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Según la organización Grand View Research, 

en 2019 éste tuvo un valor de 4.6 billones de dólares y se espera que crezca un 9 % 

entre los años 2020 y 2027. Europa es el continente que tiene la mayor actividad en 

este campo seguido de América del Norte y Asia. Las principales marcas comerciales 

del sector son Straumann ® , Nobel Biocare ® (Kloten, Suiza), Dentsply 

® (Charlotte, EE.UU.), BioHorizons Camlog ®  y ZimVie ® 

 (14). Sin embargo, existen más de 600 sistemas de implantes dentales en el 

mundo de los cuales al menos 350 se comercializan en España.  
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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.

Keywords: dental implant; peri-implantitis; titanium alloy; implantoplasty

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 im-
prove 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 disad-
vantages 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 par-
tially 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 condi-
tions 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, regenera-
tive surgery, or a combination of these, have been suggested for the treatment of peri-
implantitis [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 de-
contaminate 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]. Fur-
thermore, 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 coarse-
grained 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 (Mi-
cromeritics, 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 mi-
croscopy (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

t
=

c· ρ2·σ· cos θ

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 Mi-
crosoft 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 0.3893 (0.0212) 23.21 0.9998
2 0.3550 (0.0316) 24.82 0.9997
3 0.2441 (0.0165) 22.07 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.

Equivalent Diameter (μm)

Mode 152
10th percentile 61
50th percentile 159
90th percentile 433

Figure 2. Scanning electron microscopy images under different magnifications; (a) ×50, (b) ×150.

Finally, the micrographs exhibited slip bands, revealing the Widmanstatten plate mi-
crostructures 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.
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Figure 3. Titanium (Ti), Aluminum (Al), and Vanadium (V) ion release curve as a function of exposure time.

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 vanadium
into the environment.

3.5. X-ray Diffraction

The diffraction spectrum of the analyzed metal debris is presented in Figure 4, plotting
the number of beads (peak intensity) versus the diffraction angle (2θ).

Figure 4. X-ray diffraction spectrum of the metal debris.

The analysis of diffraction spectrum results using DIFFRAC.EVA software (Bruker,
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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3.6. Tensiometry

There were major differences in the sorption profiles between samples (Figure 5).
These differences were indicative of the heterogeneity in particle sizes, which can signifi-
cantly alter the capillary constant of the powder between different samples. Therefore, the
determination of the contact angle using this technique seems unreliable.

Figure 5. Representation of the sorption (mass increase as a function of time) of several samples of
metal debris.

3.7. Citotoxicity

The results of the cytotoxicity assay expressed as percentage cell survival are illustrated
in Figure 6. The cells were adherent to the substrate plate and presented the expected
morphology, both before and after incubation with the extracts.

Figure 6. Cell viability in the cytotoxicity assay with HFF-1 (a) and SAOS-2 cells (b). * means that the sample had cytotoxic
effect (loss of <70% of cell viability).

The sample under evaluation exhibited cytotoxic effects in both the osteoblastic and
fibroblast cell assays in the whole extract (undiluted). In contrast, it showed no cytotoxic
effects in the diluted extracts (1/2, 1/10, 1/100 and 1/1000). In these solutions, the results
do not present statistical differences significance with p < 0.1. Osteoblasts and fibroblasts
are the main cells in the peri-implant tissues. The loss of cytocompatibility is a bad indicator
since it suggests that the main cells of the peri-implant environment may be compromised.
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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 rough-
ness, thus increasing bone-implant contact and accelerating the osseointegration pro-
cess [28]. However, these surface modifications also facilitate bacterial adhesion and deposi-
tion, 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 pre-
dictable 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 pros-
thesis, 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 proper-
ties 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.
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Abstract: In the field of implant dentistry there are several mechanisms by which metal particles
can be released into the peri-implant tissues, such as implant insertion, corrosion, wear, or surface
decontamination techniques. The aim of this study was to evaluate the corrosion behavior of
Ti6Al4V particles released during implantoplasty of dental implants treated due to periimplantitis.
A standardized protocol was used to obtain metal particles produced during polishing the surface
of Ti6Al4V dental implants. Physicochemical and biological characterization of the particles were
described in Part I, while the mechanical properties and corrosion behavior have been studied
in this study. Mechanical properties were determined by means of nanoindentation and X-ray
diffraction. Corrosion resistance was evaluated by electrochemical testing in an artificial saliva
medium. Corrosion parameters such as critical current density (icr), corrosion potential (ECORR), and
passive current density (iCORR) have been determined. The samples for electrochemical behavior
were discs of Ti6Al4V as-received and discs with the same mechanical properties and internal stresses
than the particles from implantoplasty. The discs were cold-worked at 12.5% in order to achieve
the same properties (hardness, strength, plastic strain, and residual stresses). The implantoplasty
particles showed a higher hardness, strength, elastic modulus, and lower strain to fracture and a
compressive residual stress. Resistance to corrosion of the implantoplasty particles decreased, and
surface pitting was observed. This fact is due to the increase of the residual stress on the surfaces
which favor the electrochemical reactions. The values of corrosion potential can be achieved in
normal conditions and produce corroded debris which could be cytotoxic and cause tattooing in the
soft tissues.

