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Abstract: Self-organized TiO, nanotube layer has been formed on titanium screws with complex
geometry, which are used as dental implants. TiO, nanotubes film was grown by potentiostatic
anodizing in H3PO4 and HF aqueous solution. During anodizing, the titanium screws were mounted
on a rotating apparatus to produce a uniform structure both on the peaks and on the valleys of the
threads. X-ray diffraction (XRD), Scanning electron microscopy (SEM), Energy dispersive X-ray (EDX)
and electrochemical characterization were used to evaluate the layer, chemical composition and
electrochemical properties of the samples. Aging in Hank’s solution of both untreated and nanotubes
covered screw, showed that: (i) samples are covered by an amorphous oxide layer, (ii) the nanotubes
increases the corrosion resistance of the implant, and (iii) the presence of the nanotubes catalyses the
formation of chemical compounds containing Ca and P.
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1. Introduction

Titania (TiO;) nanostructures, such as nanowires, nanofibers, nanorods, nanoribbons, nanoplates
and nanotubes, are widely studied materials due to their unique properties in optics, electronics,
photochemistry and biology finding applications in photovoltaic cells, photocatalysis, and sensors [1-5].
Additionally, materials with well-ordered nanostructure are of considerable interest for application
in molecular filtration, drug delivery and tissue engineering [6-8]. The broad application of TiO,
nanostructures is mainly due to the attractive nano-scale architecture offering large surface area and
a high structural order. Titanium is used in orthopedic and dental applications for its biocompatibility
and optimal mechanical properties in load-bearing application [9,10]. However, the insufficient new
bone formation is observed due to necrosis of hard and soft tissues that result in the implant loosening
and subsequent failure [11,12]. The titanium implant surface shape and chemical composition have
also been studied to enhance osseointegration, decrease necrosis and prevent inflammation [13-21].
Titania nanotubes, formed by anodic oxidation, are a candidate method for the modification of the
surface of titanium implants to enhance bone formation function. It is well known that nanotubes can
be produced by anodizing flat titanium specimens [22-25], some studies [5,19] report nanotubes growth
on the wire, meshes or curved surfaces. Very few [26,27] works deal with the use of complex geometry
samples. A variety of electrolytes and conditions have been used to prepare TiO, nanotubes [28,29].
Results obtained in these investigations suggest that the nanotubes morphology and cells spreading
are controlled by the anodizing potential, the electrolyte composition, and its physical properties,
primarily conductivity, viscosity and temperature, as well as by the duration of the anodizing process.

The aim of the present work was to form a uniform distribution of TiO, nanotubes, by using
a relatively simple experimental set-up, on specimens with complex geometry, such as a titanium
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screw, commonly used as a dental implant and characterize its chemical and physical properties
in term of structure, shape and length of nanotubes. Also, TiO, nanotubes were aged in Hank’s
solution for 15 days to: (i) evaluate the electrochemical properties when compared to the untreated
sample, (ii) increase implant biocompatibility by forming calcium-phosphate compounds on the
surface without any prior thermal treatment on the implant.

2. Materials and Methods

The specimens used in this work were dental implant screws provided by Deltal Medics
(Milano, Italy), 3 mm in diameter and 8 mm in length (Figure 1). The screws were pickled in a water
solution containing hydrochloric acid (10 wt %) and nitric acid (10 wt %) for 20 min, to stabilize the
natural oxide layer existing on the implants. The implants were made in Ti CP2, whose composition is
reported in Table 1. The name assigned to the samples were: (i) AS to indicate the screw submitted to
acid pickling and (ii) NT the screw on which nanotubes were grown.

Figure 1. A picture of the dental implant covered by TiO, nanotubes.

Table 1. Chemical composition (% by weight) of Titanium CP2.

Ti (@) N H C Fe
99.7 0.250  0.030 0.015 0.100 0.150

TiO; nanotubes, formed on the implant, were obtained by potentiostatic anodizing in an aqueous
solution of H3POy4 (10 wt %) and HF (0.5 wt %), by applying a potential of 25 V for 150 min at 25 °C.
During the anodizing, the titanium screw was the anode and a platinum foil the cathode of the
electrochemical cell. To obtain a uniform nanotubes layer, the screw was mounted on a rotating device;
the rotation speed was set at 10 rpm (please for further details see the Results and discussion section).
The experimental set-up adopted in this investigation is schematically represented in the Figure 2.
A laboratory mixer was used to sustain and rotate the screw, and a conductive support, connected to
the rod of the stirrer, allowed the electrical connection between the specimen and the positive pole of
the power supply Gen 600-5.5 (TDK-Lambda, Milano, Italy). In order to ensure reproducibility and
accuracy three samples have been employed, renovating the test solution for each sample.

