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Abstract: The anodization of titanium dental implant influences the biologic processes of
osseointegration. 34 grit-blasted and acid-etched titanium specimens were used to evaluate micro-
and nano-roughness (R,), contact angle (8) and blood clot extension (bce). 17 samples were anodized
(test) while the remaining were used as control. The bce, was measured using 10 uL of human blood
left in contact with titanium for 5 min at room temperature. The micro- and nano-scale R, were
measured under CLSM and AFM, respectively, while the 6 was analyzed using the sessile drop
technique. The bone-implant contact (BIC) rate was measured on two narrow implants retrieved for
fracture. bce was 42.5 (22) for test and 26.6% (£13)% for control group (p = 0.049). The micro-R, was
6.0 (£1.5) for the test and 5.8 (£1.8) um for control group (p > 0.05). The 6 was 98.5° (£18.7°) for test
and 103° (£15.2°) for control group (p > 0.05). The nano-R, was 286 (£40) for the test and 226 (£40)
nm for control group (p < 0.05). The BIC rate was 52.5 (£2.1) for test and 34.5% (£2.1%) for control
implant (p = 0.014). (Conclusions) The titanium anodized surface significantly increases blood clot
retention, significantly increases nano-roughness, and favors osseointegration. When placing dental
implants in poor bone quality sites or with immediate loading protocol anodized Ti6Al4V dental
implants should be preferred.
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1. Introduction

The contact between blood and titanium surface is the first phenomenon to occur during implant
placement. It induces the fibrin clot formation, which plays a crucial role in implant osseointegration [1].
Since it has been reported that implants surface properties can modulate the extension of the
above-mentioned fibrin network [2,3], they have to be considered among the factors that influence the
early phase of osseointegration [4].

Several authors have evaluated the chemical and morphological features of implant surfaces [5-9]
and their interaction with all blood components [10,11].

As soon as blood comes in contact with the titanium implant surface, the host plasma proteins
are adsorbed on it [9,12]. As reported by Keselowsky [9], vitronectin, fibronectin and fibrinogen form
a biofilm on the implant surface which acts as a promoter of cell adhesion and activation. The quality
of this biofilm layer is influenced by the implant surface properties [13,14].

The role played by the adsorbed proteins is crucial in the healing process. It has been reported,
in fact, that fibrinogen initiates the acute inflammatory response which follows the implant placement,
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thus being actively involved in the bone healing process [15]. Moreover, fibrinogen, which together
with the protein cascade is activated by the contact between plasma and titanium surface [16-20],
is decisive for the fibrin activation which leads to the fibrin clot formation [21].

At the same time, in the injury site, the fibrin network supports the initial endothelial response
providing a transitory matrix [22]. Fibrin turnover is a very rapid process [23]: In a few minutes factor
XII induces the fibrin monomers polymerization which causes the creation of a tight structure [24].
The process starts with the formation of a thrombus on the biomaterial surface due to electric charges
transfer from the inactive fibrinogen to the above-mentioned surface [25]. The contact between
fibrinogen and titanium surface oxide film produces a junction by electronic transfer which improves
the blood compatibility of the titanium [25] and allows cells to interact with a blood-oxide-titanium
modified surface [26]. On the other hand, the surface roughness of the titanium is also significantly
related to the fibrin clot retention [27] and influences the cellular response. Cytoskeleton appears to
be highly sensitive to intermediate level of roughness [8]. Grit-blasted and acid-etched surfaces have
shown a higher percentage of bone-implant contact (BIC) in the early period (4 weeks) compared to
grit-blasted surfaces alone, although no statistically significantly difference has been found between
the groups after 12 weeks of healing [28]. However, grit-blasted and acid-etched procedures create
different roughness and oxide thickness [28]. It has been also demonstrated that BIC increases as
the surface become rougher [29,30]. Several studies [31-35] have reported a significant relationship
between BIC and oxide thickness of the titanium, thus highlighting the importance of titanium
oxidation treatments [36]. In particular, a better bone-implant surface reaction is allowed by an oxide
film thickness of 600-1000 nm [36]. Various methods have been introduced in order to modify
the surface oxide film properties and enhance the biocompatibility of titanium implants and the
osseointegration process. A number of studies have demonstrated that the modified surface oxides
improve the bone response, at least in animal models. However, the specific effects on bone response
are largely unknown [37-42].