Keywords: implantoplasty; corrosion; Ti6Al4V; dental implant

1. Introduction

Commercially pure titanium (cp-Ti) dental implants are an excellent long-term treat-
ment for patients with loss of teeth [1,2]. Titanium dental implants (grades I–IV) are highly
reliable due to their excellent biocompatibility, mechanical characteristics, and good cor-
rosion resistance among other properties [3–5]. However, the strongest grade of cp-Ti
has a strength of around 550 MPa. Thus, other Ti alloys have been designed in order to
increase the strength of the material [6]. Among Ti alloys, Ti6Al4V is an (α-β)-type that
has been used in a wide range of biomedical purposes. This alloy was first developed in
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the aerospace industry but due to its strength, excellent corrosion resistance, and biocom-
patibility, Ti6Al4V is used for biomedical purposes. There are some concerns related to
the long-term use of Ti6Al4V that have already been outlined in Part I. In summary, as
Ti6Al4V contains toxic V, different alloys such as Ti6Al7Nb, Ti5Al2.5Fe, or TiZr have been
proposed to replace it. However, Ti6Al4V remains the most widely used Ti alloy for dental
implants [6–11].

During the lifespan of dental implants, different complications may occur, such as
mechanical, biological, and esthetic complications. Biological complications comprise
peri-implant mucositis and peri-implantitis, both of which are inflammatory conditions
induced by bacterial plaque affecting the surrounding tissues of the dental implant [12].
Nonsurgical treatment is sufficient for remission of peri-implant mucositis, but not for
peri-implantitis. Depending on the type of peri-implant defect and the location of the
implant, surgical treatment of peri-implantitis includes access surgery, resective surgery,
peri-implant bone reconstruction (regenerative or reconstructive surgery), or a combination
of these techniques [13]. Additionally, it is crucial to decontaminate the dental implant
surface during nonsurgical or surgical procedures to stop the progression of the disease [14].

Metal particles of different sizes are generated during the insertion of the dental
implant, bed preparation, machining to improve the fit of the prothesis, or wear due to
micro-movements or functional loading. Dental implant surface decontamination pro-
cedures to treat peri-implantitis can also generate metallic debris. These particles with
high internal energy can have significant physiological effects, such as an increase of the
corrosion rate with generation of debris, cytotoxicity, an increase of ion release, and loss
of the mechanical properties (such as crack nucleation on the surface resulting in fatigue).
These aspects might disrupt osseointegration and cause bone resorption (osteolysis), which
in turn may lead to implant loss [15–19].

The oral medium, with the presence of saliva, bacteria, other metals and alloys, and
chemical products (for instance, gastric acids caused by reflux) causes corrosion and
chemical degradation of titanium or titanium alloys [20–24].

In addition to the negative impact on biology, the corrosion of dental alloys can also
have a negative effect on function and aesthetics of a dental prosthesis. The process of
corrosion generates corrosion debris, which contains toxic oxides and metal ions that may
not only come into contact with the surrounding cells and tissues, but also be distributed
throughout the body through the bloodstream, intestines, and urinary excretory system.
Debris particles of 10 to 20 μm in size have been detected at the implant surface and
peri-implant bone, and distant sites, such as the lungs, liver, and kidney [25].

The purpose of this investigation was to describe the mechanical characteristics, in-
cluding hardness and elastic modulus, as well as to determine the corrosion behavior of
metal particles originating from commonly used Ti6Al4V (grade 5) following an implan-
toplasty procedure. This aims to raise the awareness of potential detrimental effects of
implantoplasty and the need for careful consideration of the dental implant material.

