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Abstract: Implantoplasty is a mechanical decontamination technique that consists of polishing the
supra-osseous component of the dental implant with peri-implantitis. This technique releases metal
particles in the form of metal swarf and dust into the peri-implant environment. In the present in vitro
study, the following physicochemical characterization tests were carried out: specific surface area,
granulometry, contact angle, crystalline structure, morphology, and ion release. Besides, cytotoxicity
was in turn evaluated by determining the fibroblastic and osteoblastic cell viability. As a result, the
metal debris obtained by implantoplasty presented an equivalent diameter value of 159 µm (range
6–1850 µm) and a specific surface area of 0.3 m2 /g on average. The particle had a plate-like shape
of different sizes. The release of vanadium ions in Hank’s solution at 37 ◦ C showed no signs of
stabilization and was greater than that of titanium and aluminum ions, which means that the alloy
suffers from a degradation. The particles exhibited cytotoxic effects upon human osteoblastic and
fibroblastic cells in the whole extract. In conclusion, metal debris released by implantoplasty showed
different sizes, surface structures and shapes. Vanadium ion levels were higher than that those of the
other metal ions, and cell viability assays showed that these particles produce a significant loss of
cytocompatibility on osteoblasts and fibroblasts, which means that the main cells of the peri-implant
tissues might be injured.
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1. Introduction
Titanium (Ti) is a transition metal with a metallic color and high chemical stability.
Several metals, such as aluminum, vanadium, molybdenum, etc., can be added to Ti to improve its mechanical properties. Commercially pure (c.p.) Ti or Ti alloy are commonly used
in dental implants and orthopedics (joint replacement) due to their corrosion resistance,
biocompatibility, and mechanical properties [1]. Among the different Ti alloys, Ti6Al4V
is the most commonly used and is applied in a wide range of applications such as dental
implants, orthopedic prostheses, chemical industry, aerospace industry, etc. This alloy is
easy to manufacture and has excellent corrosion resistance and biocompatibility as a stable,
continuous, and inert oxide layer is established [2]. However, there are some concerns
related to the usage of Ti6Al4V in the long term. The first is that several studies report that
shear or wear debris from this alloy can trigger an inflammatory reaction that can lead
to osteolysis and loss of the prosthesis. Another issue of this alloy is of potential V ion
releasing, which can be toxic to the human body [3,4]. Besides, this alloy has some disadvantages such as low surface hardness, low fatigue strength, low wear properties and high
coefficient of friction [5]. Taking into consideration the above-mentioned disadvantages,
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other alloys such as Ti-Zr, Ti-6Al-7Nb or others have been proposed to overcome these
limitations, but there is still not enough long-term data [3,6].
Since Brånemark first described osseointegration [7], titanium (Ti) dental implants
have proven to be a predictable therapeutic option for rehabilitating edentulous or partially edentulous patients. Although the success rate of dental implants exceeds 94%
after 10 years [8], biological, mechanical, and esthetic complications may occur after oral
rehabilitation [9].
Mucositis and peri-implantitis are bacterial plaque-induced inflammatory conditions that affect the tissues surrounding dental implants [10]. Dissimilar to mucositis,
peri-implantitis is characterized by the presence of inflammatory signs with progressive
marginal bone loss [11]. The frequency of peri-implant disease is high, with a reported
prevalence of peri-implantitis of 12.8% at implant level and 18.5% at patient level [12].
Different surgical approaches, such as access surgery, resective surgery, regenerative surgery, or a combination of these, have been suggested for the treatment of periimplantitis [13]. After resective surgery, the rough surface of the implant may be exposed
to the oral environment. In these cases, implantoplasty (IP) has been described to decontaminate the supracrestal component of the implant, hinder bacterial adhesion and
facilitate hygiene [14]. Implantoplasty consists of polishing the implant surface that has
been uncovered by the loss of peri-implant bone height [15]. During IP there is a large
release of metal particles into the peri-implant tissue as a result of a drilling process. After
peri-implant surgery, often these metal particles cannot be completely removed from the
bone and mucosal tissue around the implant. Several studies suggest that Ti particles
released into the peri-implant tissue could trigger peri-implant bone loss [16–18]. Furthermore, Soto-Alvaredo et al. [19] found that Ti nanoparticles and ions exert a cytotoxic
effect upon human enterocytes and murine osteoblasts. However, the impact of such metal
debris released during IP on a living organism remains unclear.
Although IP has been used as a technique for mechanical decontamination of the
dental implant with peri-implantitis, the physicochemical and mechanical properties,
as well as the cytotoxicity of metal debris released during this procedure has not been
addressed in detail. Thus, it is crucial to analyze these properties of the Ti6Al4V particles
released during IP in order to understand the cellular and biological behavior of these
particles [20]. Indeed, there are still important parameters to be determined, for example
the specific surface area, nanoindentation or cytotoxic effects of such metal debris upon
osteoblasts and fibroblasts.
The main objective of this in vitro study was to analyze the physicochemical properties
of the metal debris released after IP of Ti alloy (Ti6Al4V) dental implants. In addition, as a
secondary objective, the cytotoxicity of these metal particles was evaluated by assessing
