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Abstract

Zirconium and its alloys are more suitable materials for implant surgery to be performed in a
magnetic resonance imaging scanner compared with other implant materials. Although they have
high anticorrosion properties in the body, as do titanium and its alloys, they have little use as im-
plants in contact with bone because of their low osteoconductivity (bone-implant contact ratio). To
improve the osteoconductivity of zirconium, niobium, and Zr-9Nb-3Sn alloy, we applied a sin-
gle-step hydrothermal surface treatment using distilled water at a temperature of 180°C for 3 h.
The hydrothermally treated samples were stored in a x5 phosphate-buffered saline (PBS(-)) solu-
tion to keep or to improve the water contact angle (WCA), which has a strongly positive effect on
osteoconductivity. The specimen surfaces were characterized using scanning electron microscopy,
X-ray diffraction, X-ray photoelectron spectroscopy, surface roughness, and contact angle mea-
surement using a 2 pL droplet of distilled water. The relationship between WCA and osteoconduc-
tivity for various surface modifications was examined using in vivo tests. The results showed that a
superhydrophilic surface with a WCA < 10° and a high osteoconductivity of up to 40% in cortical
bone, about four times higher than the as-polished Zr-9Nb-3Sn and its pure alloy elements, was
provided by the combination of hydrothermal surface treatment and storage in x5 PBS(-).
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1. Introduction

Recently, magnetic resonance imaging (MRI) has been widely used as a diagnostic tool in orthopedics and brain
surgery. However, defects and distortions sometimes appear in the MRI images when metallic orthopedic im-
plants are inserted into a patient’s body because of differences in the magnetic susceptibilities of the metals and
living tissues [1]. To minimize the artifacts, medical devices with magnetic susceptibility near to living tissues
are required. Zirconium (Zr) becomes more suitable for surgery performed in an MRI scanner because its mag-
netic susceptibility is closer to that of living tissue than stainless steel, Co-Cr alloys, and titanium. Therefore,
Zr-based alloys such as Zr-Nb have been developed [2] [3]. The preference for using Zr and its alloys for surgic-
al implants is influenced by their favorable material properties, acceptable mechanical strength, and high corro-
sion resistance. Niobium, in and of itself, is highly corrosion resistant, in addition to being a strengthener to Zr.
Zr and its alloys have also been shown to be nontoxic and biocompatible [4] [5]. However, the untreated surface
of Zr and its alloys offers low osseointegration characteristics with poor bone-forming properties [6]. As is well
known, surface roughness and hydrophilicity are two crucial factors that influence the biological response at the
interface between the bone tissue and the implant, and consequently, osseointegration [7]-[10]. Therefore, sur-
face modifications have been employed to improve the osteoconductivity of the Zr and its alloys. Anodizing is a
simple and economical method of obtaining a uniform surface oxide film, regardless of the specimen geometry.
However, in our previous studies, anodizing was not shown to be effective in producing a hydrophilic surface on
pure Zr and Nb specimens. In contrast, hydrothermal treatment became a beneficial surface modification that can
improve osteoconductivity because it created a hydrophilic surface not only on pure Ti, but also on pure Zr and
Nb surfaces [11] [12]. In addition, it is necessary to keep maintain the hydrophilic surface condition before im-
plantation. In those previous researches, we also detected that stored in x5 PBS(-) before and after surface
treatment improved the surface hydrophilicity of pure Ti for longer time. Therefore, in this study, we investi-
gated whether a hydrothermal treatment and storage in x5 PBS(-) solution were also beneficial methods in im-
proving the osteoconductivity of Zr-9Nb-3Sn and its alloy. Osteoconductivity was evaluated by in vivo testing.

2. Materials and Methods
2.1. Sample Preparation

Two different sample shapes, made from Zr-9Nb-3Sn, pure Zr, and pure Nb, were used to characterize the sur-
face and to evaluate osteoconductivity in an in vivo test. Plates (12 mm x 4 mm) were used for surface characte-
rization and rods (22 mm x 5 mm) for in vivo testing. The samples were abraded with emery paper up to #2000,
polished by Al,O; particles with a size of 0.05 um, degreased with ethanol for 5 min in an ultrasonic cleaner, and
finally dried at room temperature. After that, the following processes were applied to the samples.