2. Materials and Methods

2.1. Sample Preparation

A single investigator (J.T-S.) carried out implantoplasty procedures of Ti6Al4V dental
implants following the drilling protocol described in previous publications [26,27]. A
GENTLEsilence LUX 8000B turbine was used (KaVo Dental GmbH, Biberach, Germany)
with water irrigation at room temperature. The surface was sequentially modified with a
fine-grained tungsten carbide bur and two polishers, as described in Part I. The sample
was lyophilized to rid the water from the metal particles.

2.2. Scanning Electron Microscopy and Mechanical Properties

As previously described in Part I, the morphometry of the sample was determined by
scanning electron microscopy Neon 40 Surface Scanning Electron Focused Ion Beam Zeiss
(Zeiss, Oberkochen, Germany).
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A hardness analysis was performed using nanoindentation techniques on the dental
implant (base material) and on the metal debris released during implantoplasty in order to
determine the hardness and elastic modulus of both types of samples.

The nanoindentation assays were carried out using “Berkovich” type indenters, with
a constant strain rate of 0.05 s−1. An iMiro (KLA tencor, Kavo dental, Bibereach, Germany)
and a Nanoindenter XP (MTS Systems Corporation, Oak Ridge, TN, USA) were used for
the determination of implant hardness and metal debris hardness, respectively.

Residual stresses were measured with a diffractometer incorporating a Bragg–Brentano
configuration (D500, Siemens, Wurzburg, Germany). Following Bragg’s law, the superficial
stress can be calculated since X-Ray diffraction allows the determination of the interplanar
distance before and after shot blasting. After the treatment, the interplanar distance is
smaller due to the residual compressive stress. The differences in the interatomic distance
allow calculation of the microstrain, which, together with the elastic modulus of the mate-
rial, allows the determination of the residual stress on the surface. The measurements were
done for the family of planes (213) which diffracts at 2θ = 139.5◦. The elastic constants of Ti
at the direction of this family of planes are EC = (E/1 + υ) (213) = 90.3 GPa [1,4]. Eleven ψ

angles, 0◦, and five positive and five negative angles were evaluated. The position of the
peaks was adjusted with a pseudo-Voigt function using appropriate software (WinplotR,
free access online), and then converted to interplanar distances (dψ) using Bragg’s equation.
The dψ vs. sen2ψ graphs and the calculation of the slope of the linear regression (A) were
done with appropriate software (Origin, Microcal, Northampton, MA, USA). The residual
stress is: σ = EC × (1/d0) × A; where d0 is the interplanar distance for ψ = 0◦ [28,29].

2.3. Corrosion Test

We prepared ten discs of as-received material (Ti6Al4V) used for machine dental
implants (control group), and ten discs of Ti6Al4V cold-worked at 12.75% in order to
achieve the same mechanical properties (hardness, strength, Young’s modulus, strain, and
residual stress) as the implantoplasty particles (experimental group). This preparation was
aimed at increasing the reliability of corrosion tests. The tests with the particles included in
polymeric non-conductive resin showed high deviations due to the lack of continuity of
the metallic particles.

All discs were polished metallographically following the recommendations defined
in ASTM E3-17 Standard [30]. Discs were treated with sequential grinding steps with
different SiC papers. Samples were finally polished using diamond suspension paste with
an average particle grain size ranging from 5 μm to 0.1 μm (Buehler S4, Lake Bluff, IL,
USA). All metallic disc-shaped samples were smoothed up to a surface roughness (Ra)
under 20 nm. Upon completion of the polishing phase, samples were cleaned with a
sequential immersion bath protocol using cyclohexane, isopropanol, ethanol, deionized
water, acetone, and ethanol for 15 min for each cleaning bath, together with sonication (all
chemicals from Sigma Aldrich, St. Louis, MO, USA).

Testing sample groups were kept individually immersed in a constant volume of
electrolyte for all the measurements. Hank’s solution was selected as an electrolyte in order
to simulate the real oral physiological conditions (composition displayed in Table 1). The
electrolyte was kept under constant pH (6.7) during the experiments and was completely
renewed for each experiment [31–33].

Table 1. Chemical composition of Hank’s solution.