the cell viability of human fibroblasts and osteoblasts, as they are the main cells of the
peri-implant tissues.
2. Materials and Methods
2.1. Sample Preparation and Collection
Implantoplasty of 60 Ti6Al4V dental implants (Avinent Implant System S.L., Santpedor,
Spain) was carried out by the same investigator (J.T.-S.) following the drilling protocol
described in the study published by Costa-Berenguer et al. [21]. Using a GENTLEsilence
LUX 8000B turbine (KaVo Dental GmbH, Biberach an der Riß, Germany) under constant
irrigation, the surface was sequentially modified with a fine-grained tungsten carbide
bur (reference H379.314. 014 KOMET; GmbH & Co., KG, Lemgo, Germany), a coarsegrained silicon carbide polisher (order no. 9608.314.030 KOMET; GmbH & Co., KG, Lemgo,
Germany) and a fine-grained silicon carbide polisher (order no. 9618.314.030 KOMET;
GmbH & Co., KG, Lemgo, Germany). The samples were lyophilized to remove the water
from the metal debris released during IP. Once 10 g of Ti6Al4V powder was obtained,
the physicochemical characterization and cytotoxicity studies were carried out. Ti6Al4V
studied was Extra Low Interstitial (ELI) being in atomic percentage: 5.9% Al, 3.9% V,
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Fe < 0.03%, C < 0.01%, O < 0.01%, Ti balance. The chemical analysis was realized by
EDS microanalysis.
2.2. Specific Surface Area
The specific surface area analysis was carried out using ASAP 2020 equipment (Micromeritics, Norcross, GA, USA). Nitrogen was used as an adsorbate. The metal debris
obtained was degassed at 100 ◦ C under vacuum conditions (10 µm Hg). The specific
surface area was analyzed by applying mathematical calculations described by the BET
(Brunauer–Emmett–Teller) theory [22]. An analysis of the specific surface area was carried
out in triplicate.
2.3. Granulometry
The particle size of the metal debris was measured using the Mastersizer 3000 (Malvern
Panalytical, Malvern, UK). This unit uses the laser diffraction technique to measure particle
size by measuring the intensity of scattered light as a laser beam passes through the sample
of particles. This test was carried out in a wet medium, using ethanol as the liquid scattering
medium, and with the necessary amount of metal debris to bring the scattering obscuration
and the sample within the optimum range of 5% to 10%, which was finally adjusted to
7%. The particle size range that can be analyzed with this equipment is between 10 nm
and 3.5 mm. Mechanical and ultrasonic agitation methods (2500 rpm and 50% sonication,
respectively) were used to avoid possible agglomeration of the metal debris during the
particle size test.
To perform the particle size test, the refractive index of the Ti to be analyzed must be
specified. For this purpose, an X-ray diffraction test was carried out. The anatase phase
value was chosen, with a refractive index of 2.51.
2.4. Scanning Electron Microscopy
The morphology of the obtained particles was evaluated by scanning the electron microscopy (SEM) using the Phenom XL Desktop SEM microscope (PhenomWorld, Eindhoven,
The Netherland) with an accelerating voltage of 20 keV. The particles were placed on a
conductive adhesive carbon tape in order to improve the images.
2.5. Ion Release
The release of metal ions from the sample into the medium was evaluated according
to ISO 10993-12-2009 [23]. In accordance with the standard, a medium/powder ratio of
1 mL per 0.2 g of sample was used. A total of 3 samples (n = 3) were prepared for analysis
(10 mL of medium and 2 g of metal debris per sample). The liquid medium used for
ion release was Hank’s saline solution (Sigma-Aldrich, Co., Life Science, St. Louis, MO,
USA), which, being certified and commercially available, ensures homogeneity. The liquid
in contact with the metal debris was recovered and filtered through a filter of pore size
0.22 µm. For analysis, it was acidified with 2% nitric acid (HNO3 69.99%, Suprapur, Merck,
Darmstadt, Germany) to avoid precipitation of the metal ions prior to the measurement of
their concentration by inductively coupled plasma emission mass spectrometry (ICP-MS).
The samples were extracted at 5 timepoints: 1, 3, 7, 14 days and 21 days, as in similar
studies [24]. The samples were stored at 37 ◦ C in an incubator oven and were shaken
at 250 rpm with an inclination angle of 30◦ to avoid settling of the metal debris during
the assay and to ensure continuous exposure of all particles of the powder samples to
the medium.
The samples were analyzed by ICP-MS (Perkin Elmer Elan 6000, Perkin Elmer Inc.,
Waltham, MA, USA). This technique enables a. quantitative multi-elemental analysis with
an accuracy of 1 ppt for 90% of the elements of the periodic table.
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2.6. X-ray Diffraction
X-ray diffraction analysis was carried out with a diffractometer (XRD; D8 Advance;
Bruker, Karlsruhe, Germany) equipped with a germanium crystal and a Cu Kα anode. The
system was operated at 40 kV and 40 mA.
A total of 1 cm3 of metal debris was used for the analysis. Data were obtained between
◦
10 and 60◦ with a step size of 0.02◦ and time of 1 s per step. Phase determination and
identification was performed using DIFFRAC.EVA software (Bruker, Karlsruhe, Germany).
X-ray diffraction allows for the determination of crystalline structures, as well as the phase
of multiphase crystalline materials.
2.7. Tensiometry
Due to the characteristics of the sample, the possibility of analyzing the contact angle
by liquid sorption measurements using a Wilhelmy balance has been investigated. Under
normal conditions, with samples presenting a comparable capillary force between samples
(a certain homogeneity in the powdered material), this technique allows calculation of
the contact angle using the Washburn method [25]. According to this method, liquid is
extracted through capillary action. The mass increase in the tube, which is suspended
from a force sensor, is determined with respect to time during the measurement. If the
bulk metal debris is considered to constitute a capillary bundle, then the process can be
described by the Washburn equation as follows:
m2
c· ρ2 ·σ · cos θ
=
t
η