Among all these methods, anodic electrochemical oxidation offers the opportunity to control the
oxide properties, which are strongly dependent on the electrochemical parameters chosen. The surface
topography at the ultrastructural level is the result of the field-assisted migration of ions throughout
the oxide film, while the thickness of the anodic oxide follows the Faraday’s Law [43]. The anodization
technique increases the surface roughness of titanium since it creates a thick oxide layer (1500 nm) [44],
with a crystalline phase consisting principally of anatase TiO; [45] and characterized by micro pores
and nanotube arrays [46,47]. This higher roughness, together with a lower water contact angle and
thus a wettability increase, results in a hydroxylated and hydrophilic surface which supports the
adhesion of suitable proteins [44] and enhances the early stage of osseointegration [48]. In other
terms, the anodization process is thought to improve the osteoblasts reaction responsible for the
osseointegration process between the titanium surface and the surrounding bone, thus providing
an accelerated bioactivity that may be recommended for early loading [49,50].

From this perspective, the aims of this study were to investigate the fibrin clot extension associated
to the contact angle, the micro and nano-scale roughness between anodized and non-anodized titanium
surfaces and report the BIC rate of two narrow one-piece dental implants recovered due to fracture.

The null hypothesis under test considers that an anodized titanium surface shows no difference
in rate for bce, R,, © or BIC rather than a not anodized titanium surface.

2. Materials and Methods

2.1. Specimen Preparation

A total of 34 flat pentagonal grade V titanium specimens were used in the in-vitro study (Figure 1).
The samples surfaces were grit-blasted with 180 pm aluminum oxide at 0.25 MPa producing Ra values
ranging between 1.5 and 2.5 um and acid-etched in a solution of 5 N HNO3; and 5 N HF at room
temperature (20 °C) for 20 min. Half of these samples were subsequently subjected to the anodizing
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process in an anodizing bath heated at 20 °C of 1.0 M phosphoric acid under a current density of
5 mA-cm~2 due to a stabilized current of 80 V (Figure 1A). The anodizing process resulted in the
formation of an oxide layer with a thickness of 120 um in about 30 s.

Figure 1. Titanium specimens prepared for the in-vitro tests, after grit-blasting and acid-etching:
(A) test sample with anodization; (B) control sample without anodization.

2.2. Contact Angle (8) Measurement

8 samples were used to measure the contact angle (4 with anodized surface and 4 without).

Static contact angles, i.e., the angle between the tangent to a water drop and the solid surface at
the three-phase liquid-solid- air meeting point was used as a measure of the surface hydrophobicity.

A water drop of 10 pL of volume was placed over each one of the titanium specimens in the
same environmental conditions (Figure 2). The contact angle was measured using physiological
solution instead of distilled water in order to have the same osmolarity of the blood. The contact
angle was measured using Image] 1.47v (National Institute of Health, Bethesda, MD, USA), with the
plugin named drop analysis-LB-ADSA (Biomedical Imaging Group, EPFL, Lausanne, Switzerland).
The measuring procedure followed a preliminary image processing aimed at improving the contrast
of the image. The images obtained in RGB colors were split into the three channels: red; green and
blue, each one at 8 bit. Only the blue channel of the converted images was used for the drop analysis
measurement. The contact angle value for each specimen was calculated both for left and right side
and reported as a mean of each specimen.