Chemical Composition NaCl KCl Na2HPO4 KH2PO4 CaCl2 MgSO4 NaHCO3 C6H1206

Concentration (mM) 137 5.4 0.25 0.44 1.3 1.0 4.2 5.5

The tests were carried out with a PARSTAT 2273 potentiostat (Princeton, San Jose, CA,
USA) controlled by Voltamaster 4 software (Radiometer Analytical, Villeurbanne Cedex,
France). For both open circuit potential measurement tests and potentiodynamic tests, the
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reference electrode was a calomel electrode (saturated KCl), with a potential of 0.241 V
versus the standard hydrogen electrode. The auxiliary electrode was a platinum electrode
with a surface of 240 mm2 (Radiometer Analytical, Villeurbanne, France). All the tests were
carried out in a Faraday box to avoid the interaction of external electric fields. Figure 1
depicts the experimental setup of corrosion test.

Figure 1. Three-electrode electrical circuit setup diagram and equipment used in electrochemical tests.

2.3.1. Open Circuit Potential

Tests were carried out for 5 h for all samples, taking measurements every 10 s. The
potential was considered to be stabilized when the variation of the potential was less
than 2 mV for a period of 30 min as indicated by the ASTM G5 and ISO 10993-5:2009
standards [31,32]. This test determines the susceptibility to corrosion (lower potential). The
data and E–t curves were obtained using the PowerSuite program with the PowerCorr-
Open circuit function.

2.3.2. Potentiodynamic Tests (E-log(I) Curves)

Cyclic potentiodynamic polarization curves were obtained for the two study groups
following the ASTM G5 standard. In this test, a potentiostat induced a variable electrical
potential between the sample and the reference electrode, thus causing the passage of a
current between the sample and a platinum counter electrode.

Before starting the test, the system was allowed to stabilize by means of a 5 h open-
circuit test. After stabilization, a potentiodynamic test was made by means of a cyclic
potential range from −0.8 mV to 1.7 mV at a rate of 2 mV/s. These parameters were
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analyzed by the PowerSuite program, using the PowerCorr-Cyclic Polarization function to
obtain the curves.

The parameters obtained were corrosion current density (iCORR (μA/cm2)) and cor-
rosion potential (ECORR (mV)) (value at which the current density changes from cathodic
to anodic). The ECORR and ICORR parameters were obtained by extrapolation of the Tafel
slopes [34–39].

According to ASTM G102-89, obtaining these values allows calculation of the po-
larization resistance (Rp) by means of the Stern–Geary expression (Equation (1)) and the
corrosion rate (CR in mm/year) (Equation (2)).

RP =
βaβc

2.303(βa + βc)tcorr
(1)

CR = K1
tcorr

ρ
EW (2)

where K1 = 3.27 × 10−3 mm-g/μA-cm-year, the density of Titanium is 4.54 g/cm3, EW is
its equivalent weight (11.98, it is considered dimensionless in these calculations), βa is the
slope of the anodic curve, and βc the cathodic one. The polarization resistance indicates
the resistance of the sample to corrosion when subjected to small variations in potential.

2.4. Statistical Analysis

Statistically significant differences were studied using statistical software (MinitabTM
13.1, Minitab Inc., State College, PA, USA). ANOVA tables with multiple comparison Fisher
tests were calculated. The level of significance was established at p-value < 0.05.

3. Results

3.1. Scanning Electron Microscopy and Mechanical Properties

As described in Part I, the metal particles obtained by implantoplasty had a flattened
geometry similar to “flakes” with clear signs of high levels of plastic deformation resulting
from chipping (Figure 2a). The microstructure observed by SEM of the particles showed
slip bands revealing the Widmanstatten plate microstructures of the Ti6Al4V alloy, which
indicates that the Ti6Al4V absorbed a large deformation before the fracture. Figure 2b
shows the Widmanstatten microstructure with very thin lamellar structure. The plates
consisted of alpha phase plates (white phase) surrounded by beta phase plates (dark
phase) [40–42].