(1)

m = mass; t = sorption time; σ = surface tension of the liquid; c = capillary constant of the
powder; ρ = density of the liquid; θ = contact angle; η = viscosity of the liquid.
The constant c includes the number of microcapillaries and their mean radius; it also
depends on the nature of the powder and that of the measuring tube.
Sorption measurements of Ti metal debris were performed with a Krüss Processor
Tensiometer K100 (Krüss Scientific Instruments, Matthews, CA, USA) using a specific
accessory for sorption tests. Milli-Q water was used as the wetting liquid.
2.8. Cytotoxicity Assay
The cytotoxicity of the sample was evaluated by indirect exposure determination
according to ISO 10993-5 [26].
The cytotoxicity assays were performed in triplicate (n = 3), the samples studied being:
test sample (Ti6Al4V metal debris), positive control (cells seeded directly onto the plate),
and negative control: medium without cells.
The samples were handled aseptically throughout the assay. The cytotoxicity test
consists of evaluating the percentage cell survival of a known cell line when exposed
to the medium that has been in contact with a given material. In this case, an indirect
contact cytotoxicity test was performed according to the guidelines specified in ISO 10993-5
“Biological evaluation of medical devices”, part 5 “In vitro cytotoxicity tests”. To quantify
cytotoxicity, the cell survival rate, which indicates cytotoxicity if <70%, was calculated.
Since these metal particles are in contact with both bone and soft tissue, two human
cell lines were used: SAOS-2 osteoblastic (ATCC® HTB-85) and HFF-1 fibroblastic cells
(ATCC® SCRC-1041). The cells were stored with dimethyl sulfoxide as cryopreservative at
−180 ◦ C and were assayed bimonthly for the absence of mycoplasma.
Cells were cultured in a humidity-controlled incubator with 5% of CO2 supply. As
recommended by the manufacturer, McCoy’s Medium (Thermo Fisher Scientific, Waltham,
MA, USA) was used for SAOS-2 culture and Dulbecco’s Modified Eagle Medium (DMEM;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% Fetal Bovine Serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA), 1% L-glutamine (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific,
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Waltham, MA, USA) was used for HFF-1 culture. The medium was stored at 4 ◦ C, and the
supplements at −20 ◦ C.
The extracts were assayed according to Section 8.2 of ISO 10993-5. To do so, the
material was incubated in supplemented medium at a ratio of 1 mL per 0.2 g of sample, for
72 h at 37 ◦ C. Cells were seeded at a density of 2–104 cells/mL for 24 h before contact with
the sample extracts.
Cells were incubated for 24 h with undiluted extract (the whole extract without
dilution) and 1/2, 1/10, 1/100 and 1/1000 of diluted extract, using complete medium for
dilutions. Cells were inspected for adhesion and morphology before and after contact with
the extracts. Once the assay was completed, cells were lysed with Mammalian Protein
Extraction Reagent (mPER), and cell viability was assessed as lactate dehydrogenase
enzyme activity (LDH; Roche Applied Science, Penzberg, Germany). The viability was
calculated according to the manufacturer’s recommendations, measuring absorbance at
492 nm.
2.9. Statistical Analysis
Specific surface area was carried out in triplicate. Data were recorded using a Microsoft Excel spreadsheet (Microsoft® , Redmond, Washington, DC, USA) and subsequently
processed with the Stata 14 package (StataCorp® , College Station, TX, USA). Means and
standard deviations were calculated, except for the granulometry test, where the mode and
percentiles were used.
3. Results
3.1. Specific Surface Area
The samples of the metal particles showed specific surface area values ranging from
0.2 to 0.4 m2 /g (Table 1). This range is explained by the dispersion of the sizes of the metal
debris studied, as shown by the granulometry results.
Table 1. Results of the specific surface area of the sample of Ti6Al4V powder.
Assay

Specific Surface Area (m2 /g) (SD)

C

Correlation Coeficient

1
2
3

0.3893 (0.0212)
0.3550 (0.0316)
0.2441 (0.0165)

23.21
24.82
22.07

0.9998
0.9997
0.9998

Abbreviations: C = BET constant, SD = standard deviation.

3.2. Granulometry
As depicted in Figure 1, the particle distribution exhibited a Gaussian distribution,
typical of friction and machining processes. The equivalent particle diameter was 159 µm
(range 6–1850 µm) (Table 2).
3.3. Scanning Electron Microscopy
The morphology of the particles was irregular, exhibiting different particle sizes.
Scanning electron microscopy and X-ray energy dispersive microanalysis evidenced no
impurities within the Ti6Al4V metal debris, as well as the absence of any traces of abrasive
material or iron coming from the wear of the burs. Although there might be small amounts
of steel in the particles, they are undetectable with current means because of their scarcity.
This apparent absence of contamination might be due to the relative hardness of martensitic
stainless steel in comparison with titanium alloy, which keeps frictional damage to the steel
and steel wear to a minimum.
The metal debris had a flattened geometry with a “flake” shape and clear signs of
plastic deformation (Figure 2).
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Figure 1. Distribution of particle size of the metal debris after implantoplasty.
Table 2. Granulometry results of the Ti6Al4V powder.