A B

Figure 2. Contact angle measurement with 10 uL of physiological solution: (A) Test and (B) control.
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2.3. Blood Clot Extension (bce) Measurament

Blood clot extension was measured on 14 samples (7 with anodization and 7 without). 10 puL of
venous blood were drawn from one healthy adult male voluntary not on medication and with
a bleeding time between 2 and 3 min (Duke’s essay). A drop of whole blood without any addition of
anticoagulant was immediately placed onto the surface of each specimen using a syringe (Hamilton
Company, Bonaduz, Switzerland) (Figure 3). Contact time was 5 min at the room temperature;
specimens were then rinsed with saline solution and fixed in a buffered solution of 2.5% of
glutaraldehyde and paraformaldehyde at pH 7.2. Samples were washed again in a saline solution
and dehydrated in an ascending alcohol series of 50%, 70%, 90%, 95%, and 100%. After dehydration,
the specimens were treated in a critical point drying (Emitech K850 critical point dryer, Ashford,
Kent, UK), mounted onto aluminum stubs and gold coated with a Emitech K550 sputter coater.
SEM observations were carried out by the use of a SEM.

Figure 3. Blood clot test using 10 uL of human venous blood with contact time of 5 min at room
temperature. In (A) test specimen and control specimens in (B).

2.4. SEM Observation

Samples were observed using a scanning electron microscope (SEM) with LaB6 electron beam
(Zeiss EVO 50 XVP, Carl Zeiss SMY Ltd., Cambridge, UK), equipped with tetra solid-state back
scattered electrons (BSE) detector (Figure 4A,B). SEM operating conditions included 10 kV accelerating
voltage, 10 mm working distance and 1.2 mA probe current. The observations were made under
variable pressure at 0.75 torr using both BSE and SE1 detectors. Images were captured with a line
average technique using 20 scans. To measure the fibrin clot extension, images at 39 X magnification
were used. The fibrin clot was measured using Image] Software 1.47v.

To elude artifacts, the sample surfaces of the images were cut to eliminate the background.
The resampled images were converted in 32 bit, then, using the threshold function of the software,
the region of interest (ROI) related to the samples surface covered by the clot and free titanium surface
were selected. The ROIs were evaluated with the automatic function of the software in square pixel and
collected. Measurements were triplicate and reported as mean value (£SD) to control the variability of
the technique.
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Figure 4. SEM images at 10,000 x magnifications of the surfaces of the specimens and 3D surface
plots reconstructions; In (A) specimen of the test group with the characteristic nodular surface,
In (B) specimen of the control group without nodules; In (Aj,B1) the 3D reconstruction at mircoscale
level of the Ra values measured under CLSM of test and control specimens respectively; In (Az,B,) 3D
representation at nanoscale level of the Ra measured under AFM.

2.5. Surface Micro-Roughness (R;)

The surface roughness at micro-scale level was measured by a means of a Zeiss confocal laser
scanning microscope (CLSM) 510 META (Zeiss, Jena, Germany) using a 15-mV argon laser with
an objective of 40 x /1.2 numerical aperture (NA). A total of 6 samples were used (3 with anodization
and 3 without). For each specimen, three surface ROIs of 0.6 mm X 1.2 mm were evaluated.
The parameter measured was the average height deviation value (R,).

2.6. Surface Nano-Roughness (R;)

The surface roughness at nano-scale level was evaluated using an atomic force microscope (AFM)
MultiMode 8 AFM with a NanoScope V controller (Bruker, Santa Barbara, CA, USA). The AFM setting
included ScanAsyst Mode, which performs automatic image optimization, based on PeakForce Tapping™
technology, which directly controls the tip-sample interaction force. The scan size was set at 500 nm
with a scan rate of 1 Hz, and a peak force set point of 0.060 V for a Z range of 9.5 pm (Figure 4). A total
of 6 samples were used (3 with anodization and 3 without). Three surface ROIs of 5 um x 5 pm were
evaluated for each specimen. The parameter measured was the average height deviation value (R,).
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2.7. Implant Retrieval and Evaluation

Two one-piece narrow (2.8 mm x 10 mm) Ti6Al4V dental implants (KOS micro Implants,
IDHE Dental AG, Gommiswold, Switzerland), and the surrounding hard tissues were retrieved for
fracture of the implant neck. The not anodized implant (#36) fractured spontaneously after 8 months
of functional prosthetic loading, while the anodized implant (#35) remained in function two additional
months as support for the crowns (#35, #36), the fracture happened during the removal of the prosthesis.
Both implants were located in the posterior region of the mandible of the same patient: A 55-year-old
man. The implants were placed to support a long-term interim metal and resin fixed prosthesis made
by two connected elements. Both of these implants were stable before removal and did not suffer from
any infection; the implant fragments were removed using a 5 mm trephine bur (Henry Schein Krugg
Buccinasco, Milan, Italy).