2.2. Anodic Oxidation

Zr-9Nb-3Sn, pure Zr, Nb samples, and a Pt coil were set as the anode and cathode, respectively. A reference
electrode was not used. The electrolyte solution was 0.1 M H,SO, and was stirred by a magnetic stirrer at a con-
stant temperature (25°C). The anodizing voltage was increased from 0 V to a final voltage of 150 V at a rate of
0.1 Vs, which was chosen to prevent sparking. After anodizing, the samples were sterilized using an autoclave
unit at 121°C for 20 min.

2.3. Hydrothermal Process

The hydrothermal process was applied to Zr-9Nb-3Sn, pure Zr, and Nb samples after polishing. The samples
were immersed in a beaker containing 300 mL distilled water and placed in a hydrothermal unit. The temperature of
the hydrothermal vessel was set at 180°C and maintained at this condition for 180 min [11]. After hydrothermal
treatment, the beaker was removed from the hydrothermal unit and cooled naturally to room temperature.

2.4. Sample Storage

The samples were stored under three storage media (at room temperature): in air, in distilled water and in five
times concentrated phosphate buffered saline (x5 PBS(-)). The composition of x1 PBS(-) was (in g-L %) 8 NaCl,
0.2 KCl, 1.44 Na,HPQ,, 0.24 KH,PO,, and <0.1 diethyl dicarbonate. The storing period of samples in the dif-
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ferent media was carried out up to 168 hours (h). For in vivo test, we used untreated and hydrothermally treated
samples after 24 h immersed in x5 PBS(-).

2.5. Surface Characterization

The surface morphologies of the treated and untreated samples were observed by scanning electron microscopy
(SEM). The crystal structure and chemical composition of Zr-9Nb-3Sn were determined by thin-film X-ray dif-
fraction (XRD) and X-ray photoelectron spectroscopy (XPS), respectively. The surface roughness measurements
were obtained by means of contactless probing using a confocal laser scanning microscope with a measurement
area of 150 um x 112 um. The arithmetical mean of the profile deviations (Ra) defined the surface roughness.
The water contact angle (WCA) was estimated using a 2 uL droplet of distilled water.

2.6. In Vivo Testing

In this study, as-polished samples and hydrothermaled samples after immersed in a x5 PBS(-) solution were
subjected to in vivo testing. Six rat tibias were used for each in vivo test. The experimental procedure for my in
vivo study was similar to that described in a previous report [13]. Prior to surgery, all implants (metals rods)
were cleaned ultrasonically in distilled water, sterilized in a steam autoclave, and immersed in a chlorhexidine
gluconate solution. The 340 - 400 g 10-week-old male Sprague Dawley rats (Charles River Japan, Inc.) were
used in this experiment. The animals were kept in quarantine for 7 days. The rats were anesthetized using the
pentobarbital (25 - 30 mg-kg™) and the incision sites (right and left) and surrounding area were shaved and
cleaned with povidine iodine solution and 70% ethanol. Slightly oversized holes, which did not pass completely
through the bone, were created with a low speed rotary drill under profuse saline irrigation, and the bone debris
was washed away with saline. Eventually, implants were inserted in these holes, and Penicillin G was adminis-
tered for the prevention of infection. The subcutaneous tissue and skin were then closed and sterilized with povi-
dine iodine solution. After surgery, rats were housed individually in polycarbonate cages, and monitored daily
for any complications. Rats were sacrificed after 14 days, and the implants with their surrounding tissue were re-
trieved. The specimens were fixed in 10% neutral buffered formalin solution, rinsed in distilled water, dehy-
drated in a graded series of ethanol, and embedded in methyl methacrylate. Following polymerization, each im-
plant block was sectioned to 20 pum thick slices. The final sections were stained with toluidine blue. The can-
cellous bone and the interface between the implant and the cortical bone were observed by optical microscopy.
The sum of the linear bone contact with the implant surface was measured and was expressed as a percentage
over the entire implant length (the bone-implant contact ratio, Rg,) in the cortical bone part. Significant differ-
ences in Rg.; were examined statistically using the Tukey-Kramer method. Results were regarded as significant
when p < 0.05.

