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Abstract

Titanium and titanium alloys of medical grade are preferred for dental implants for
their excellent biocompatibility. In order to decrease the rejection percentage of such implants, it
was found that electrochemically pretreating the surface by anodization producing self-
organized titanium oxide nanotubes arrays will enhance the osteointegration chances of titanium
implants. Although ultrasonic cleaning, as part of post-cleaning procedure, is used to get rid of
the adsorbed traces of electrolyte, one noticed that, if used in excess, this may also fracture the
obtained titanium oxide nanotube arrays. This paper attempts to compare a normal chemical
cleaning procedure versus a chemical cleaning procedure used in connection with ultrasonic
cleaning, in order to remove the electrolyte traces trapped at the implant surface, after the
anodization, to decide whether or not the ultrasonic cleaning is a must and has to be included in
the post-anodization procedure.
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1. Introduction

Titanium and titanium alloys are some of the most used metals in the field
of medical implants due to their inherent excellent biocompatibility (increased
chemical stability, mechanical resistance, absence of toxicity) and some research
concerning this field paid increased attention to find out the most suitable
treatments to improve the osteointegration of such implants, particularly in
restoring the missing dentition [1-6]. One key factor in this direction is the surface
modification of implants, either by modifying the roughness of the implant
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surface or by functionalizing the surface with various chemical, biochemical or
biologically active materials [1], [4-5] [7-9].

The implant surface may be modified by grit-blasting, acid-etching or by a
particular electrochemical treatment, namely anodization [7-8], [10]. It was found,
however, that the best chances for the attached proteins to interact with cells, may
occur when the implant surface was functionalized in the nanometer range, the
nanostructured surface improving significantly the osteointegration of titanium
implants [11]. Self-organized titanium oxide nanotubes arrays, particularly
suitable as basic support for implant fictionalizations may be easily formed, under
perfectly controllable conditions, by electrochemical anodization [10-16].

The formation of titanium oxide nanotube arrays by anodization in
electrolytes containing fluoride ions may be best described by two competitive
processes [12-16], the first one being the anodic formation of TiO2 (equation 1
and 2), the second one being the chemical dissolution of titanium oxide in the
presence of fluoride ions, at the titanium oxide/electrolyte interface (equation 3):

Ti+2H,0 > TiO, +4H" + 4e” (anodic reaction) (1)

4H" +4e” — 2H, (cathodic reaction) (2)
4H*
TiO, + 6F~ —[TiF,]* +2H,0 (3)

The actual mechanism of titanium oxide nanotube arrays formation and
growth by electrochemical anodization can be simplified by dividing it into three
stages [12-16]:

I. The formation of an initial barrier layer — a rapid oxide growth takes
place on the surfaces of the anodized titanium due to the interaction of the metal
(in fact metal ions obtained by anodization) with water. One may notice here a
very sharp decrease in current density due to an increased in the total ohmic
resistance, as a result of the formation of a compact film of oxide;

Il. The formation of uniformly distributed pores - small pits, similar to
those produced by pitting corrosion, but at a nanometer level scale, are formed in
the oxide film produced by anodization, due to a localized chemical dissolution
process, depicted by equation 3, forming a barrier layer at the bottom of the pits,
which will lead to an increase in the electrical field intensity across the remaining
barrier layer, increasing the current density and resulting in further pore growth;

I11. Separation of interconnected pores into nanotubes — a separate region
between the formed pores will appear, so that the resulting nanotube formation is
a direct consequence of simultaneous formation of oxide due to field assisted
oxidation and the process of chemical dissolution in the presence of fluoride ions.
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The anodization process is strongly influenced by the proper cleaning
(before and after anodization), in the absence of this or in the case of poor
cleaning there is a danger that the implants may be rejected for not fulfilling the
medical standards, a very costly outcome [17-19]. The explanation for this is that
tiny screws, with tight threads, may adsorb and trap reagents used during the
anodization process, these reagents becoming unwanted contaminants from the
medical point of view, and in the case of fluoride ions being particularly toxic,
and such contaminants are difficult to remove using a classical normal cleaning
by washing and rinsing.

The use of ultrasonic cleaning was used extensively to get rid of the
unwanted residues of electrolyte. If high frequency sound waves are passed
through liquids, a cavitation process takes place, tiny bubbles being created on all
surfaces, and, at the same time, being rapidly destroyed by implosion, due to the
oscillating zones of high and low pressure, transferring the energy to the washed
parts and contaminants, which are dislocated from the implants and relocated into
the washing liquid.

Although ultrasonic cleaning may offer a real and affordable cleaning
solution as part of the titanium anodizing procedure, it was noted that, in some
circumstances, ultrasonic cleaning tends to fracture the obtained titanium oxide
nanotube arrays.

The aim of this study is to verify if normal chemical cleaning is enough to
remove the electrolyte traces trapped at the implant surface after the anodization,
and to compare this with a normal ultrasonic cleaning, to decide whether or not
the ultrasonic cleaning is a must and has to be included in the post-anodization
procedure.

2. Experimental

Reagents

All the reagents used in this study were p.a. from Sigma-Aldrich, Merck,
and Chimopar. The electrolyte used during the anodization procedure was
prepared using distilled water. Titanium used for anodization is 99.9% Ti Grade 4
of medical grade produced by Dynamet USA.

Apparatus and procedure

The equipment used for the titanium implants anodization, the electrolyte
composition of the anodization bath and the anodization procedure are subjected
to a patent pending procedure. The actual implants were obtained from medical
grade 4 titanium produced by Dynamet USA, using a 9-axis Citizen Cincom L20
CNC Swiss Type lathe produced in Japan.