2.8. Specimen Processing

The retrieved implants were carefully rinsed with a cold 5% glucose solution to remove blood
while maintaining the correct osmolarity (278 mOsm-L~1).

The specimens were fixed in 10% formalin solution at pH 7.2 for a week and dehydrated with
a graded series of alcohols. After pre-infiltration treatment in a 50% resin/alcohol solution (Technovit
7200 VLC, Kulzer, Hanau, Germany) for ten days, the specimens were easily removed from the trephine
burs with a custom-made plunger and completely embedded in 100% resin. Finally, the specimens
were oriented and polymerized. A high-precision cutting system (TT System, TMA2, Grottammare,
Italy) with a diamond disc was used to prepare two sections of the specimens along the longitudinal
axis of about 50 um in thickness. The sections were subsequently ground to about 30 £ 10 um under
running water with a series of polishing discs, followed by a final polish with 0.1 pm of alumina
particles in a microgrinding system (TT System, TMA2, Grottammare, Italy). The prepared sections
were not stained. The investigation was conducted in a circularly polarized light microscope (BX 51,
Olympus America, Center Valley, PA, USA) connected to a high-resolution digital camera (FinePix
S2 Pro, Fuji Photo Film, Tokyo, Japan). The histomorphometric analysis was performed by means
of a software package with image capturing capabilities (Image-Pro Plus 6.0, Media Cybernetics
Inc., Bethesda, Rockville, MD, USA) by a trained and experienced operator (IT). To ensure accuracy,
the software was calibrated for each experimental image using “Calibration Wizard”, a feature that
reports the number of pixels between two selected points of a micrometer scale. The linear remapping
of the pixel numbers in microns was used to calibrate the distance.

For the histomorphometric evaluation, the bone-to-implant contact (BIC%), defined as the amount
of mineralized bone in direct contact with the implant surface, was measured around all implant
surfaces in two sections obtained from each specimen. Means and standard deviations of BIC% were
calculated for each implant and then compared.

2.9. Statistics

Statistical analysis was performed by means of a computerized statistical package (Sigma Stat 3.5,
SPSS Inc., Ekrath, Germany). Data normality was tested with Shapiro-Wilk test and Q-Q normality
plots of the residuals, and equality of variance among the datasets by using a Levene test. All datasets
met the required assumptions for using parametric methods. Student t-test analysis was used to
evaluate the significance between groups, moreover, correlations between blood clot extensions, contact
angles, micro-roughness and nano-roughness were searched using a bivariate Pearson correlation test.
A p-value of <0.05 was considered statistically significant.
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3. Results

3.1. Contact Angle

Contact angle measured as 6 (17 = 8) showed a mean value (£SD) of 98.5° (+18.7°) for the test
group and 103° (£15.2°) for the control group. The difference between the two groups of —4.52°
appeared to be not statistically significant different (p = 0.507) (Figure 2).

3.2. Micro-Roughness

The micro-roughness measured as Ra value (1 = 6) was for the test group 6.0 (+1.5) m and for the
control group was 5.8 (£1.8) m. The difference between the two groups of 0.2 m was not statistically
significant different (p = 0.248) (Figure 4A1,B1)).

3.3. Nano-Roughness

The nano-roughness measured as R, value (1 = 6) was for the test group 286 (+£40) nm and for the
control group was 226 (£40) nm. The difference between the two groups of 60 nm was statistically
significant different (p = 0.029) (Figure 4A;,By).

3.4. Blood Clot Extension

The fibrin clot extensions measured as surface percentage in pixell? (n = 14). Showed for test group
a mean value (£SD) of 42.5% (422%) while the control group reported 26.6% (£13%). The difference
between the groups of 15.9% was statistically significant different (p = 0.049) (Figures 5 and 6).

