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Abstract: The chemical composition and the surface characteristics of dental implants are factors
that have a decisive effect on the osseointegration process. The surface characterization at the
compositional and topographic level of three dental implants available in the market was performed
with different surface treatments: (1) sandblasted and acid etched surface (SLA), (2) hydroxyapatite
(HA) and tricalcium phosphate (TCP) blasted surface (HA/TCP), and (3) HA-blasted and non-etching
acid washed surface (HA + AW). In addition, an in vitro viability study of MG-63 osteoblast cells was
performed with a JC-1 test. To complete the study, an in vivo study was conducted in New Zealand
rabbits. The study analyzed the histometric characteristics of the bone formed around the implants
at the level of area, volume, bone density, accumulated bone density, and bone-implant contact
(BIC). The rabbits were sacrificed at 6 weeks after implants were placed in the tibial metaphysis.
No statistically significant differences were observed at the level of cell viability or histometric
parameters between the different study groups (p > 0.05). SLA and HA/TCP surfaces were the ones
that obtained a higher BIC value. Taking into account the limitations of this study, it can be concluded
that the different implant surfaces analyzed favor a good bone response.

Keywords: dental implant surfaces; surface roughness; titanium; osseointegration; bone-implant
interface

1. Introduction

Since titanium (pure or in alloys) began to be used as a dental implant material in the 1960s,
the goal has been to improve the design and surface of the different implants available on the market,
as well as to develop new implants that improve osseointegration behavior, aimed at shortening
healing times or, for example, improving primary stability in the face of low-density bone.

Grade IV (commercially pure) or alloy titanium implants are used currently, with the Ti6Al4V
alloy being the most widely used one [1]. Pure titanium has high strength, while type V, thanks to
the presence of elements such as vanadium or aluminum, has high resistance to corrosion, fracture,
and fatigue [2—4]. On the other hand, titanium alloys have better mechanical properties than pure
titanium [5].

When machined surfaces have been compared with implants with surface treatment, it has been
observed that the latter improve osseointegration by increasing bone—-implant contact and therefore
long-term survival rate. This is partly due to the chemical composition of the implant and also to its
topographical characteristics [6].
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The main surface treatment methods are sandblasting, acid etching (there may be a combination
of the latter two techniques, which is called SLA), or anodic oxidation. [7].

Sandblasting is based on the use of particles to modify the surface of the implant. These are
generally medium grain particles (250-500 pm). The aim is to create surface macro-roughness [8].
Particles of alumina, titanium oxide, and corundum are usually used [9].

In recent years, the technique of sandblasting with resorbable bioceramic particles such as
hydroxyapatite, calcium phosphate, or tricalcium phosphate has been developed. They all replace the
use of alumina as a sanding material to prevent these particles from interfering with the subsequent
osseointegration of the implant [10].

On the other hand, double acid etching is based on the immersion of the implant for several
minutes in a mixture of acids, such as hydrofluoric acid with nitric acid or sulphuric acid with
hydrochloric acid [11]. It intends to create micro-roughness with a topography based on craters
and microwells on the surface of the implant [8,12]. This procedure allows not only to increase
the roughness, but also to remove surface contaminating particles derived from sandblasting or its
manufacture, as they may interfere (sometimes with a negative effect) with the osteoconductivity
of titanium, regardless of its proven biocompatibility [9]. Furthermore, it is also possible to create
homogeneous micro-roughness surfaces.

Other more recent techniques seek to unify several of these techniques, either through sandblasting
by combination of different bioceramic particles or through a subsequent acid etching. Although
there are approximately 1300 commercially available products with different surface treatments on
the market, the literature has not yet described the ideal surface to achieve the objectives mentioned
above [13].

This study aims to carry out two in vitro studies. The first one is a surface characterization and
the second one is a cell viability assay. Both studies were followed by an in vivo study. The working
hypothesis was the suitability of the different surfaces in terms of appropriate biocompatibility and
osseointegration, as they represent the surfaces used usually.

2. Materials and Methods

2.1. Dental Implant Groups

This study evaluates the morphological, roughness, and compositional characteristics of the
Osseonova® surface of the Zinic Ziacom® implant (Ziacom Medical S.L., Madrid, Spain), the surface
of the Tapered Screw-Vent Zimmer® implant (Zimmer Biomet, Warsaw, IN, USA), and the surface
of the Internal Implant RBT BioHorizons® implant (BioHorizons Implant Systems, Birmingham, AL,
USA) (Table 1).