3. Results and Discussion
3.1. Surface Characteristics

It is well known that surface roughness plays an important function in the biological response of biomaterial
surfaces. Using previous research as a reference, it was observed that the osteoconductivity of TiO, coatings was
enhanced by a fine surface finish (Ra/um < 0.1) [14]. SEM displayed identical surface morphologies in all
treated samples, which had smooth surfaces with Ra/um about 0.1 or less, similar to the as-polished samples (as
shown in Figure 1).

The oxidation layer was formed during surface treatment (anodizing and hydrothermal). It was confirmed by
XRD analysis for all treated samples as shown in Figure 2. For the surface-treated of Zr-9Nb-9Sn alloy, the
ZrO, oxide peak was distinctly visible on the surface. This peak was also seen on the pure Zr surface for several of
the surface treatments were applied. However, the peak intensity of Nb,Os oxide became relatively weak and was
almost undetectable for the Zr-9Nb-3Sn and pure Nb metal surfaces and considered as an amorphous oxide [15].

3.2. Surface Hydrophilicity

Surface hydrophilicity may play a major role in the adsorption of proteins onto the surface, as well as cell adhesion
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Figure 1. Surface morphology and surface roughness (Ra/um) of (1) Zr-9Nb-3Sn, (2) Zr, and (3) Nb
samples, each of which was (a) as-polished; (b) as-anodized in a H,SO, solution; (c) anodized + hy-
drothermaled; and (d) as-hydrothermaled in distilled water at 180°C for 180 min.
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Figure 2. XRD patterns of Zr-9Nb-3Sn, Zr, and Nb using different treatments: (a) as-anodized in
H,SO, solution; (b) anodized + hydrothermaled; and (c) as-hydrothermaled in distilled water at 180°C
for 180 min. Symbols: Y& =Nb, A =Zr, and e = ZrO,.
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[15]. Cell adhesion is generally better on hydrophilic surfaces [16]. In our results, a similar trend was observed
for pure Zr, Nb, and Zr-9Nb-3Sn. Anodizing did not provide a significant enhancement of the hydrophilicity of
all samples. This can be seen in Figure 3, where despite the WCA of Zr-9Nb-3Sn and its alloy elements (Zr and
Nb) decreasing after anodizing, they still produced hydrophobic surfaces with WCA > 60°. The high WCAs of
pure Zr and Nb after anodizing (higher than 60°) probably influenced the hydrophabicity of this Zr-9Nb-3Sn al-
loy. In contrary, the WCAs of Zr-9Nb-3Sn and its alloy elements decreased significantly after hydrothermal
treatment with and without anodizing, becoming lower than 30°. This means that the hydrothermal treatment
produced hydrophilic surfaces for pure Zr and Nb, as well as for Zr-9Nb-3Sn alloy.

After obtaining the hydrophilic surface by hydrothermal treatment, it is important to maintain this condition
before implantation because the hydrophilicity can change over time. In Figure 4, untreated and treated samples
show the same tendency after storing in various media. When the samples were stored in air and distilled water
for longer time periods, their WCAs increased remarkably and their surfaces became more hydrophobic. This
condition is not good and unsuitable for implantation.

The adsorption of contaminants from the air or solution was probably one of the reasons for this increase in
the WCAs. In contrary, the surface hydrophilicity of untreated and treated Zr-9Nb-3Sn, pure Zr, and Nb were
significantly improved (their WCAs decreased notably) when stored in x5 PBS(—) and kept this condition from
24 h above. This is because of adsorbed solute ions in PBS(-), such as Na and ClI [17]. The surface of hydro-
thermaled samples after stored in x5 PBS(-) show the most hydrophilic compared with as-polished and as-ano-
dized samples. It means that storing in x5 PBS(-) is effective in maintaining the super hydrophilic surfaces on
hydrothermaled Zr-9Nb-3Sn, pure Zr, and Nb samples, as well as on those of pure Ti [11].

