OH], [C-H], and [TiO2] were calculated from O 1s, C 1s, and Ti 2p spectra obtained with XPS. 
 

 

Figure 5. Temporal changes in WCA on the Ti samples processed with different surface modifications (○: as-anodized; ●: 
hydrothermally treated at 453 K for 180 min in distilled water) and then stored under different conditions for different peri- 
ods: (a) in air; (b) in distilled water; (c) in ×1 PBS(-) solution; and (d) in ×5 PBS(-) solution. 
 
environments on the variation of WCA of the samples 
with time. The WCA values of the samples varied greatly 
according to the storage condition and the period of 
storage. Regardless of whether a sample was hydrother- 
mally treated, storing it in air caused a continuous in- 
crease in its WCA as the storage period increased, re- 
sulting in similarly high WCA values after 168 h for all 

samples (Figure 5(a)). Storage in distilled water also 
caused WCA to increase slightly (Figure 5(b)). However, 
storage in PBS(-) solution, which provides the same wet 
environment as distilled water, reduced WCA of the as- 
anodized Ti (○ in Figures 5(c) and (d)). This tendency 
was enhanced when the sample was hydrothermally 
treated and when it was stored in a higher concentration 
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of PBS(-) solution, ×5 PBS(-) (● in Figures 5(c) and (d)). 
The variations of WCA with time in the different 

storage environments were influenced by chemical spe- 
cies on the surface. For the samples with hydrophilic 
surfaces immediately after their preparation, WCA val- 
ues increased as the amount of adsorbed hydrocarbon 
increased when the samples were stored in air, although 
the amount of OH did not change, even after 168 h (Fig- 
ures 4(1) and (2) (c)→(d) →(e), (f)→(g)→(h)). The 
same result has been reported previously [23,26]. For the 
as-polished Ti, which was relatively hydrophobic imme- 
diately after its preparation, the amount of adsorbed hy- 
drocarbon did not change as the storage period increased. 
It is thought that hydrocarbon does not easily adsorb to 
surfaces with an originally high WCA value. On the 
other hand, the adsorption of hydrocarbon to the hydro- 
thermally treated Ti was suppressed by storing the sam- 
ples in distilled water (Figure 4(2)(i)). This was a reason 
for the lower stable WCA value of hydrothermally 
treated Ti samples stored in distilled water, even after 72 
h, compared with that of the sample stored in air (Figure 
5(b)). 

The hydrothermally treated Ti samples stored in PBS(-) 
solution showed lower WCA values than the hydrother- 
mally treated Ti samples stored in distilled water, despite 
the slightly larger amounts of adsorbed hydrocarbon 
(Figure 4(2)(g)). In addition to the elements C, O, and Ti, 
the elements Na and Cl, which are components of PBS(-), 
were detected on the surfaces of the samples stored in 
PBS(-) solution (Figure 6). Similarly, it has been re- 
ported that an exsiccation layer of PBS salts can stabilize 

originally hydrophilic surfaces [26]. To understand the 
influence of the components of PBS(-) on the hydro- 
philicity of the samples, hydrothermally treated Ti sam- 
ples were immersed for 24 h in an aqueous solution of 
0.79 M NaOH (pH 13.6), 22 mM KOH (pH 12.2), 59 
mM H3PO4 (pH 1.8), or 0.70 M HCl (pH 0.5), each of 
which had the same concentration of Na, K, P, or Cl as 
×5 PBS(-) aqueous solution (Table 1). All of these solute 
ions adsorbed to the surfaces of the samples, regardless 
of the type of ion or the pH of the solution, consequently 
reducing the WCA values to the same extent, about 3 
(deg.), as immersion in ×5 PBS(-) solution. There was no 
difference between the types of solute ions in their ca 
pacity to reduce WCA, but when the samples were im- 
mersed in ×5 PBS(-), the Na and Cl ions adsorbed mark- 
edly to the surfaces of the samples because their concen- 
trations in the solution were high. Therefore, it is clear 
that the adsorbed solute ions from the ×5 PBS(-) influ- 
enced the surface hydrophilicity of the TiO2 coatings 
more strongly than the adsorbed hydrocarbon, and form- 
ed stable superhydrophilic surfaces when the samples 
were stored in ×5 PBS(-) solution. All things considered, 
storing the samples in ×5 PBS(-) solution effectively 
maintained the superhydrophilic surface for a long time. 