Table 1. Description of the characteristics of the implants analyzed in the study.

[mplant Surface Name Group Name  Titanium Grade  Reference
Manufacturer
Ziacom SLA (sandblasted and acid etched) SLA Ti grade IV 7554011
RBT (resorbable hydroxyapatite and Ti-6AL-4V
BioHorizons tricalcium phosphate (HA and TCP) HA/TCP PGR4009
. (grade V)
blast texturing)
. MTX (microtextured, HA blast, Ti-6Al-4V
Zimmer and non-etching acid wash) HA + AW (grade V) TSVT4B8

The Osseonova® surface is derived from a treatment based on white corundum sandblasting
and double acid etching with hydrofluoric, sulphuric, and phosphoric acid. This technique allows to
create a textured surface through subtraction [14]. The Osseonova® surface is of the S.L.A. type [15],
and it is obtained from sandblasting with white aluminum oxide and acid etching with hydrofluoric,
sulphuric, and phosphoric acid. The RBT surface is based on surface sandblasting with resorbable
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materials such as hydroxyapatite and tricalcium phosphate. The MTX surface is based on sandblasting
with hydroxyapatite particles together with non-etching acid wash of the surface.

The cell viability on the surfaces of the study groups was then evaluated. Finally, the osseointegration
of the implants after their placement in an animal model was also studied.

A total of 24 samples were evaluated and eight implants from each group were analyzed.
The samples came in sealed containers and were opened with tweezers for analysis in our laboratory.

2.2. Surface Characterization

Surface characterization was based on the morphological, compositional, and roughness analysis
of the different surfaces. Morphological and compositional data was taken at the coronal third of the
implant, just below the microroughness of the collar implant. Roughness measurements were taken at
the apical third (Figure 1).

Figure 1. Regions of interest of the surface characterization. Morphological and compositional
measurements zone (blue rectangle). Roughness analysis zone (green rectangle).

2.2.1. Morphological Analysis of the Surface

A scanning electron microscope (FEI TENEO, Thermo Fisher Scientific Inc., Waltham, MA, USA) was
used to evaluate the morphology of the coronal third of implant surfaces under the following conditions:
2 kV accelerating voltage, secondary electron (SE) detector and 200%, 12,000x magnifications.

2.2.2. Elemental Analysis of the Surface

Two cervical areas of the implant root surfaces were analyzed by an energy dispersive X-ray
spectrometer (Octane Super, Edax-Ametek, Mahwah, NJ, USA) equipped with a silicon drift detector
(SDD), attached to the scanning electron microscope. Two areas of 130 um? were analyzed per implant
as follows: 20 kV accelerating voltage, 1.6 nA (check if it is correct) beam current, 200 s acquisition
period, 3000x magnification. We made ZAF correction for quantification. Implants were analyzed as
received without any treatment on their surfaces. The results of the analysis are expressed as means
and standard deviation of percentage mass content (wt.%).

2.2.3. Analysis of Surface Roughness

The roughness study was performed using the Sensofar S NEOX confocal-interferometric microscope
(Sensofar Medical, Terrasa, Spain). SensoMAP Premium 7.4 was the software used. Measurements were
made in accordance with ISO 25178: Geometric Product Specifications (GPS)-Surface texture: areal. A 20X
epi-illumination lens was used at a focal length of 4.50 mm and a green optical resolution of 0.32 pum.
Five measurements were made at the apical third of the implant, with a pre-established area dimension
of 0.87 x 0.66 mm? and a cut-off correction of 250 um (Figure 2). The quantitative roughness parameters
used were profile mean arithmetic roughness (Ra), mean square deviation of the roughness profile (Rq),
maximum peak height of the roughness profile (Rp), maximum valley depth of the roughness profile
(Rv) and three-dimensional surface roughness (Sa), three-dimensional root mean square height (Sq),
three-dimensional maximum peak height (Sp), three-dimensional maximum pit height (Sv). Mean and
standard deviation were expressed in microns (pum).
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Figure 2. Selected zone for roughness measurement at the apical third of the implant.