3.3. XPS Analysis

Zr is well known for its strong bond to atmospheric elements, such as oxygen, hydrogen, nitrogen, and carbon.
Adsorption of hydrocarbon (C-H) always occurs under normal conditions in air or solution containing organic
contaminants. Adsorption of C-H as a surface contaminant can occur during storage after surface treatment. The
hydroxyl (OH") group is another factor that can influence the surface hydrophilicity, in a similar manner as ad-
sorbed C-H. As shown in Figure 5, XPS analysis showed the change in adsorption of C—H and OH™ groups on
the surface hydrophilicity (WCA) of samples after several different surface treatments. Spectrum analysis was
performed as described in our previous report [12]. As for pure Zr and Nb, the adsorption of C-H for the
Zr-9Nb-3Sn alloy decreased significantly after hydrothermal treatment, in the same manner as pure Ti [11]. By
cleaning the surfaces to remove contamination, the hydrophilicity of pure Zr, Nb, and Zr-9Nb-3Sn improved
notably. This result agrees with an earlier study, which reported that surface contamination increased the WCA
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Figure 3. WCA of Zr-9Nb-3Sn, Zr, and Nb samples with various surface modifications:
(a) as-polished; (b) as-anodized in a H,SO, solution; (c) anodized + hydrothermaled;
and (d) as-hydrothermaled in distilled water at 180°C for 180 min.
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Figure 4. Relationship between the WCA and periods of Zr-9Nb-3Sn, Zr, and Nb with various surface
modifications: (a) as-polished; (b) as anodized in a H,SO, solution; and (c) as-hydrothermaled after
stored: o in air, A in distilled water, and o in x5 PBS (-).
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Figure 5. Quantitative relationship between the surface OH™ group, adsorbed C-H, and WCA for single
metals of Zr-9Nb-3Sn, Zr, and Nb under different treatment conditions: (a) as-polished; (b) as-anodized;
(c) anodized + hydrothermally treated; and (d) hydrothermally treated. The amounts of OH™ and C-H
were calculated from the Ols and C1s spectra from XPS analysis. The color scale in the spectrum
represents the range of the WCA.
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and the surface became more hydrophobic [18]. In vitro studies have also indicated that surface contamination
reduced cell attachment and spreading [19]. On the other hand, the binding of the OH™ group did not have a sim-
ilar trend for each sample and seemed to be unaffected by the process. However, it depends on the type of hy-
droxyl group (such as, hydroxyl radical or hydroxyl anion). Therefore, the reduction of the adsorbed C—H was
the mostly important factor for improvement of the hydrophilicity of hydrothermaled Zr-9Nb-3Sn, pure Zr, and
Nb samples.

3.4. In Vivo Testing

As-polished and hydrothermaled samples of Zr-9Nb-3Sn and its alloy elements were used for in vivo testing af-
ter being stored for 24 h in x5 PBS(-). As a reference, the previous in vivo results for TiO,-coated samples with
Ra/um < 0.1 are also shown in Figure 6 [20] [21]. It can be seen that by decreasing the WCA the osteoconduc-
tivity (Rg.;) of the hydrothermaled samples (Zr-9Nb-3Sn, pure Zr, and Nb) after being stored in x5 PBS(-) be-
came higher by 40% - 45% compared with that of the as-polished samples. According to previous reports, sur-
face hydrophilicity influences the adsorption of cell adhesive proteins containing Ag-Gly-Asp (RGD) sequences,
such as fibronectin, on the implant surface, and thus enhances the adhesion and spreading of osteoblast precur-
sors on these surfaces [7] [22]. Our results correspond with those of previous in vitro and in vivo studies that de-
tected that osteoblast cell adhesion, differentiation, and early bone formation (osteoconductivity) on implant
surfaces were significantly enhanced on hydrophilic surfaces compared with hydrophobic surfaces [23]-[27].
We conclude that the combination of hydrothermal treatment and x5 PBS(—) immersion is an effective method
of enhancing the osteoconductivity of Zr-9Nb-3Sn, as well as pure alloy elements (pure Zr and Nb), by produc-
ing hydrophilic surfaces.

4. Conclusion

In the present study, the hydrothermally treated surfaces of Zr-9Nb-3Sn and its pure alloy elements (Zr and Nb)
after storage in x5 PBS(—) were super hydrophilic with higher osteoconductivity (an increase of 40% - 45%)
compared with untreated samples. This suggests that hydrothermal treatment may be a promising surface treat-
ment for improving the osteoconductivity of implant materials such as Zr, Nb, and Zr-9Nb-3Sn alloy in the fu-
ture. However, further studies are needed to improve our understanding of the effect of surface treatments and
hydrophilic surfaces on fibronectin adsorption.
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