Mode
10th percentile
50th percentile
90th percentile

Equivalent Diameter (µm)
152
61
159
433

3.3. Scanning Electron Microscopy
The morphology of the particles was irregular, exhibiting different particle sizes.
Scanning electron microscopy and X-ray energy dispersive microanalysis evidenced no
impurities within the Ti6Al4V metal debris, as well as the absence of any traces of abrasive
material or iron coming from the wear of the burs. Although there might be small amounts
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3.3. Scanning Electron Microscopy
The morphology of the particles was irregular, exhibiting different particle sizes.
Scanning electron microscopy and X-ray energy dispersive microanalysis evidenced no
impurities within the Ti6Al4V metal debris, as well as the absence of any traces of abrasive
material or iron coming from the wear of the burs. Although there might be small amounts
of steel in the particles, they are undetectable with current means because of their scarcity.
This apparent absence of contamination might be due to the relative hardness of martensitic stainless steel in comparison with titanium alloy, which keeps frictional damage to
the steel and steel wear to a minimum.
The metal debris had a flattened geometry with a “flake” shape and clear signs of
plastic deformation (Figure 2).
Finally, the micrographs exhibited slip bands, revealing the Widmanstatten plate microstructures of the Ti6Al4V alloy, indicating that the material absorbed a large deformation.
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Finally, the micrographs exhibited slip bands, revealing the Widmanstatten plate microstructures of the Ti6Al4V alloy, indicating that the material absorbed a large deformation.
3.4. Ion Release
Figure 3 shows the release curves of titanium (Ti), aluminum (Al), and vanadium (V)
ions into the liquid medium with Hank’s solution as a function of incubation time.
Comparatively, the release of Ti and Al ions was slower than that of V ions. Vanadium
ions exhibited rapid release in the first 24 h, while between day 1 and day 7 the release rate
slowed down, but then further increased between day 7 and day 21. The release of V ions
did not stabilize with incubation time; in contrast, Al ions showed a fairly constant release
rate between 0 days and 21 days. Finally, Ti ions showed a constant release between day 0
and day 7. Between day 7 and day 14 there was a slight increase in the release rate, and
between day 14 and 21 it was seen to have stabilized.
Figure 2. Scanning electron microscopy images under different magnifications; (a) ×50, (b) ×150.
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Vanadium is an element that favors the beta phase and is the phase that corrodes
most easily in the physiological environment. This is the reason for the high release of
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Figure 3. Titanium (Ti), Aluminum (Al), and Vanadium (V) ion release curve as a function of exposure time.

Figure 3. Titanium (Ti), Aluminum (Al), and Vanadium (V) ion release curve as a function of expoVanadium is an element that favors the beta phase and is the phase that corrodes most
sure time.

easily in the physiological environment. This is the reason for the high release of vanadium
into the environment.
3.5. X-ray Diffraction