2.3. Cell Viability Study

For the cell viability study on the implant surface, a study of the mitochondrial energy balance of
a human MG-63 osteoblastic cell line (Sigma-Aldrich, St. Louis, MI, USA) was performed. This type of
cell is a good in vitro model, since it maintains its differentiated phenotype throughout progressive
subcultures. Cells were cultured in T75 vials until reaching 80% confluence. Implants were placed
horizontally inside each T75 culture flask, and cells were cultured on its surface at a density of
6 x 10° cells, submerging the implant in the culture medium. Likewise, a control culture was
established in Petri dishes at the same cell density. Cell death control was also performed to establish
the separation between viable and non-viable cells. Twenty-four hours after culture, each dental
implant surface was washed profusely with phosphate-buffered saline (PBS) to recover all attached
cells. Pellet was obtained by centrifugation and 500 uL of resuspended medium was analyzed.

Flow cytometry was performed with the MitoProbeTM JC1 kit (Invitrogen, Carlsbad, CA, USA).
The JC-1 reagent allowed to evaluate the red/green ratio of mitochondrial activity based on live
cells/dead cells. The analysis was performed in the Gallios flow cytometer (Beckman Coulter, Carlsbad,
CA, USA). Fluorescence measurements were made at 529 nm (green, diminished membrane potential
due to cell damage) and 590 nm (red, intact membrane potential). This test was performed to determine
changes in mitochondrial membrane potential during apoptosis processes as the membrane potential
is a key indicator of cell health or injury. The results were expressed in mitochondrial activity ratio.

2.4. Experimental Animal Study

The experimental study was carried out on the tibia of four New Zealand experimental rabbits
(age: 6 months; weight: 3.5-4 kg; sex: male). The rabbits were fed rabbit-maintenance Harlan-Teckland
Lab Animal Diets (2030).

The animals underwent surgery under general anesthesia at the Jestis Uson Minimally Invasive
Surgery Centre (Caceres, Extremadura, Spain). The experimental study was carried out according to
the guidelines of the US National Institute of Health (NIH) and to the European Directive 86/609/EEC,
which provides for the care and use of experimental animals for scientific purposes and under all local
rules and regulations. Researchers obtained the approval of the Ethics Committee of the Jests Uson
Minimally Invasive Surgery Centre (Caceres, Extremadura, Spain). As required by the legal framework
and due to ethical reasons, the minimum number of animals was used [16]. Comparable models on
histological and animal experimental methods have been published [17].

The animals were immobilized, and their vital signs checked. The anesthesia used for initiation
was intravenous midazolam (0.25 mg/kg) and propofol (5 mg/kg). By way of maintenance, the animals
inhaled 2.8% inspired sevoflurane gas. Analgesia was provided with ketorolac (1.5 mg/kg) and
tramadol (3 mg/kg).

After the rabbits were sedated and prepared, a 30 mm long incision was made on the inner side of
the tibia with a No. 15 scalpel blade. Epithelial, connective and muscular tissue was displaced using a
Prichard periosteal elevator. The surface of the tibia was washed with sterile saline solution while
maintaining aspiration.
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Three implants (one from each group) were placed in each tibia (six per animal), with 24 implants
in total. Implants were selected to be similar, with a diameter of 4 mm and a length of 8-9 mm. Implants
were placed 1.5 mm supracrestally, with 8 mm separation between them. The size of the implants was
selected based on available implants, always ensuring that their diameter allowed placement within
the tibia of the experimental animal (4 mm). The length (8 mm) was selected because it was 1 mm
larger than the diameter of the experimental animal’s tibia, and this ensured good primary stability.
The placement location of the implants in the different study groups in relation to the bone metaphysis
was alternated (proximal, middle, or distal locations) so that variations in blood supply and other
anatomical characteristics were distributed similarly in all the study groups (Figure 3).

Figure 3. Clinical images of implant placement in animal test rabbits.

After surgery, the rabbits were kept in stables for 6 weeks, after which they were slaughtered
with an overdose of intravenous potassium chloride solution. Subsequently, the radiological and
histomorphometric study of the samples was carried out.

2.5. Radiological Analysis

For the radiological study, a high-quality micro-CT machine was used (Bruker preclinical Albira
CT, Billerica, MA, USA). Micro-computed tomography (u-CT) is used to identify small objects with
high-quality spatial resolution. This type of tomography is the gold standard for measuring bone
microstructures and bone morphometry [18]. The 360° images were taken at maximum resolution
with a 45 kV radiographic projection and an acquisition time of 30 min for each image. 2D and
3D images with 8.3 voxels/mm were generated with Imaris v.9.5 software (Bitplane, Belfast, UK).
The variables analyzed were bone volume (mm?3), mean density of bone volume (Hounsfield Units,
HU), and accumulated density (Hounsfield Units, HU). The Bone]J software, which is an Image]J plug-in
(Wayne Rasband, National Institutes of Health, Bethesda, MD, USA), was used for image processing.
A segmentation of the area of interest was made on every image, a threshold was applied to eliminate
the “titanium” density and, later, the measurements of the three variables were made based on 1 mm
of surrounding bone around a 2 mm thick space of the tibial cortical bone in transversal cuts (Figure 4).