Figure 2. Scanning electron microscopy images: (a) implantoplasty particles at ×500 magnification; (b) microstructure of
Widmanstatten of the particles.
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Arrays of 100 indentations (10 × 10) at different loads (1, 2, 3, and 4 mN) were carried
out. The hardness and elastic modulus were constant for the entire range of applied loads,
as shown in Table 2. The subsequent tests (hardness and modulus of elasticity maps) were
carried out at a constant load of 2 mN. At this load, the tip defect (rounding due to the
manufacturing process) and the effect of polishing-induced roughness are negligible. Thus,
the minimum load that allowed a correlation of mechanical properties and microstructure
was selected. No statistically significant differences are obtained in the hardness and
elastic modulus.

Table 2. Results of the nanoindentation test performed on dental implants.

Load, (mN)
Mean Indentation Depth

(SD), (mm)
Mean Hardness

(SD), (GPa)
Mean Elastic Modulus

(SD), (GPa)

1 89 (3) 2.89 (0.39) 70 (5)
2 135 (5) 2.28 (0.44) 66 (4)
3 168 (5) 2.56 (0.33) 65 (3)
4 197 (5) 2.53 (0.33) 65 (3)

Abbreviations: SD = Standard deviation.

Figure 3 depicts the hardness and elastic modulus distribution maps measured on the
inner and threaded surface areas of the dental implant. The comparative analysis of the
results showed a joint increase in the hardness and elastic modulus of the base material
(Ti6Al4V) in the threaded area as a consequence of the plastic deformation generated
during the machine manufacturing processes.

The hardness and elastic modulus curves as a function of penetration depth deter-
mined for the metal debris is depicted in Figure 4.

Implantoplasty increased the hardness and elastic modulus of the metallic particles.
This fact is explained because milling increased the density of dislocations and defects
in the metallic structure until the implant fractured in the form of particles. As expected,
the estimation of the maximum deformation decreased, as did the toughness of the metal.
Residual stresses were negative in all cases, which indicates a state of compression [43,44].
Thus, the implantoplasty procedure markedly increased residual stresses.

Additionally, cold-working of 12.5% Ti6Al4V resulted in mechanical properties which
are very similar to those of implantoplasty (Table 3). Thus, cold-worked disks simulate
implantoplasty particles in corrosion studies. In all mechanical parameters the differences
between control disks and either implantoplasty particles or cold-worked disks were
significant (p < 0.05).

3.2. Corrosion Behavior

Open corrosion potential (EOCP) is determined when a steady state is reached by the
corrosion system, in which both cathodic and anodic reaction rates are properly balanced
with no net current flow to or from the electrode. EOCP value is used to qualitatively
indicate the corrosion behavior of a material. It can be categorized as active or passive
according to its sign [3,25].

Table 3. Mechanical properties obtained by nanoindentation and residual stresses determined by X-ray diffraction. The
results are expressed as mean and standard deviation.

Samples
Mean Hardness

(SD), (GPa)
Mean Elastic Modulus

(SD), (GPa)
Max Deformation

(SD), (%)
Residual Stress

(SD), (MPa)

Control disks 2.2 (1.2) 65 (5) 12.0 (4.2) −27.5 (5.2)
Implantoplasty 4.8 (1.0) 80 (9) 4.3 (0.7) −354.5 (35.2)

Ti cold-worked disks 4.7 (0.9) 78 (8) 4.0 (0.5) −345 (3.2)
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Figure 3. (a) Map of hardness distribution of the inner zone of the screw; (b) map of elastic modulus of the inner zone of the
screw; (c) map of hardness of the surface zone of the screw; (d) map of elastic modulus of the surface of the screw. Figure 3
shows the hardness and elastic modulus curves as a function of penetration depth determined for the metal debris. Particles
were harder than the base material. On the other hand, the elastic modulus of the metal debris showed values similar to
those of the implant thread area.

The open circuit potential (EOCP) results are shown in Figure 5. The potential was
on average −204 ± 18 mV for the titanium control, and −254 ± 3 mV (p < 0.05) for the
implantoplasty samples, which means that the titanium control was more electropositive
and in consequence more resistant to corrosion.
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Figure 4. Hardness and elastic modulus curves according to indentation depth of the particles of the
metal debris.

Figure 5. Curves of the open circuit potential for (a) control disc (original dental implant material) and (b) implantoplasty
samples.

The potentiodynamic curves of the two groups can be observed in Figure 6. For all
the calculated parameters, the control group presents better corrosion resistance than the
implantoplasty group, since its ECORR, ICORR, and corrosion rate values are lower, and the
polarization resistance is higher (Table 4). However, these differences were not statistically
significant for any of the mentioned parameters (0.15 > p > 0.05).