3.3. In Vivo Test 

To investigate the relationship between WCA < 20 (deg.) 
and RB-I in cortical bone, we used two types of samples in 
this in vivo study, which were stored in either distilled 
water and ×5 PBS(-) solution after hydrothermal treat- 

 

 

Figure 6. XPS spectra of (a) Na 1s, (b) Cl 2p, (c) P 2p, and (d) K 2p, detected in Ti samples hydrothermally treated at 453 K 
for 180 min in distilled water and then stored in ×5 PBS(-) solution for a period of 170 h. 
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Table 1. WCA values of Ti samples hydrothermally treated 
at 453 K for 180 min in distilled water and then stored for a 
period of 24 h in different aqueous solutions. 

Storage solution WCA (deg.) 

×5 PBS(-) 3 

0.79 M NaOH 3 

0.70 M HCl 4 

59 mM H3PO4 3 

22 mM KOH 4 

 
ment at 453 K for a period of 180 min. The results are 
plotted in Figure 7, which shows the relationship be- 
tween WCA and the RB-I value in cortical bone. To show 
the relationship between RB-I and WCA > 20 (deg.), our 
previous in vivo results for TiO2-coated samples with 
Ra/μm < 0.1 are also plotted in the figure [11,13,14]. 
Each of the hydrothermally treated samples (WCA = 16 
(deg.) or 3 (deg.)) showed quite high RB-I values, up to 
48% and 58%, respectively, which are about four times 
higher than the RB-I value for the as-polished surface, 
indicating a significant improvement in osteoconducti- 
vity. These results also clearly show that the RB-I values 
continued to increase to 58% as WCA decreased, in the 
range of WCA < 55 (deg.). It is unclear whether the 
adsorbed Na and Cl ions on the sample surface aggres- 
sively induced the formation of hard tissue, but these 
ions contributed to the creation of a superhydrophilic sur- 
face. The superhydrophilic surface prepared in this study 
remained stable for at least 720 h after the samples were 
immersed in ×5 PBS(-) solution. This means that the high 
hydrophilicity of the samples can be maintained until just 
before their implantation during surgery by simply 
immersing them in ×5 PBS(-) solution. The high hydro- 
philicity of the hydrothermally treated Ti was lost after 
storage for 168 h in air, as shown in Figure 5(a), but was 
recovered to the original level by another hydrothermal 
treatment at 453 K for 180 min in distilled water. This 
indicates that contamination during storage in air can be 
reversed with a further hydrothermal treatment, as long 
as the as-prepared surface is hydrophilic. In summary, 
the storage of an anodized sample with less adsorbed 
hydrocarbon in ×5 PBS(-) effectively maintained the 
high hydrophilicity and resulting osteoconductivity of the 
sample for a long time. 

4. Conclusions 

In this study, a hydrothermal treatment was used as an 
additional surface treatment for anodized TiO2 coatings 
to produce a more hydrophilic surface, and various stor- 
age processes were investigated to identify a treatment 
that would maintain the hydrophilic surface for a long 
time after the surface treatment. The osteoconductivity of  

 

Figure 7. Relationship between WCA and RB-I in the corti- 
cal bone part of Ti samples processed with different oxidiz- 
ing processes and subsequent storage methods. Symbols: ○ 
= anodized in various aqueous solutions (Ra/μm < 0.1) [14]; 
■ = hydrothermally treated at 453 K for 180 min in distilled 

◆water and then stored in distilled water; : hydrother-
mally treated at 453 K for 180 min. in distilled water and 
then stored in ×5 PBS(-) solution; and ●: as-polished. *p < 
0.05. 
 
the samples with enhanced hydrophilicity was evaluated 
in an in vivo test. The following results were obtained. 

1) The hydrophilicity of anodized TiO2 was enhanced 
by the hydrothermal treatment, and WCA decreased to 13 
(deg.). The hydrothermal treatment temperature influ- 
enced the processing time required to reduce WCA value 
to 13 (deg.), but it did not affect the final WCA value. 

2) Storing in air or in distilled water increased WCA 
after several days because of the adsorption of hydrocar- 
bon. However, storage in phosphate buffered saline re- 
duced WCA, converting the surface to a superhydrophilic 
surface, because of the adsorption of inorganic solute 
ions to the surface. This form of storage thus maintained 
the high hydrophilicity of the surface for a long time. 

3) As WCA decreased, the hard tissue formation ratio 
increased continuously up to 58%, which was about four 
times higher than the hard tissue formation ratio on 
as-polished Ti. 
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