For the radiological analysis, the scheme represented in Figure 4B was followed, in which four
regions were defined, two adjacent to the implant (1 mm each) and two non-adjacent to the implant
(also 1 mm). For each of the variables, the results were calculated as the difference between the values
obtained in non-adjacent regions and the adjacent regions. Then, the mean and standard deviation
of each of the variables were calculated. This was made to avoid biases and compensate the strong
artifact in the implant area.



Appl. Sci. 2020, 10, 4790 60of 18

Imol nt Two 1 mm thick regions
pla 1 mm of non-adjacent adjacent to implant 1 mm of non-adjacent
region to implant — 1 ~ +— region to implant
I Bone
7 A

Possible Possible

bone e

growth growth 3D view 2D view

Figure 4. Analysis of bone growth by micro-computed tomography (u-CT). Schematic representation
of 3D view (A) and 2D view (B) of the dimensions of the surrounding bone that were analyzed.

2.6. Histomorphometric Analysis

Samples were stored in a 5% (pH 7) formaldehyde solution and after a first dissection, they were
kept immersed in 4% and 1% calcium formaldehyde solution. They were mounted on a plastic slide
with cyanoacrylate, sectioned at 100 pm thickness and grinded during 5 min with sand papers of
500, 800, and 1200 grain size using a generous amount of water to cool the sections (Donath and
Breuner method) [19]. After that, the samples were stained with 1% toluidine blue (TB) (Merck-Merck,
Darmstadt, Germany) (histological staining as an exploratory/preliminary way) with a pH of 3.6
adjusted with HCI at 1 N. To visualize the mineralized bone, the Von Kossa (VK) technique was applied
using silver nitrate (Sigma-Aldrich Chemical Co., Poole, UK). These stains were kept on the samples
at room temperature for 10 min, and they were then washed with distilled water and air dried [20].
Four specimens were obtained of each type of implant. Two histological variables were measured in
the Von Kossa images: bone area (mm?) (area of bone accounted for by a 1 mm crown around the
implant) (Figure 5) and bone-implant contact, BIC (%) also measured in the region of interest described
in Figure 5. BIC is a variable measured histomorphometrically and it helps to assess implant stability
based on the percentage of the implant surface covered by bone [6,21]. The images were processed
with Image] v1.50e (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). The mean
and standard deviation of both variables were obtained.

1mm surrounding
bone

Figure 5. Diagram of the area of bone analyzed: 1 mm around the implant surface.
2.7. Statistical Analysis

The comparison of the groups for each of the variables analyzed was performed using IBM SPSS
Statistics 24.0 software (International Business Machines Corp; New York, NY, USA). To check the
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normality in the variables, the Shapiro-Wilk test was carried out. The homogeneity of variances was
verified with Levene’s test. An analysis of variance (ANOVA) was used for those variables with
normality, while a Kruskal-Wallis test was carried out for those variables that did not follow normal

distribution. The Bonferroni correction was used for multiple comparisons. A statistical significance
level of 5% (p < 0.05) was established.

3. Results
3.1. Surface Characterization

3.1.1. Morphological Analysis of the Surface

The Ziacom implant with the SLA surface had a rough, porous surface with numerous cavities
caused by sandblasting and acid etching. Around the wells, edges were thin and sharp (Figure 6).

Figure 6. SEM images of the sandblasted and acid etched (SLA) surface 200x (left) and 12,000 (right).

The BioHorizons implant with sandblasted surface with hydroxyapatite and tricalcium phosphate
(HA/TCP) showed an irregular surface with some randomly distributed craters and more rounded
edges (Figure 7).

26/2017 HV et 2 O HRW  c
307 AM 2,00 kY ETD SE 0 n. ) . 000 x 34.5 um_0.40 nA

Figure 7. SEM images of the hydroxyapatite and tricalcium phosphate (HA/TCP) surface 200x (left)
and 12,000 (right).