The diffraction
3.5. X-ray
Diffraction spectrum of the analyzed metal debris is presented in Figure 4, plot8 of 13
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Karlsruhe, Germany) in conjunction with the international diffraction database “Joint
Committee on Powder Diffraction Standards” revealed the presence of two phases: one
corresponding to the Ti-Al alloy with reference (01-077-6855 Al3Ti17 Y0. 1) “Aluminum
Titanium” and the other corresponding to beta phase of the Ti6Al4V alloy. This might
reflect that the Ti6Al4V alloy studied presented two phases: the alpha phase with a majority in a percentage > 95% and the beta phase which was approximately 5%.
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Figure 4. X-ray diffraction spectrum of the metal debris.
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grade V dental implants, specifically on a Ti6Al4V alloy. Therefore, further studies are
required to reproduce our methodology using pure Ti dental implants or other types of
alloys such as Ti-Zr. On the other hand, although a previously described and published
milling protocol was used in the present study [21], numerous milling protocols have been
described in the literature for IP [27]. Therefore, not all possible waste products that are
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4. Discussion
The results of the physicochemical characterization indicate that the metal debris
released by implantoplasty exhibits different sizes and shapes and releases a greater amount
of V ions than Ti and Al ions. Furthermore, the cell viability assays showed this metal
debris to produce a significant loss of cytocompatibility in fibroblastic and osteoblastic cells.
However, as limitations, it must be pointed out that the analyses were performed on grade
V dental implants, specifically on a Ti6Al4V alloy. Therefore, further studies are required to
reproduce our methodology using pure Ti dental implants or other types of alloys such as
Ti-Zr. On the other hand, although a previously described and published milling protocol
was used in the present study [21], numerous milling protocols have been described in the
literature for IP [27]. Therefore, not all possible waste products that are released when the
technique is modified have been studied. Nevertheless, it should be noted that our results
suggest that the release of waste products from the milling burs was negligible.
Most of the current dental implants have a surface treatment to increase their roughness, thus increasing bone-implant contact and accelerating the osseointegration process [28]. However, these surface modifications also facilitate bacterial adhesion and deposition, causing biological complications, and moreover make it difficult to decontaminate the
implant surface when necessary. Indeed, the surface roughness of implants seems to have
an impact upon the progression of peri-implantitis and the size of the initial peri-implant
lesion [29]. Implantoplasty has been proposed in order to reduce this bacterial colonization,
since it eliminates the threads (macrosurface) and reduces surface roughness [30].
Several mechanisms of release of Ti particles and ions have been described in dental
implants: friction of the dental implant with the bone during placement, mechanical wear
caused by surface decontamination, corrosion caused by chemical agents or substance
released by bacteria or inflammatory cells [31–33]. Among the different decontamination
methods, IP is the technique that generates the greatest amount of metal debris, much of
which cannot be removed and remains within the soft tissues and bone after surgery [2].
The volume of metal particles released by implantoplasty depends on the amount of
dental implant surface exposed to the oral environment, as well as the number of implants
requiring IP [14,34,35]. A growing body of evidence suggests that Ti particles may influence
bone remodeling and play an important role in the development of peri-implant marginal
bone loss [16,31,32,36].
In the field of orthopedics and traumatology, total hip prostheses constitute a predictable rehabilitation treatment, with an 85% survival rate after a follow-up of 25 years [37].
Nevertheless, in the long term, the most common reason for failure is a periprosthetic
osteolytic reaction caused by metal particles released during wear and produced by friction
between the joint surfaces [38]. This condition is known as “metallosis” and can lead to
aseptic loss of the prosthesis [39,40]. In this scenario, the tissue surrounding the prosthesis
becomes filled with black particles resulting in large stains in the soft tissues, as well as in an
increased presence of metal ions in the blood. Management implies the removal of the prosthesis, cleaning of the damaged area and placement—if possible—of a new prosthesis [38].
Although the exact immunopathological mechanisms underlying this phenomenon remain
unclear, Obando-Pereda et al. [41] reported that macrophages in contact with detached Ti
particles, secondary to joint prosthesis wear, expressed increased levels of proinflammatory