After anodizing, the specimens were rinsed with deionized water and dried in air. The surface
morphology of the fabricated TiO, nanotube films was characterized by scanning electron microscopy
(SEM) (Supra 40 VP FESEM, Zeiss, Milano, Italy). Furthermore, 2D profiles were acquired by using
software WSxM (WSxM v5.0 Develop 8.5, WSxM solutions, Madrid, Spain, 2016). Also, X-ray
diffraction (XRD) spectra were obtained by using Panalytical X'Pert system in Bragg-Brentano and
grazing incidence X-ray diffraction (GIXRD) geometry configuration. The atomic composition of
surface layers of the samples was detected by using an energy dispersive X-ray (EDX) analysis at
15 keV, keeping electron beam stationary to obtain the spectra. In this configuration, the spot size can be
estimated in 0.1 um with a volume excited of 1 um3. Finally, electrochemical tests were carried out by
using a standard three electrodes configuration, including a saturated calomel reference electrode (SCE),
a platinum electrode as counter-electrode and the titanium sample as working electrode connected to
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a potentiostat/galvanostat, 1286 Solartron (Photo Analytical Srl, Milano, Italy). The area of specimens
exposed to the standard Hank’s aqueous solution (Sigma-Aldrich, Milano, Italy, composition reported
in Table 2), was estimated in about 3 cm?. Measurements were carried out starting 10 mV below the
open circuit potential (OCP) after immersion in the salt solution up to an immersion time of 15 days
(360 h). To maintain a constant test environment, the solution was renewed every two days.

Figure 2. The set-up used for nanotubes growth on titanium implant, cables A and B were connected
to power supply.

Table 2. Chemical composition of Hank’s solution.

Inorganic Salts Component g/L
CaCl,-2H,0 0.185
MgSOy4 0.09767
KcCl 0.4
KH,PO4 0.06
NaHCO3 0.35
NaCl 8.0
Na,HPO, 0.04788
D-Glucose 1.0
Phenol Red-Na -
NaHCO3 -

3. Results and Discussion

3.1. Nanotubes Formation and Structure

It is well known that the formation of nanotubes on a flat surface is dependent on various process
parameters (temperature and solution composition, applied voltage, anodizing duration) [28,29].
However, for complex geometries, such as those of dental implants, an additional parameter plays
a significant role in nanotubes formation. In fact, previous results showed that only selected rotation
speeds of the screw, determine the growth of a uniform distribution of nanotubes on the whole screw
surface [27]. A detailed check of the anodized implant surface, by using SEM images, revealed that
the screw was completely coated by an anodic oxide: the flat areas of the screw were covered by
an ordinated and uniform array of nanotubes, while the edges between two flat areas, showed a less
organized structure. Namely, it was so far observed that in the case of motionless (0 rpm) or low
rotation speed (1 rpm) of the sample, the nanotubes growth occurs preferentially on the peak of the
screw turns, while, for high rotational speed (60 rpm), the formation of nanotubes is suppressed.
This result was so far explained on the basis of the following arguments. At zero or low speed of
rotation (1 rpm) the flux lines of the electric field are intense at the peaks of the thread, promoting the
formation of “local” nanotubes, while the valleys of the thread, are affected by a reduced electric field,
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due to shielding effect of screw wall, that is not sufficient to sustain nanotubes formation. Both the
reduced electric field and the slow rotation speed could, also, reduce the fluoride ions uptake on
the Ti surface inhibiting nanotubes formation. On the other hand, in the case of high rotation speed
(60 rpm), the fluid-dynamic regime is such as to ensure very high uptake of fluoride ions onto the
surface to inhibit nanotubes growth. However, a uniform growth of nanotubes, on both peaks and
valleys, were obtained for a rotational speed of 10 rpm that was the speed adopted in this investigation.

A typical nanotubes structure obtained according to the experimental procedure outlined above
is shown in Figure 3a. As can be seen from this figure, nanotubes were uniformly distributed on
the sample surface while determining the formation of a gap between them. It is worth to mention
that these gaps can be used as an additional reservoir for controlled drug delivery of drugs, or other
chemicals, impregnated in/on the structured surface [6]. The nanotubes diameters shown in Figure 3a
were in the range of 130-170 nm and about 480 nm in length. Furthermore, nanotubes assumed the
typical “bamboo type” [30] shape as confirmed by the profile reported in Figure 3c, in which the
contour of a single nanotube is reported. An interesting characterization of the topography of formed
nanotubes (reported in Figure 3b) allows estimating the nanotubes wall thickness (about 2 nm) and
the gap between two nanotubes (equal to 4 nm) showing that large areas of the surface are available to
be impregnated by using chemicals and /or drugs, as mentioned above.