The Zimmer implant with sandblasted surface with hydroxyapatite and later washed with
non-etching acid also revealed an irregular structure, with a greater number of craters, which were
also randomly distributed, protuberances, and veins (Figure 8).
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Figure 8. SEM images of the surface of HA blast, and non-etching acid wash (HA + AW) 200x (left)
and 12,000x (right).

3.1.2. Elemental Analysis of the Surface

The compositional analysis of the different surfaces analyzed was carried out (Table 2).
The percentage in elemental weight of hydrocarbon impurities detected on the surface of the HA/TCP
group was much higher than that detected in the other samples. Titanium content was higher than
90% in all samples, and the HA + AW group was the group with the lower percentage. No aluminum
was detected in the SLA group, due to the cleanliness of the aluminum particles from the sandblasting
after the double acid etching. Ca and P are impurities derived from manufacturing. Energy dispersive
spectroscopy analysis of the three surfaces is shown in Figures 9-11.

Table 2. Compositional analysis of implant surfaces.

Element Weight %
SLA HA/TCP HA + AW
CK 9.38 (10.23) 5.23 (8.05) 3.91 (1.02)
AlK - 4.60 (4.36) 3.82(0.19)
Ti K 89.53 (11.77)  84.76 (15.59) 92.27 (0.82)

SLA, sandblasted and double acid etched.
HA/TCP, hydroxyapatite and tricalcium phosphate blasted.
HA + AW, hydroxyapatite blasted and non-etching acid wash.

£L4UN]
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48K

24K

0K
0.0 13 2.6 39 5.2 6.5 7.8 9.1 104 117 13.0

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Super Det

Figure 9. Energy dispersive spectroscopy analysis of SLA.
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Figure 10. Energy dispersive spectroscopy analysis of HA/TCP.
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Figure 11. Energy dispersive spectroscopy analysis of HA + AW.
3.1.3. Analysis of Surface Profile

Profile and surface roughness parameters were measured (Tables 3 and 4). The SLA group had
the lowest roughness values and the HA/TCP group had the highest. All groups presented statistically
significant differences in their comparison (p < 0.05) except in the Sv variable.

Table 3. Profile roughness parameters.

Implant Ra (um) (SD) Rq (um) (SD) Rp (um) (SD) Rv (um) (SD)

SLA 0.82 (0.10) * 0.97 (0.08)*  1.84 (0.04) ** ** 2.21 (0.01)
HA/TCP 1.11 (0.03) * 145(0.10)*  2.97(0.28) * *** 3.38 (1.28)
HA + AW 0.97 (0.17) 1.18 (0.24) 2.07 (0.27) * ** 3.11 (0.62)

*, **, *#** There are significant differences between the pairs of values identified by the same number of asterisks.

Table 4. Three-dimensional surface roughness parameters.

Implant Sa (um) (SD) Sq (um) (SD) Sp (um) (SD) Sv (um) (SD)

SLA 0.76 (0.01) ** **  0.97 (0.01) * ** 420 (0.12) * 4.62 (0.20) * **
HA/TCP  1.61(0.02)* ** 2,05 (0.01)* **  11.69 (1.48) * 9.35 (4.02) *

HA + AW 0.92 (0.07) * ** 1.21 (0.11) * ** 10.67 (7.27) 7.97 (0.68) **

*, #*, #** There are significant differences between the pairs of values identified by the same number of asterisks.
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The roughness profile is represented by peaks and troughs; however, topographic distribution is
different between the groups. The profile of the SLA group shows peaks and valleys in the 3—4 pm
range (Figure 12). In the case of HA/TCP, the profile is more irregular, with peaks in the 10-20 pm
range and troughs in the 4-5 pm range (Figure 13). In the case of HA + AW, the profile is more
regular but with deeper troughs in the 4-5 um range (Figure 14). 3D top-view roughness images were
obtained. Note that intervals between peaks and valleys differ between the three surfaces and, because
of that, scales are different. Amplitude scales are 0-8.5 microns for SLA, 0-24 microns for HA/TCP,
and 0-13 microns for HA + AW (Figure 15).

pm
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Figure 12. SLA surface profilometry.
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Figure 13. HA/TCP surface profilometry.
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Figure 14. HA + AW surface profilometry.
3.2. Cell Viability Study