cytokines (TNF-α, IL-1β, IL-6). These cytokines, as well as reactive oxygen species (ROS),
lysosomal enzymes or activation of the complement cascade, play an important role in
bone metabolism and in the long-term viability of joint replacements [37,40,42].
The specific surface area of the metal debris ranged from 0.2 to 0.4 m2 /g. These ranges
of values are normal due to the size dispersion observed in the SEM images. These metal
particles had a plate-like shape and exhibited a Widmanstatten pattern, indicating that the
material had absorbed a large deformation [5,43].
X-ray diffraction testing showed the metal debris to be composed of an alpha phase
corresponding to Ti-Al and a beta phase. This beta phase affords good mechanical properties to Ti and is generated by the presence of V [44]. In our sample, the release of Ti and
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Al ions was low and stabilized over time. However, the release of V ions was greater and
showed no signs of stabilization. This behavior of V has been observed in Orthodontics and
Traumatology [2,3,39,45,46] and could be explained by its binding energy and solubility.
The implications of this rapid release of V, without reaching saturation, remain unclear,
since toxicity studies in the human body are not easy to carry out. Even so, the release of
V ions is an undesired event, as it reflects degradation of the alloy. A recent systematic
review reported that when Ti6Al4V is affected by corrosion or wear, the release of V and
Al particles has a greater cytotoxic effect compared to commercially pure Ti [4]. However,
the amounts of V ions in our sample were relatively small (parts per billion [ppb]).
In fact, Ti-6Al-7Nb alloy was introduced in orthopedics and traumatology because it
was suggested that released V is toxic [3]. However, to date there is not enough clinical
evidence to confirm that V is harmful; as a result, Ti6Al4V alloys continue to be used in
both dentistry and traumatology. In this regard, it would be interesting to carry out a study
of animal models to ascertain the targets of Ti, Al and V ions and also to study their effect
with controlled doses.
The cell viability tests showed that in most dilutions the mean survival values were
above 70%, which means that the metal debris was not cytotoxic. However, there was a
significant loss of cytocompatibility in fibroblasts and osteoblasts in the non-diluted extract.
Recently, Barrak et al. [20] carried out an in vitro experiment in which they demonstrated
that the metabolic activity of human fibroblasts after exposure to metal debris from IP of
Ti6Al4V implants decreased after day 10. This phenomenon did not occur when fibroblasts
were exposed to Ti implants. Thus, although the evidence is scarce, clinicians should be
aware of the material from which the implant is made before performing IP.
Finally, it is important to highlight that the immune system responds differently
to different particle sizes of a given material [47]: large particles can be encapsulated
by a fibrotic capsule to isolate them from the medium; medium-sized particles can be
phagocytosed by macrophages and eliminated from the organism; small particles are not
identified by the immune system [48]. Therefore, considering the size of the metal debris
in our sample, all three responses can be expected.
5. Conclusions
Metal debris from implantoplasty presented an average equivalent diameter of 15 µm
(range 6–1850 µm) and a specific surface area of 0.3 m2 /g on average. The particles in
the studied sample were of plate morphology and presented different sizes. Furthermore,
the release of Ti and Al ions was low and became saturated after 21 days, while the V ion
release was considerably higher and did not seem to saturate during the study period.
Finally, the metal debris generated by implantoplasty produced a significant loss
of cytocompatibility in fibroblastic and osteoblastic cells in the undiluted extract, which
suggests that these metallic debris might damage the main cells of the peri-implant tissues.
Author Contributions: Conceptualization, J.T.-S., F.J.G. and M.Á.S.-G.; methodology, J.T.-S., F.J.G.
and M.Á.S.-G.; formal analysis, O.C.-F.; writing—original draft preparation, J.T.-S., F.J.G.; writing—
review and editing, M.Á.S.-G., E.V.-C., C.G.-E., F.J.G.; supervision, M.Á.S.-G.; project administration,
E.V.-C., C.G.-E., F.J.G.; funding acquisition, M.Á.S.-G., E.V.-C., C.G.-E., F.J.G. All authors have read
and agreed to the published version of the manuscript.
Funding: This study was supported by the Instituto de Salud Carlos III through project PI20/01596
(co-funded by the European Regional Development Fund [ERDF], a way to build Europe). The work
was also supported by the Spanish Government and the Ministry of Science and Innovation of Spain
by research projects RTI2018-098075-B-C21 and RTI2018-098075-B-C22 (co-funded by the European
Regional Development Fund [ERDF], a way to build Europe).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Materials 2021, 14, 6507