Table 4. Electrochemical parameters obtained by the potentiodynamic curves for control and implantoplasty samples. The
results are expressed as mean ± standard deviation.

Samples
Ecorr (SD),

(mV)
Icorr (SD),
(μA/cm2)

Polarization Resistance (SD),
(Ω/cm2)

Corrosion Rate (SD),
(mm/Year)

Control disks −340 (32) 0.051 (0.007) 1.14 × 106 (1.13 × 105) 4.44 × 10−4 (6.69 × 10−5)
Implantoplasty −368 (47) 0.055 (0.005) 1.07 × 106 (1.77 × 105) 4.77 × 10−4 (4.46 × 10−5)
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Figure 7 depicts SEM images of the surfaces of the control and implantoplasty samples
after the corrosion tests. We selected areas with machining failures, as they are the most
susceptible to corrosion. The implantoplasty sample showed much pitting, while the
control sample did not display any [45].

Figure 6. Potentiodynamic curves for (a) control disc (original dental implant material) and (b) implantoplasty samples.

Figure 7. SEM images of the surfaces for (a) control and (b) implantoplasty samples.

4. Discussion

Nanoindentation tests showed that the Ti alloy particles released during implanto-
plasty were harder, probably because of the stress applied during machining. It is well
known that when metals are machined, defects in the crystalline lattice (band slips, twins,
etc.) increase the hardness of the metal to the point that it cannot absorb any more energy,
causing it to fracture at those points. Thus, these particles have much higher internal energy
than the rest of the dental implant. According to the laws of thermodynamics, the system
will release energy to become more stable, thus being more susceptible to ion release and
electrochemical corrosion; this can therefore generate non-cytocompatible oxides [3,46].
Although there is no joint wear in the oral cavity, implantoplasty milling procedures could
have a similar effect, though not sustained over time. Moreover, in the oral cavity, the
presence of physiological fluids and the stable temperature of 37 ◦C favor this release of
ions and corrosion of the metal [28,47]. Therefore, from our point of view, the main risk
of implantoplasty lies in the high internal energy of the metal debris produced, since its
reaction with the medium to lower the internal energy levels may give rise to products or
interactions that exert a toxic effect upon the physiological environment, especially human
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cells. Thus, implantoplasty might imply a risk of contributing to implant failure over the
medium to long term, due to aseptic bone loss. In addition, there is also the risk of an
increased presence of metal ions in the blood and their accumulation in the organs.

As Figure 6 shows, there was an almost constant open corrosion potential over immer-
sion time in all samples. This signal (potential) stability would be directly connected to
the formation of a stable Ti-oxide passive film. The stability of this inert film depends to a
great extent on the volume of the newly formed oxides. In the case of Ti6Al4V, there are
several mixed oxides (non-stoichiometric oxides), which should be as similar as possible to
the volume of the base-metal in order to protect the metal against corrosion. This happens
particularly in the case of Ti6Al4V for all the oxides, which usually leads to the formation
of thin passive films with oxide volumes very similar to the bulk metals, thus avoiding the
formation of both cracks and breaks. This favors the passivity of the Ti6Al4V alloys.

The corrosion potential results showed that control samples had the best corrosion
resistance. As-received material presented a good chemical homogeneity as a result of
an annealing treatment. In addition, annealing heat treatment avoided the presence of
residual stresses, which could favor the decrease of galvanic corrosion rates. Implantoplasty
samples showed a decrease in the corrosion potential due to the residual stress induced
by the machining process on the surface [48–52], which can enhance surface chemical
reactivity during corrosion testing. As is well-known, machining of metals induces residual
stresses, which can affect their in-service behavior, as reported by several authors [53,54].
Corrosion resistance can be decreased by the presence of other metallic elements in the
mouth (stainless steel wires for orthodontics, metals for prosthetics, among others) that
create a galvanic current due to the presence of metallic materials of different chemical
natures in an electrochemical environment.

Finally, SEM shows the presence of pitting on the implantoplasty surfaces due to the
electrochemical corrosion. Pitting involves a loss of material due to corrosion by migration
of the reaction product (titanium oxide) into the physiological medium. These particles
released as a result of corrosion and/or mechanical treatment, such as implantoplasty, have
been reported to cause adverse allergic reactions in humans [55,56]. There is no current
consensus on the risk of particles released from titanium implants; however, it would be
prudent for clinicians to carefully evaluate the materials used, and to consider the potential
risks of the individual constituents of any alloy, as indicated in this study.