A cell viability study was carried out based on the percentage of mitochondrial activity at 24 h,
seeding 6 x 10° cells/surface. The JC-1 reagent allowed to evaluate the red/green ratio of mitochondrial
activity based on dead cells/live cells (Figure 16). In the case of the SLA surface, a ratio of activity of
93.85 was obtained, 97.74 in the HA/TCP surface, and 96.49 in HA + AW. Mitochondprial activity was
high in the three surfaces, with HA/TCP being the one with higher ratio. No statistically significant
differences were observed between the three groups, nor with respect to the negative control group.
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Figure 15. Color map of surface roughness in SLA (left), HA/TCP (middle), and HA + AW (right).
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Figure 16. Balance of mitochondrial activity. (A) Negative control. (B) Positive control. (C) SLA.
(D) HA + AW. (E) HA/TCP.

3.3. Experimental Animal Study

Radiological analysis was performed using micro-computed tomography (Figures 17 and 18).
During this study, results obtained in relation to osseointegration indicated that radiological and
histological data were favorable to Ziacom implants for the five variables studied. The bone volume,
mean density, and accumulated density variables were higher in the SLA group, although not
significantly so with respect to the other two groups (Table 5).

To evaluate the bone area and BIC, a histomorphometric evaluation was performed 6 weeks after
implantation (Figure 19).

Regarding histological values, no significant differences were observed between the groups at
the area level. The HA/TCP group had the highest BIC value, not significantly different from the SLA
group. However, both groups were significantly different from HA + AW (Table 6).
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41 40 ¢

Figure 17. Computerized microtomography of two of the tibias analyzed, in which the different types
of implants used in the study are observed [1. HA/TCP (BioHorizons); 2. SLA (Ziacom); 3. HA + AW
(Zimmer)].

Non-adjacent region Adjacent region Ti-Implant Artifacts Adjacent region Non-adjacent region

Frame 1 Frame 45 Frame 95 Frame 178 Frame 134

Figure 18. Radiological analysis by CT imaging following implantation. The strong artefacts along the
screw axis made it impossible to analyze bone structures in these positions (i.e., frame 95). To avoid
biases due to this issue, results were calculated as the difference between the values obtained in
non-adjacent regions (i.e., frame 1) and the adjacent regions (i.e., frame 45).

Table 5. Bone structure analysis data obtained with the Imaris® software.

Mean SD

SLA 0.197 0.225

Volume (mm3) HA/TCP 0.129 0.242

HA + AW 0.009 0.007

SLA 642.00 149.14

Bone density (HU) HA/TCP 505.83 212.02

HA + AW 442.25 235.28
Accumulated SLA 4,806,900.00 5,857,115.70
density (HU) HA/TCP 1,862,223.17 3,282,273.12

HA + AW 233,098.00 225,000.53

Table 6. Data referring to the bone area and bone-implant contact (BIC).

Mean SD
SLA 2499 2026
Area (mm?) HA/TCP 3147 1978
HA + AW 1933 1022
SLA 40.6 * 17.77
BIC (%) HA/TCP 41.28 ** 11.26

HA + AW 27.60 * ** 9.62

*, ** There are significant differences between the pairs of values identified by the same number of asterisks.
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Figure 19. Histological image showing mineralized bone around the HA + AW implant. Von Kossa

stain, 5X magnification. The difference in the quantity of the surrounding bone (between left and right
sides) is due to the location of the implant in the most distal zone of the tibial metaphysis where bone is
thinner. This is an anatomical limitation because this bone has different thickness over its whole length,
being thicker on the proximal zone. This image is from a distal zone of implantation. To minimize
this effect in all groups, implant locations in the proximal, middle, or distal zones was alternating for
reducing this possible limitation/bias.

4. Discussion

This study evaluated the influence of the surface of three dental implants on the in vitro cellular
behavior and on animal osseointegration at the level of dimensions and bone density, as well as
bone-implant contact.

The detailed procedure with which this type of surface treatment is carried out is something
that manufacturers do not usually publish. Therefore, this type of surface is analyzed through EDS
compositional studies, roughness measurements, and morphological analysis of the surface with a
scanning electron microscope.

In the case of the Ziacom SLA surface, a three-dimensional surface structure with high peaks
and wide valleys was observed; this is highly effective in promoting blood activation, clot formation,
and growth factor release through platelet activation [22]. This type of surface could have an osteogenic
effect thanks to its different topographic characteristics at the micrometric and nanometric level, which
is similar to the osteoclastic resorption wells in bone [23].