Figure 3. Scanning electron microscopy (SEM) images of TiO, nanotubes growth on the implant:

(a) overall view; (b) detail of nanotubes diameter and wall thickness measurement; (c) detail of
“bamboo type” shape of nanotubes (the arrows in Figure 3b indicate the position in which the analysis
was carried out).

XRD measurements were carried out by using the conventional symmetrical Bragg-Brentano
configuration on AS and NT samples for evaluating the structure of the TiO, oxide layer on the
specimens surfaces. Data obtained examining sample NT, shown in Figure 4, do not highlight any
crystallographic phase of oxides, whereas, an amorphous structure was detected [31]. The AS sample
showed similar signals, not reported for the sake of simplicity.

However, it must be pointed out that the conventional symmetrical Bragg-Brentano configuration
(6/26), should not be used for the characterization of thin oxide layers formed on metals due to the
poor signals obtained from the film while receiving a strong signal from the substrate. Also, due to the
substrate structure, the depth of analysis changes while performing the test. Therefore, to confirm the
previously reported results a more powerful technique of X-ray diffraction at grazing incidence has
been used to minimize the contribution due to the substrate. In this approach, the incidence angle is
fixed at a small angle (1-3°) while the angle existing between the incident beam and the diffracted
beam (20) is varied, moving only the detector arm. In such way, the signal coming from the substrate is
reduced due to the small angle of incidence, while the incident beam penetrates, for a higher thickness
the surface film, reinforcing its diffraction pattern. It has well assessed that, if the incidence angle
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is small as in this case, the depth of analysis is controlled by the angle of incidence and does not
vary during the sweeping so that the structure of oxide even in very thin layers, can be evaluated.
XRD scans obtained at 1, 1.5, 2 and 3 degrees of incidence angle (Figure 5), confirmed the absence of
the anatase and/or rutile phase inside the nanotube layer.
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Figure 4. X-ray diffraction (XRD) spectrum of the NT sample.
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Figure 5. XRD at a small angle (1-3°) spectrum of the NT sample.

After 15 days of aging in Hank’s solution, both samples were examined for evaluating chemical
composition of eventual layers formed. EDX results, for both samples, are reported in Figure 6.
As can be seen from the Figure 6a no traces of Ca or P, as well as other chemicals contained in
Hank’s solution, were detected at the end of the aging on the AS sample. This finding suggests that:
(i) the deposition of apatite-like compound cannot be achieved by immersion of sample in saline
solution under the conditions used in this test campaign, in agreement with literature data [32-37],
and (ii) the OCP trend observed for such sample cannot be attributed to the formation /dissolution of
salts at the metallic solution interface.

However, quite different was the behavior of aged NT samples, as can be seen from the EDX
results reported in Figure 6b. A small amount of Ca and P (about 1% atomic) were detected suggesting
a partial coverage of the nanotubes by an apatite-like structured film (over other chemical species
such as Mg). On the other hand, the formation mechanism of nanotubes involves the dissolution of
oxide due to the acidic environment assisted by fluoride ions, which allow the subsequent nanotube
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growth [25]. Hence, the presence of F, detected by the EDX analysis, can be attributed to the fact that
the titanium oxide nanotubes retain a small quantity of F at the bottom of pores in the formed layer.

Ti

Element Weight %  Weight% o  Atomic %
Oxygen 38.966 0.538 65.653
Titanium 61.034 0.538 34.347

0 1 2 3 4 s 4 N s s 10 11 12 13 14 15 16 17 18 19 20
Full Scale 9453 cts Cursor: 0.000 keV]
Ti
Element Weight % Weight % o Atomic %
Oxygen 39.777 0.523 64.361
Fluorine 2.953 0.353 4.024
Magnesium 0.264 0.045 0.281
Phosphorus 1.208 0.055 1.010
Calcium 1.607 0.056 1.038
Titanium 54.190 0.500 29.286
b)
LI L R R R R R R R R R R R R
0 2 4 6 8 10 12 14 16 18 20
Full Scale 7771 cts Cursor: 0.000 keV

Figure 6. Results of the energy dispersive X-ray (EDX) analysis on AS (a) and NT (b) samples.

3.2. Electrochemical Behavior and Aging in Hank’s Solution

In this paper, the electrochemical behavior of both anodized and bare titanium implant was
investigated in Hank’s solution, to confirm that nanotubes growth on Ti surface significantly influences
the electrochemical properties of Ti samples. Also, the aging of such implant for 15 days, in the selected
simulated body fluid, was also addressed to monitor the formation of chemical compounds containing
Ca and P onto the sample surface. In Figure 7, the potentiodynamic polarization curves, obtained
upon immersion in the test solution, of the AS and NT samples at the beginning of test campaign,
are reported.
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Figure 7. Potentiodynamic polarization curves of AS and NT samples obtained upon immersion in
Hank’s solution.