5. Conclusions

Ti6Al4V alloy particles released during implantoplasty show higher hardness, me-
chanical strength, and compressive residual stresses than the control Ti6Al4V material.
These compressive residual stresses, due to the higher deformation in the Widmanstatten
microstructure, cause inferior corrosion behavior, both in open circuit potential and in
potentiodynamic tests. Implantoplasty particles present worse corrosion resistances than
the original samples, since their ECORR, ICORR, and corrosion rate values are higher, and
the polarization resistance is lower. The increase in corrosion rate due to implantoplasty
causes pitting on the surface of the samples. Clinicians must be aware of the potential risks
of implantoplasty, because of a reduction in corrosion resistance among metal particles
released during this procedure.
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Peri-implantitis is defined as a pathological condition caused by bacterial biofilms and characterized by inflam-
matory changes in the peri-implant mucosa, with progressive bone loss around an osseointegrated dental 
 implant1. This biological complication can jeopardize the implant-prosthetic restoration if left untreated. The 
treatment of peri-implant diseases includes the decontamination of the implant surface by means of mechanical, 
chemical or electrolytic  techniques2–4. It must be pointed out that the literature does not clearly indicate superior-
ity of one specific decontamination protocol over the  others4. In fact, most of these decontamination techniques 
are not able to completely remove the biofilm from the dental implant surface, probably due to the macro and 
micro-design of the implant and the defect  configuration5–9. Clinical studies have suggested that the resolution 
of the peri-implant disease may be influenced by other factors than the method of surface  decontamination10–12.

Several studies have confirmed the association between peri-implant diseases and bacterial  biofilm1,13,14. 
Nevertheless, other factors might cause inflammation and marginal bone loss around dental implants, as sug-
gested by the 2017 World Workshop on the classification of peri-implant  diseases1. Among these factors, particles 
of titanium (Ti) and other metals seem to favour bone loss and inflammation of the peri-implant  mucosa15–18. 
Most implants are made of commercially pure titanium or alloys with other metals, and accumulation of Ti in 
peri-implant tissues has been associated with peri-implantitis19. Besides, Ti debris promotes DNA damage in 
oral epithelial cells through activation of the molecular markers CHK2 and  BRCA120.

Macrophages are one of the principal elements in the inflammatory immune response and play an impor-
tant role in bone  homeostasis21,22. As a result of the stimuli that these cells are exposed to, macrophages are 
able to polarize into M1 (proinflammatory phenotype) or M2 (anti-inflammatory phenotype)23. In response 

*



to particulate foreign body material (i.e., wear metal particles) M1 macrophages can express different pro-
inflammatory cytokines, chemokines and growth factors that favours  osteoclastogenesis24,25.

It has been suggested that metal particles may induce an aseptic bone loss around the dental  implants16,26. 
These metal particles can be released into the peri-implant tissues through different mechanisms, including 
implant insertion, corrosion, friction, or surface decontamination methods of the dental implant, such as implan-
toplasty (IP). In addition, fretting corrosion can also stimulate the release of metal ions and particles into peri-
implant tissues in the absence of  bacteria27–29. Several in vitro cell-based assays in cultured human macrophages 
reported that Ti particles induce the secretion of pro-inflammatory  cytokines17,30. However, the immunological 
characteristics of metal particles released during IP remain unclear. Such debris has shown physicochemical 
properties characteristic of implant polishing and has been associated to lower corrosion  resistance31,32.

Thus, the main objective of this paper was to evaluate the inflammatory response induced by Ti metal par-
ticles released during IP based on macrophage cell culture (THP-1). The secondary objective was to evaluate 
the osteogenic response triggered by such metal debris based on human bone marrow mesenchymal stem cell 
(BM-MSC) culture.

As shown in Fig. 1, cells cultured with the undi-
luted extracts of Ti6Al4V and Ti particles and their 1:2 dilution were cytotoxic at 24 and 48 h. In addition, 
extracts of Ti6Al4V particles were likewise cytotoxic at 1:10 dilution at both 24 and 48 h. Hence, the inflamma-
tory response was assayed with the dilution considered to be non-cytotoxic (1:100).