11 of 13

Acknowledgments: We thank CERCA Programme/Generalitat de Catalunya for institutional support. Dental implants were kindly provided by the Avinent Implant System, Santpedor, Spain.
Conflicts of Interest: Jorge Toledano-Serrabona has received no grants, personal fees, or non-financial
support. F Javier Gil reports grants from the Spanish government, European Union personal fees,
and non-financial support from Klockner Dental Implants (Barcelona, Spain). Octavi Camps-Font
has participated as co-investigator in clinical trials sponsored by Mundipharma (Cambridge, UK)
and Menarini Richerche (Florence, Italy). He also reports grants and non-financial support from
Avinent (Santpedor, Spain). Eduard Valmaseda-Castellón reports personal fees and non-financial
support from MozoGrau (Valladolid, Spain). He is the Director of the Avinent-University of Barcelona
research agreement (Càtedra UB-Avinent), with Avinent (Santpedor, Spain), and has received personal
fees from BioHorizons Ibérica (Madrid, Spain), Inibsa Dental (Lliça de Vall, Spain) and Dentsply
implants Iberia (Barcelona, Spain) outside the submitted work. In addition, Valmaseda- Castellón
has participated as an investigator in clinical trials sponsored by Mundipharma (Cambridge, UK)
and Geistlich (Wolhusen, Switzerland). Cosme Gay-Escoda reports grants, personal fees, and nonfinancial support from Mundipharma (Cambridge, UK) and Menarini Richerche (Florence, Italy).
María Ángeles Sánchez-Garcés reports grants, personal fees, and non-financial support from Nobel
Biocare, Zimmer and Menarini Richerche (Florence, Italy).

References
1.
2.

3.
4.
5.
6.

7.
8.

9.
10.

11.
12.
13.
14.
15.
16.
17.
18.

Markowska-Szczupak, A.; Endo-Kimura, M.; Paszkiewicz, O.; Kowalska, E. Are titania photocatalysts and titanium implants
safe? Review on the toxicity of titanium compounds. Nanomaterials 2020, 10, 2065. [CrossRef] [PubMed]
Costa, B.C.; Tokuhara, C.K.; Rocha, L.A.; Oliveira, R.C.; Lisboa-Filho, P.N.; Costa Pessoa, J. Vanadium ionic species from
degradation of Ti6Al4V metallic implants: In vitro cytotoxicity and speciation evaluation. Mater. Sci. Eng. C 2019, 96, 730–739.
[CrossRef] [PubMed]
Challa, V.S.; Mali, S.; Misra, R.D. Reduced toxicity and superior cellular response of preosteoblasts to Ti-6Al-7Nb alloy and
comparison with Ti6Al4V. J. Biomed. Mater. Res. A 2013, 101, 2083–2089. [CrossRef]
Willis, J.; Crean, S.J.; Barrak, F.N. Is titanium alloy Ti-6Al-4 V cytotoxic to gingival fibroblasts-A systematic review. Clin. Exp.
Dent. Res. 2021. [CrossRef]
de Castro, M.C.B.; Couto, A.A.; Almeida, G.F.C.; Massi, M.; de Lima, N.B.; da Sobrinho, A.S.; Castagnet, M.; Xiavier, G.L.; Oliveira,
R.R. The effect of plasma nitriding on the fatigue behavior of the Ti6Al4V alloy. Materials 2019, 12, 520. [CrossRef]
Brizuela-Velasco, A.; Pérez-Pevida, E.; Jiménez-Garrudo, A.; Gil-Mur, F.J.; Manero, J.M.; Punset-Fuste, M.; Chávarri-Prado, D.;
Diéguez-Pereira, M.; Monticelli, F. Mechanical characterisation and biomechanical and biological behaviours of Ti-Zr binary-alloy
dental implants. Biomed. Res. Int. 2017, 2017, 2785863. [CrossRef] [PubMed]
Brånemark, P.I.; Hansson, B.O.; Adell, R.; Breine, U.; Lindstrom, J.; Hallen, O.; Ohman, A. Osseointegrated implants in the
treatment of the edentulous jaw. Experience from a 10-year period. Scand. J. Plast. Reconstr. Surg. Suppl. 1977, 16, 1–132.
Moraschini, V.; Poubel, L.A.; Ferreira, V.F.; Barboza Edos, S. Evaluation of survival and success rates of dental implants reported
in longitudinal studies with a follow-up period of at least 10 years: A systematic review. Int. J. Oral Maxillofac. Surg. 2015,
44, 377–388. [CrossRef] [PubMed]
Pjetursson, B.E.; Heimisdottir, K. Dental implants-Are they better than natural teeth? Eur. J. Oral Sci. 2018, 126, 81–87. [CrossRef]
Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, P.M.; Chen, S.; Cochran, D.; Derks, J.; Figuero, E.;
et al. Peri-implant diseases and conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the Classification
of Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45, 286–291. [CrossRef]
Schwarz, F.; Derks, J.; Monje, A.; Wang, H.L. Peri-implantitis. J. Clin. Periodontol. 2018, 45, 246–266. [CrossRef] [PubMed]
Rakic, M.; Galindo-Moreno, P.; Monje, A.; Radovanovic, S.; Wang, H.L.; Cochran, D.; Sculean, A.; Canullo , L. How frequent does
peri-implantitis occur? A systematic review and meta-analysis. Clin. Oral Investig. 2018, 22, 1805–1816. [CrossRef]
Chan, H.L.; Lin, G.H.; Suarez, F.; MacEachern, M.; Wang, H.L. Surgical management of peri-implantitis: A systematic review and
meta-analysis of treatment outcomes. J. Periodontol. 2014, 85, 1027–1041. [CrossRef]
Monje, A.; Pons, R.; Amerio, E.; Wang, H.L.; Nart, J. Resolution of peri-implantitis by means of implantoplasty as adjunct to
surgical therapy: A retrospective study. J. Periodontol 2021. [CrossRef]
Figuero, E.; Graziani, F.; Sanz, I.; Herrera, D.; Sanz, M. Management of peri-implant mucositis and peri-implantitis. Periodontol.
2000 2014, 66, 255–273. [CrossRef]
Fretwurst, T.; Nelson, K.; Tarnow, D.P.; Wang, H.L.; Giannobile, W.V. Is metal particle release associated with peri-implant bone
destruction ? An emerging concept. J. Dent. Res. 2018, 97, 259–265. [CrossRef]
Albrektsson, T.; Canullo, L.; Cochran, D.; De Bruyn, H. “Peri-implantitis”: A complication of a foreign body or a man-made
“disease”. Facts and fiction. Clin. Implant. Dent. Relat. Res. 2016, 18, 840–849. [CrossRef]
Canullo, L.; Schlee, M.; Wagner, W.; Covani, U. International brainstorming meeting on etiologic and risk factors of peri-implantitis,
montegrotto (Padua, Italy), august 2014. Int J. Oral Maxillofac. Implants 2015, 30, 1093–1104. [CrossRef] [PubMed]