Different manufacturers develop other types of surfaces. In the case of BioHorizons, the RBT®
surface is based on sandblasting with synthetic resorbable bioceramic particles, such as titanium dioxide,
hydroxyapatite, or tricalcium phosphate particles, to make the surface rougher [24,25]. The presence of
these particles, which some of them are naturally part of the mineral bone phase, seeks to improve and
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accelerate the osseointegration phase [10]. Traditionally, sandblasting has been done with alumina,
but there may be remains on the surface of the implant that hinder osseointegration, which is why
the sandblasting method with resorbable bioceramic materials emerged years ago [26]. Furthermore,
there is currently no consensus on this issue. While some authors argue that residual aluminum oxide
has no effect on osseointegration [27], some others argue that it could become impregnated at the
surface and hinder osseointegration. According to the published literature, this may be due to the
Al ions competition action to calcium during the healing of implant bed and therefore producing
inhibition of normal differentiation of bone marrow stromal cells and normal bone deposition and
mineralization [28,29].

The main reason for selecting resorbable ceramic particles is that they remain on the surface and can
absorb proteins such as fibrinogen and other serum proteins involved in platelet activation. The type of
structure observed in the SEM analysis showed a markedly irregular surface with sharp-edged craters.

Zimmer MTX® surface is based on the combination of HA-blasting, an acid wash without etching
and distilled water to remove material from sandblasting [30]. The observed surface showed an
irregular topography with multiple craters and veins. This surface treatment intends to unify the
benefits of both types of treatment (ceramic sandblasting and acid wash), although acid wash generates
a different surface than acid etching, which resulted in the lowest BIC value in our study.

Surface roughness is a factor with a decisive influence on the balance between bone formation
and resorption at the bone-implant interface, and therefore on its stability [31]. The profilometric
study revealed that the surface with the highest profile and surface roughness was the HA/TCP group.
According to the Albrektsson and Wennerberg classification, the HA/TCP group would show a surface
with moderate roughness (Sa: 1-2 um) and the other two groups would show minimum roughness
(Sa: 0.5-1 um). This moderate roughness is considered optimal to promote osseointegration [32].
Rp and Sp parameters are related to Ra and Sa and are important components in outstanding peaks
and valleys, which increase the average roughness value.

The fact that the HA/TCP surface has the highest roughness is due to the fact that it is only
sandblasted, which is the procedure that achieves the highest roughness. The other two groups (SLA
and HA + AW) have less roughness, which would be due to the etching or acid washing treatment.

Viability was evaluated on MG-63 osteoblastic cells, which are used commonly to carry out
this type of study [33]. A JC-1 test was performed to determine the mitochondrial activity ratio.
Although it is true that the rougher surfaces show greater adhesion, proliferation, and osteoblastic
differentiation [6,33], no statistically significant differences were observed at the level of cell viability
despite the differences in topography and surface roughness. All three surfaces are considered to
be biocompatible.

Implant stability depends on the bone density surrounding the implant as well as the bone-implant
contact [5]. This last factor is linked to the transition from primary to secondary implant stability,
obtained by the progression from a mechanical bond to the biological bond of new bone positioned on
the implant surface at the end of the osseointegration period, which was a 6-week period in our study.

The bone deposited on the surface irregularities of the implant and in the chambers that form
between the spirals of the implants matures and increases in volume and density through the formation
of a greater number of blood vessels after 4 weeks [34]. Our study is not a “chambers” type as we
used commercial implants, so new bone cannot be evaluated. Von Kossa stain is not able to detect new
bone but only mineralized bone which is one of the aims of the study. New bone could be seen weeks
before osseointegration, but this was not the goal of our study as it was evaluated after 6 weeks of
implantation, considering this point in time as the end of the osseointegration process.

According to the literature reviewed, the maximum percentage of bone-implant contact is
approximately 60%. Environmental contamination particles were detected on the EDS of the SLA
surface (calcium and phosphorus) [35]. This contamination is inevitable and may also be due to the
deposition of carbon impurities on the surface of the implant, which affects the complete adaptation
of the bone-implant surface [35,36]. However, in this study, the HA/TCP group presented a higher
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percentage of carbon (18.46%) and was also the one with the highest BIC. Conversely, the HA + AW
group obtained a significantly lower BIC value but with a carbon percentage of only 2.14%; it also had
the lowest percentage of titanium of the three groups (91.69%). It is therefore reasonable to think that
carbon accumulation did not have a determining influence, as has been observed in other studies [23].
In the same way, it can be stated that it did not influence either the cell viability or the bone variables
analyzed. Although, EDS may not prove to be the most suitable method for measuring hydrocarbon
impurities, X-ray photoelectron spectroscopy (XPS) should have been conducted.