Figure 5. SEM images at 39 x magnifications of the fibrin clot over the surfaces of the specimens.
In (A,A1) specimen of the test group with fibrin clot (**) in evidence respect to the titanium
pseudocolored in green in (A1). The square rectangle 1 imaged at 10,000 x magnifications in (Aj)
shows the fibrin filaments (white arrows) well organized and represented over the surface of the
test specimen. In (B,B1) specimen of the control group with fibrin clot (**) in evidence respect to the
titanium pseudocolored in green in (B1). The square rectangle 1 imaged at 10,000 x magnifications
in (By) shows a lesser amount of the fibrin filaments (white arrows) over the titanium surface of the
control specimen which appeared in part visible (*).
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Figure 6. Graphical representation of fibrin clot extension rate (%) versus surfaces. In (A) the test
group; in (B) the control group. The difference between groups was statistically significant (p = 0.049);
(two tailed unpaired t-test).

Under SEM observation the fibrin clot appeared not uniformly distributed over the surfaces of
the samples (Figure 5A1,B1). On some specimens of both groups the fibrin was organized as a single
spot with irregular shape, while in some other adhered with a multi-spot arrangement.

3.5. Bivariate Pearson Correlation

The linear relationships between variables and strength of linkage in a single value (R) between
—1 and +1 was used.

A positive R value expresses a positive relationship between the two considered variables while
a negative R value indicates a negative relationship. A correlation coefficient of zero indicates no
relationship between the variables at all. Contact angle to blood clot extension R = —0.263 (p = 0.6),
contact angle to nano-roughness R = —0.864 (p = 0.026), contact angle to micro-roughness R = 0.193
(p = 0.70) (Figure 7).

400 -

300
E Nanc-roughness
= 200 Pearson Correlation = -0.864
c P=0.026
©
Q
=

.
100 A
Contact angle
O T T

Test Groups

Figure 7. Graphical representation of bivariate Pearson correlation of the means (+SD) of the contact
angle (0) versus nano-roughness (R;) of the test group. The two variables appeared significantly
correlated (p = 0.026) with a negative coefficient (R = —0.864).
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3.6. Histomorphometric Evaluation

The anodized implant showed a prevalent lamellar bone in direct contact to the implant surface.
This aspect indicates a contact osteogenesis process in which osteoprogenitor cells colonize on the
implant surface and differentiate into mature, bone forming osteoblasts. Conversely, the control
group showed several areas of marrow spaces contacting the implant surface, indicating a distance
osteogenesis ingrowth of bone from the lateral walls of the osteotomy (Figure 8).

Figure 8. Histological sections of fractured implants under circularly polarized light microscope.
Original magnification 200x. In (A), the not anodized implant (control) after 8 months of load.
The bone (B) appear to be in contact with the implant surface (I) in several areas, as well as, several
marrow spaces (Ms) appear to be. An osteon (O) was present between two threads but in the context
of a bone trabecula. In general, the bone around not anodized implant was formed by a distance
osteogenesis: this is deduced from the presence of several marrow spaces contacting the implant
surface. Conversely, in (B) the anodized implant (test) after 10 months of load showed a lamellar bone
contacting completely the implant surface (I). An osteon (0) was visible between two threads. Finally,
in the anodized implant, the marrow spaces were not in contact with the implant. Around anodized
implants the bone was formed by a contact osteogenesis.

The BIC rate were 34.5% (£2.1%) for control implant (not anodized) and 52.5% (£2.1%) for test
implant (anodized). A statistically significant difference was present (p = 0.014) (Figure 9).
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Figure 9. Graphical representation of BIC rate (%) versus surfaces. The difference between test and
control groups was statistically significant (p = 0.014); (two tailed unpaired t-test).

4. Discussion

Within the limitations of the study, the null hypothesis under test was rejected for bce, BIC rate
and nano-R;, while we fail to reject the null hypothesis for 8 and micro-R,.

In fact, experimental results showed significant differences for fibrin clot extension between test
(anodized) and control (not anodized) specimens. At the same time, no differences were found for
contact angle and surface micro-roughness. Meanwhile, the nano-roughness showed a statistically
significant difference.

The bivariate correlation showed a significant negative strong contribution of nano-roughness
over the micro-roughness on fibrin clot adhesion to anodized titanium surface.