Data have shown the different behavior exhibited by NT and AS samples. As can be seen,
the nanotubes sample shows a higher OCP and a lower passive current, suggesting a better corrosion
behavior compared to the non-anodized sample. This evidence can be addressed to the higher thickness
of its oxide layer, if compared to the AS sample, which makes available a smaller extent of anodic areas.
In addition, it is well-known that the anodized sample is characterized by a much higher active surface
compared to the AS sample, leading to lower current density if the ‘true” extent of surface is considered.
Since the current density is related to the durability of the metallic sample, it is expected that the
anodized titanium implant will offer better corrosion resistance compared to the non-anodized sample.

In addition to the electrochemical behavior reported above, the aging of Ti samples in Hank’s
solution was also addressed by monitoring the OCP as a function of the immersion time (Figure 8).
It is well-known that changes in the OCP values highlight the oxide layer formation/dissolution process
at the sample/solution interface. In addition, if the sample is exposed to an aqueous water solution
containing dissolved salts, deposition/dissolution of chemical species contained in the solution should
also be considered.
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Figure 8. Open circuit potential (OCP) trend of the AS and the NT sample obtained upon immersion in
Hank’s solution.
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As can be seen from Figure 8, at the beginning of the test (f = 0), the anodized sample exhibited
a higher value of the OCP compared to the AS sample. After 24 h, both samples showed an increase
of OCP values. This result could be explained by the following arguments. At this stage, the AS
sample can be considered fully covered by an air formed TiO, layer in contact with the air-saturated
Hank’s solution. While, the NT sample is covered by a TiO, layer, grown in the anodizing solution,
and nanotubes are filled with the test solution. Electrochemical data shown in Figure 8, suggested
a better oxygen cathodic behavior of the latter oxide. In fact, the inner and the outer surface of
nanotubes is accessible to the oxygen and thus the full “nanotubes surface” is available to the air
saturated solution. Therefore, during the early stage of immersion, both the AS and the NT samples
are covered by TiO,, in contact with an air saturated oxygen solution and the trend of the OCP versus
the immersion time of both samples can be attributed to the grow of the TiO, oxide in both cases.

With prolonged immersion time (29 h), however, this picture may change due to the oxygen
reduction process along the pores. As mentioned above, the oxygen cathodic process onto the TiOp
covering the nanotube is faster compared to that occurring onto the air formed oxide. Thus, it is a simple
matter of fact that, for further immersion time, oxygen will be limited at the bottom of the pores that
become more anodic compared to the top of the pore. Thus, aging may lead to a distribution of
potential inside the pores with the bottom more anodic than the top. In short, the cathodic process
becomes the rate-limiting step due to the limiting diffusion of oxygen inside the pores. At this stage of
immersion, therefore, the dissolution of TiO, is not balanced by the oxide formation, thus leading to the
development of more anodic sites at the bottom of the nanotubes due to the lack of oxygen. As a matter
of fact, the OCP of the NT sample becomes more anodic. Due to the presence of more anodic area,
the electrochemical reactions taking place at the bottom of the nanotubes may change again since the
Ti** coming from the anodic dissolution of Ti can compete with water and negative phosphorus anions,
partially filling the pores and leading to a “pseudo conversion protective layer”. At the top of the
nanotubes, which is more cathodic and is in the presence of slightly basic pH, a chemical compound
containing Mg, Ca and P can be formed. Both these effects lead to an increase of the OCP.

For further aging (216 h) the NT sample exhibits an OCP decrease that, following Zhang [38] is
due to a two steps mechanism involving H+ produced at the interface area where corrosion occurs:

Ti + 2H,0 — TiO, + 4H" + 4e™ (1)
With the subsequent dissolution of the apatite-like coating according to the following reaction:
Cao(POy4)s(OH), + 2H" — 10Ca" + 6(PO4)°~ + H,O 2)

The dissolution of the apatite-like structure and “pseudo conversion” salt layer formed at the
bottom of pores, together with the effect of the presence of ions like F~ and Cl~, lead to a further
decrease of the OCP.

4. Conclusions

The following conclusions are drawn from this study:

(1) Nanotubes on titanium dental screw implant were grown by using a simple set up.
(2) Nanotubes covering the implant possess an amorphous TiO; structure, exhibiting better corrosion
resistance as compared to the non-anodized Ti screw;

(3) Upon aging in Hank’s solution for 15 days the anodized Ti screw shows compound containing
Caand P;

(4) The nanotubes catalyzed the formation of compound containing Ca and P.
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