The milled implants were sandblasted using Al,Oz (corundum), 70 um in
size, for 30 seconds. The ultrasonic bath used for the ultrasonic cleaning was
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Condel 3106, Germany, with an active power of 50 W, operated at a fixed
frequency of 35 kHz, and it was provided with an automatic switch off
programmable timer. Prior to anodization the implants were cleaned in the
ultrasonic bath for 8 minutes @ 40 °C for each stage: twice in distilled water with
liquid soap 1%, twice in distilled water, twice in acetone, twice in isopropyl
alcohol in order to get rid of the grease (lubricating mineral oil from the milling
stage) and any other contaminants which may impurify the anodization bath. A
ten times more powerful cleaner, an Elmasonic X-tra 30H Ultrasonic Cleaner
Bath, Germany, 35 kHz, 480 W, was used to investigate the effect of excessive
ultrasonication. One has collected samples cleaned ultrasonically before the
anodization and samples after the anodization cleaned chemically only and
cleaned chemically in the ultrasonic bath. Scanning Electron Microscopy (SEM)
was used to investigate the surface morphology of the anodized Titanium
implants with a FEI Inspect S electron microscope. The measurements were
performed at 30 kV acceleration voltages, in high vacuum.

3. Results and discussions

The shape and dimensions of an implant are presented in Figure 1 (one
may also see the rod system used for suspending these implant in the anodization
bath to avoid a possible anodic dissolution as one has to fully immerse the
implant in the bath and at the same time to avoid any anodic dissolution should
the contacting rod be made of a different metal). After the anodization, the
contacting rod is detached by breaking it from the main body of the implant and
the implant is sent for post-anodization cleaning.

Scanning electron microscopy (SEM) was used to characterize the
anodized titanium. One has measured the inner diameters and the wall thickness
of titanium oxide nanotubes arrays produced by anodization (see Table 1), and it
was found that their dimensions are well within the results reported in the
literature [7], [10-11] [13-17].

b)

Fig. 1. Samples of the mechanically milled titanium implants with a) (before)
anodization) and without b) the suspending rod (after anodization) (2 mm diameter, 4
mm length)
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Table 1
Dimensional characteristics of titanium oxide nanotubes produced by anodization
No. Inner diameter, nm Wall thickness, nm
1 Min 25 7
2 Max 104 8

In Figure 2 is presented a sandblasted implant before the anodization
procedure, chemically cleaned @ 40 °C in conjunction with ultrasonic cleaning.
The surface morphology is a smooth one, corresponding to that of an object
produced by milling.

In the absence of ultrasonication, one may see crystals of fluoride salts and
other solid contaminants trapped within the titanium oxide nanostructures (Figure
3) showing that a classical chemical cleaning with distilled water and alcohol is
not enough for a thorough cleaning. In contrast with this, ultrasonically assisted
chemical cleaning managed to get rid of these unwanted contaminants (Figure 4).

The use of excessive ultrasonic cleaning tends to fracture and level the
titanium oxide nanostructure, leading to a rather planar honeycomb based
nanostructure (Figure 5 versus Figure 6).

Fig. 2. a) Low (200x maginification) and b) high (12000x) magnification SEM picture of
the implant before anodization, chemically cleaned @ 40 °C in conjunction with
ultrasonic cleaning (2 times in distilled water with liquid soap 1%, 2 times in distilled
water, 2 times in acetone, 2 times in isopropyl alcohol), 8 minutes/stage, the ultrasonic
bath characteristics: 50 W, 35kHz
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Fig. 3. Chemical cleaning. Low a) 200x magnification and high b) 20000x
magnification SEM picture of anodized titanium surface, chemically cleaned only @
40°C (twice in distilled water, once in isopropyl alcohol)

a)
Fig. 4. Chemical cleaning used in conjunction with ultrasonic cleaning
Low a)200x magnification and high b)20000x magnification SEM picture of
anodized titanium surface, chemically cleaned @ 40 °C in conjunction with ultrasonic
cleaning (2 times in distilled water, 1 time in isopropyl alcohol). Each stage lasted 3
minutes, the ultrasonic bath characteristics: 50 W, 35kHz
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Fig. 5. SEM image of an anodized implant subjected to a chemical cleaning @40 °C used
in connection with a soft ultrasonic cleaning procedure (3 minutes, 50 W, 35kHz, and:
twice in distilled water and once in isopropy! alcohol)

Fig. 6. The effect of extensive ultrasonication
SEM image of an anodized implant, 80000x magnification, subjected to an increased
power (9.6 times) excessive ultrasonic cleaning procedure (2 minutes, 480 W, 35kHz,
and 40 C: twice in distilled water and once in isopropyl alcohol)

4. Conclusions

The use of ultrasonication chemical cleaning, as a post-anodization
cleaning phase, is a very useful sine qua non stage during the production of the
anodized dental implants, obtained in fluoride based electrolytes, as chemical
cleaning by itself is not enough to remove the electrolyte traces and other
contaminant trapped at the implant surface.
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One should however use it carefully, and initial verifications are
compulsory, as an excessive ultrasonic cleaning tends tend to destroy and level
the fragile titanium oxide nanostructure.

This disadvantage may be used as a control lever should one desire to
obtain a more planar titanium oxide nanostructure required in some instances for
particular fictionalizations with biological active materials.
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