Despite this, there are many factors that are considered primary in the early phases of the healing
process around dental implants.

Osteogenic cell migration and de novo bone formation directly onto the implant surface require
a transitory matrix, mainly represented by the fibrin scaffold [1].

Within the limitation of the present single case report, the histological evaluation conserves the
power of an in-vivo human observation. Other interesting factors include the adjacent sites for test
and control implants on the same patient and the placement of the implants in normal function for
eight months with a definitive prosthesis. Anodized titanium surface, by promoting the blood clot
formation at early stage, improves at the same time the quality and the quantity of the osseointegration
process. The osteoprogenitor cells, in presence of a well-structured and spread transitory matrix
formed by the fibrin clot, can easily colonize the implant surface. After that, the cells can differentiate
into mature bone forming osteoblasts, starting the contact osteogenesis process, which improve the
BIC rate. Conversely, the control group showed a distance osteogenesis ingrowth since several areas of
marrow spaces were in contact to the implant surface.

It appears evident that wider is the extension of clot retained on implant surface, better is the
healing process and osseointegration; this could be particularly useful in clinical situations where
immediate loading is requested.

It is commonly accepted that the best implant surfaces are those which have the highest surface
energy, as they maximize blood contact and therefore healing. However, the results of this study could
suggest that there is no real relationship between the amount of surface energy and the binding of
fibrin onto implant surface.
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This could change the research approach on the new surfaces, focusing on the chemical
interactions and reactions to blood.

Both in vitro [38,39] and in vivo studies [40,41] reported a positive correlation between fibrin
adhesion and surface wettability. Fibrin adhesion is influenced by different parameters: Blood drop
extension, gravity of the drop, liquid characteristics, and thermodynamics aspects [42]. The most
used parameters to evaluate wettability are contact angle (water contact angle (WCA) and surface
tension. In liquids, increasing wettability causes decreasing surface tension [42]. Water surface tension
is ~73 mNm ! in contrast to blood that has 52 mN-m~! at 37 °C [44]. For this reason, Vogler ascribed
to adhesion tension (wetting tension) a more predictive role for biological responses than to other
surface energy parameters [45]. It has been reported that increased surface hydrophilicity increases the
likelihood of cell adhesion to the surface [46,47]. So, it results that surface chemistry is the dominant
parameter governing surface properties [48]. This suggests that implant surface could be conditioned
by different procedures. It is shown that both organic and inorganic impurities on the surface can
increase WCA, so different decontamination technique were investigated [49]. On titanium surface
exposed to UV-A treatment was observed a superhydrophilicity behavior, due to an increased anatase
surface modifications [50].

The Wentel theory says that a wetting liquid completely fills a rough surface topography, including
all indentations and pores [51]. Enhancing surface roughness increases hydrophilicity in hydrophilic
surfaces and hydrophobicity of hydrophobic surfaces.

The presence of numerous pores on the surface can show a hydrophobic behavior cause the air in
the pores don’t allow the liquid penetrations, it changes when pores are interconnected so the air can
exit, increasing the wettability [52,53]. For this reason, several conservation techniques of implants
have been introduced. Good wettability is demonstrated on titanium surface treated with nitrogen
after blasting-acid etching (BAE) procedures and stored in neutral saline solution [54,55].

It has been demonstrated as anodization increases the surface characterization, making titanium
samples rougher thanks to nanotube formation. This increases the surface energy and wettability
inducing a higher osteoblast adhesion and fibronectin and vitronectin cell expression [56].

In our study a significant negative strong correlation was identified between contact angle and
nano-roughness but not with micro-roughness. This could suggest that surface energy and wettability
may not be strongly correlated to a fibrin adhesion improvement.

This could induce better investigation on the chemical and electric surface characteristics of
implants and their relationships.

5. Conclusions

Within the limit of the study, the anodized titanium surface demonstrates a high ability to induce
the fibrin adhesion, which in turn correlate to the increase of nano-roughness. At the same time the
anodized dental implants, after 10 months of load, showed a BIC rate significantly higher compared to
non-anodized implants.
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