Materials 2021, 14, 6507

19.

20.
21.

22.
23.
24.

25.
26.
27.
28.
29.
30.
31.

32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

12 of 13

Soto-Alvaredo, J.; Blanco, E.; Bettmer, J.; Hevia, D.; Sainz, R.M.; López Cháves, C.; Sánchez, C.; Llopis, J.; Sanz-Medel, J.; MontesBayón, M. Evaluation of the biological effect of Ti generated debris from metal implants: Ions and nanoparticles. Metallomics
2014, 6, 1702–1708. [CrossRef]
Barrak, F.N.; Li, S.; Muntane, A.M.; Jones, J.R. Particle release from implantoplasty of dental implants and impact on cells. Int. J.
Implant. Dent. 2020, 6, 1–9. [CrossRef] [PubMed]
Costa-Berenguer, X.; García-García, M.; Sánchez-Torres, A.; Sanz-Alonso, M.; Figueiredo, R.; Valmaseda-Castellón, E. Effect of
implantoplasty on fracture resistance and surface roughness of standard diameter dental implants. Clin. Oral Implants Res. 2018,
29, 46–54. [CrossRef]
Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of gases in multimolecular layers. J. Am. Chem. Soc. 1938, 60, 309–319. [CrossRef]
ISO. 10993-12, Biological Evaluation of Medical Devices. Part 12; Sample Preparation and Reference Materials; ISO: Geneva,
Switzerland, 2012.
Gutensohn, K.; Beythien, C.; Bau, J.; Fenner, T.; Grewe, P.; Koester, R.; Padmanaban, K.; Kuehnl, P. In vitro analyses of diamondlike carbon coated stents: Reduction of metal ion release, platelet activation, and thrombogenicity. Thromb. Res. 2000, 99, 577–585.
[CrossRef]
Washburn, W.E. The dynamics of capillary flow. Phys. Rev. 1921, 17, 273–283. [CrossRef]
ISO. 10993-5, Biological Evaluation of Medical Devices. Part 5. Test for In Vitro Cytotoxicity; ISO: Geneva, Switzerland, 2009.
Ramel, C.F.; Lüssi, A.; Özcan, M.; Jung, R.E.; Hämmerle, C.H.F.; Thoma, D.S. Surface roughness of dental implants and treatment
time using six different implantoplasty procedures. Clin. Oral Implants Res. 2016, 27, 776–781. [CrossRef]
Wennerberg, A.; Albrektsson, T.; Chrcanovic, B. Long-term clinical outcome of implants with different surface modifications. Eur.
J. Oral Implantol. 2018, 11, 123–136.
Berglundh, T.; Gotfredsen, K.; Zitzmann, N.U.; Lang, N.P.; Lindhe, J. Spontaneous progression of ligature induced peri-implantitis
at implants with different surface roughness: An experimental study in dogs. Clin. Oral Implants Res. 2007, 18, 655–661. [CrossRef]
Lang, N.P.; Berglundh, T.; Heitz-Mayfield, L.J.; Pjetursson, B.E.; Salvi, G.E.; Sanz, M. Consensus statements and recommended
clinical procedures regarding implant survival and complications. Int. J. Oral Maxillofac. Implants 2004, 19, 150–154.
Schliephake, H.; Sicilia, A.; Al Nawas, B.; Donos, N.; Gruber, R.; Jepsen, S.; Milinkovic, I.; Mombelli, A.; Navarro, J.M.; Quirynen,
M. Drugs and diseases: Summary and consensus statements of group 1. The 5th EAO Consensus Conference 2018. Clin. Oral
Implants Res. 2018, 29, 93–99. [CrossRef] [PubMed]
Mombelli, A.; Hashim, D.; Cionca, N. What is the impact of titanium particles and biocorrosion on implant survival and
complications? A critical review. Clin. Oral Implants Res. 2018, 29, 37–53. [CrossRef]
Delgado-Ruiz, R.; Romanos, G. Potential causes of titanium particle and ion release in implant dentistry: A systematic review. Int.
J. Mol. Sci. 2018, 19, 3585. [CrossRef] [PubMed]
Bianchini, M.; Galarraga-Vinueza, M.; Bedoya, K.; Correa, B.; de Souza Magini, R.; Schwarz, F. Implantoplasty enhancing
peri-implant bone stability over a 3-year follow-up: A case series. Int. J. Periodontics Restor. Dent. 2020, 40, 1–8. [CrossRef]
[PubMed]
Ramanauskaite, A.; Schwarz, F.; Sader, R.; Becker, J.; Obreja, K. Assessment of peri-implant tissue dimensions following surgical
therapy of advanced ligature-induced peri-implantitis defects. Int. J. Implant. Dent. 2021, 7, 4. [CrossRef]
Suárez-López del Amo, F.; Garaicoa-Pazmiño, C.; Fretwurst, T.; Castilho, R.M.; Squarize, C.H. Dental implants-associated release
of titanium particles: A systematic review. Clin. Oral Implants Res. 2018, 29, 1085–1100. [CrossRef]
Holt, G.; Murnaghan, C.; Reilly, J.; Meek, R.M.D. The biology of aseptic osteolysis. Clin. Orthop. Relat. Res. 2007, 460, 240–252.
[CrossRef] [PubMed]
Marshall, A.; Ries, M.D.; Paprosky, W. How prevalent are implant wear and osteolysis, and how has the scope of osteolysis
changed since 2000? J. Am. Acad. Orthop. Surg. 2008, 16, 1–6. [CrossRef] [PubMed]
Lohmann, C.H.; Singh, G.; Willert, H.-G.; Buchhorn, G.H. Metallic debris from metal-on-metal total hip arthroplasty regulates
periprosthetic tissues. World J. Orthop. 2014, 5, 660–666. [CrossRef] [PubMed]
Bitar, D.; Parvizi, J. Biological response to prosthetic debris. World J. Orthop. 2015, 6, 172–189. [CrossRef]
Obando-Pereda, G.A.; Fischer, L.; Stach-Machado, D.R. Titanium and zirconia particle-induced pro-inflammatory gene expression
in cultured macrophages and osteolysis, inflammatory hyperalgesia and edema in vivo. Life Sci. 2014, 97, 96–106. [CrossRef]
Pajarinen, J.; Kouri, V.P.; Jämsen, E.; Li, T.F.; Mandelin, J.; Konttinen, Y.T. The response of macrophages to titanium particles is
determined by macrophage polarization. Acta Biomater. 2013, 9, 9229–9240. [CrossRef] [PubMed]
Farokhzadeh, K.; Edrisy, A. Fatigue improvement in low temperature plasma nitrided Ti6Al4V alloy. Mater. Sci. Eng. A 2015,
620, 435–444. [CrossRef]
Malinov, S.; Sha, W.; Guo, Z.; Tang, C.C.; Long, A.E. Synchrotron X-ray diffraction study of the phase transformations in titanium
alloys. Mater. Charact. 2002, 48, 279–295. [CrossRef]
Gioka, C.; Bourauel, C.; Zinelis, S.; Eliades, T.; Silikas, N.; Eliades, G. Titanium orthodontic brackets: Structure, composition,
hardness and ionic release. Dent. Mater. 2004, 20, 693–700. [CrossRef]
de Morais, L.S.; Serra, G.G.; Albuquerque Palermo, E.F.; Andrade, L.R.; Müller, C.A.; Meyers, M.A.; Elias, C.N. Systemic levels of
metallic ions released from orthodontic mini-implants. Am. J. Orthod. Dentofac. Orthop. 2009, 135, 522–529. [CrossRef] [PubMed]

Materials 2021, 14, 6507

47.

48.

13 of 13

Dalal, A.; Pawar, V.; Mcallister, K.; Weaver, C.; Hallab, N.J. Orthopedic implant cobalt-alloy particles produce greater toxicity and
inflammatory cytokines than titanium alloy and zirconium alloy-based particles in vitro, in human osteoblasts, fibroblasts, and
macrophages. J. Biomed. Mater. Res. A 2012, 100, 2147–2158. [CrossRef]
Baranov, M.V.; Kumar, M.; Sacanna, S.; Thutupalli, S.; van den Bogaart, G. Modulation of immune responses by particle size and
shape. Front. Immunol. 2021, 11, 607945. [CrossRef]