The HA + AW group had significantly lower roughness than the other two groups, and its BIC
value was also the lowest of the three. These BIC values are in accordance with roughness results,
with HA/TCP and HA + AW being the groups with better profile and surface parameters (Ra, Rp, Rq,
Rv, Sa, Sp, Sq, and Sv). These parameters define the surface microtopography and the latter has a key
role in osseointegration [13], although some authors consider Sds and Sdr better options [37]. For this
reason, this is considered a limitation of the study, since these additional parameters offer a better
understanding of the surface microtopography.

These types of surfaces have often been compared in the literature. Fabbro et al. compared
commercially pure titanium implants with HA blasting and subsequent acid etching (HA + AE), which
were placed on mini pigs. BIC was analyzed in the coronal area. A total of 80.79% was obtained in the
SLA group and 83.53% in the HA + AE group, without statistically significant differences between
both [38]. These values are much higher than those obtained in our study, in which our comparable
surfaces obtained values of 40.6% (SLA) and 27.60% (HA + AW); a statistically significant difference
between both groups was observed.

Another study compared sandblasted surfaces with biphasic tricalcium phosphate (BCP) and
surfaces with SLA treatment on implants placed in rabbits. BIC was evaluated at 8 weeks and SLA
(=68%) was found to have a significantly higher BIC value than BCP (x47%). These authors explain
these results by the fact that BCP-type surfaces are not treated with acid etching and, therefore,
do not create a nanometer-scale topography, which would favor the adhesion and proliferation of
osteoblasts [23]. In our study, no statistically significant difference was observed between both groups
at the BIC level, as in other studies found in the literature [39—42].

Lukaszewska-Kuska et al. developed an in vitro study in which they compared titanium discs
with different treatments similar to those carried out in this study: SLA, HA/TCP, and HA/TCP + acid
etching. It is important to be cautious when comparing, since the latter group was sandblasted with
TCP and then acid etched, unlike our HA + AW group which only has sandblasting with HA and
washing with non-etching acid. As in our study, a viability test with MTS was carried out after 24 h.
No statistically significant differences were observed between the groups [43].

Differences found in BIC when compared to other studies may be due, among other factors, to the
fact that different animals are used (mini pigs, goats, dogs, or rats) whose bone characteristics may
not be similar. Furthermore, the site of implantation may vary from one study to another (more or
less trabecular or cortical area); therefore, comparisons between publications should be analyzed
with caution.

To assess the results of our study, the macrodesign characteristics of each type of implants must
also be integrated, although this has not been the primary objective of our study. For example, primary
or mechanical stability depends mainly on three factors: the surgical procedure applied (relationship
between the size of the implant and the surgical site prepared), bone density, and the design of the
implant at both a macro and microscopic level [44].

On the other hand, the different elements of the implant (neck, body, and apical region), in addition
to having the mission of procuring greater primary stability to the implant, are also involved in
promoting the transmission of masticatory forces in the most homogeneous and natural way possible,
as well as maintain a biological environment as compatible as possible with the function of dental
implants [45,46].
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Finally, the three groups showed good osseointegration according to the values obtained in terms
of dimensions and bone density. The SLA group showed higher values in terms of bone volume,
mean density, and accumulated density, although not significantly in comparison to the other two
groups. Similarly, no significant differences were observed between the groups at the area level. In this
sense, similar and good bone behavior can be observed in both pure titanium and alloy. In addition,
there was also agreement between the in vitro study of cell viability and the in vivo histometric and
bone density study.

5. Conclusions

This work evaluated the surface characteristics of several implants available in the market,
as well as in vitro cell viability and their effect on different bone variables such as bone density and
bone-implant contact. SLA and HA/TCP surfaces were the ones that obtained a higher BIC value.
In the in vitro cell viability study, no statistically significant differences between the groups were
observed. Likewise, no significant differences were observed at the level of volume, bone density,
accumulated bone density, or area.

It is important to consider cautiously the results obtained, since this in vivo study with animals was
carried out only during the osseointegration period (6 weeks) and parameters such as BIC could change
over time. Therefore, in order to have evidence, more studies are needed to extend the study time.
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