Lipopolysaccharide (LPS) stimulation produced a statistically 
significant increase (p < 0.05) in the expression of the proinflammatory markers (TNF-α, IL-1β and CCR7) com-
pared to TCP, as well as a decrease in the expression of CD206, which is an anti-inflammatory marker (Fig. 2).

When macrophages were stimulated with the Ti extracts, a significant increase (p < 0.05) in TNF-α expression 
was observed at 48 h of stimulation, while IL-1β expression decreased at 24 h and increased again at 48 h. In 
addition, at 48 h there was a significant increase in IL-10 expression, as well as a decrease in CD206 expression. 
On the other hand, macrophages stimulated with Ti6Al4V extracts exhibited an increase in TNF-α expression at 
48 h, while IL-1β expression decreased at 24 h, but without differences versus TCP at 48 h. The Ti6Al4V extracts 
induced a decrease in the expression of the proinflammatory surface marker CCR7.

Lastly, in the Ti6Al4V extracts there was an increase in the expression of TNF-α and IL-10, as well as a 
decrease in the expression of the CCR7 and CD206 markers at 48 h compared to commercially pure Ti (p < 0.05).

Only LPS (positive control of inflammation) was able to induce 
the release of the proinflammatory cytokine TNF-α at 24 h of stimulation. On the other hand, the levels of the 
proinflammatory cytokine IL-1β were significantly higher (p < 0.05) in comparison with TCP in the presence of 
LPS and Ti extracts, but not with Ti6Al4V (Fig. 3).

At 24 h of stimulation, a significant increase was observed in the expression of the anti-inflammatory cytokine 
IL-10 in the presence of Ti6Al4V extracts (p < 0.05), but we detected a decrease in IL-10 at 48 h. Regarding the 
Ti extracts, no statistically significant differences were observed with respect to TCP (Fig. 3).

As shown in Fig. 4, undiluted extracts of Ti6Al4V and Ti particles and their 1:2 dilution were cyto-
toxic for BM-MSCs at 3 and 7 days. In addition, extracts of the alloy particles were likewise cytotoxic at 1:10 dilu-
tion at both 3 and 7 days. Although a statistically significant decrease in metabolic activity was observed for Ti 
extracts at 1:10 and 1:100 dilution and Ti6Al4V extracts at 1:100 dilution, these concentrations were considered 
to be non-cytotoxic, because they were above the cytotoxicity threshold. Therefore, for the following experi-
ments corresponding to the analysis of osteogenic response, the 1:100 dilution was used in both types of extracts.

Figure 1.  Effect of Ti (A) and Ti6Al4V (B) particles upon THP-1 cell metabolic activity after 24 h and 48 h 
culture. Metabolic activity results were represented as percentage relative to an unstimulated control (TCP) and 
compared with the TCP of each day. Values < 80% metabolic activity (red line) which were significantly different 
(p < 0.05) from TCP were considered cytotoxic. Statistically significant differences (p < 0.05) are represented with 
*.



The Ti6Al4V extracts produced a significant decrease (p < 0.05) in 
Runx2 expression at days 7, 14 and 21 compared to the controls, and at days 14 and 21 compared to cells stimu-
lated with Ti extract (Fig. 5). Additionally, stimulation with Ti6Al4V extracts induced a decrease in the expres-
sion of the OC marker at days 14 and 21 compared to the control osteogenic medium and to the Ti extracts. On 
the other hand, stimulation with the Ti extracts did not produce significant differences versus the controls in 
terms of Runx2 expression.

Regarding ALP expression, the use of extracts produced a significant decrease at day 3, while at day 14 this 
reduction could only be seen in Ti extracts. At day 14, expression in the presence of both extracts significantly 
(p < 0.05) exceeded the controls.

Figure 2.  Effect of stimulation with Ti and Ti6Al4V alloy extracts upon gene expression of proinflammatory 
(TNF-α, IL-1β and CCR7) and anti-inflammatory markers (IL-10, TGF-β and CD206) in the THP-1 
macrophage cell line. Statistically significant differences (p < 0.05) are represented with * when comparison was 
made versus TCP and with the symbol # when comparison was made versus Ti.



ALP activity was not significantly different when com-
pared to the control osteogenic medium. The Ti6Al4V and Ti extracts showed no statistically significant differ-
ences, which indicates that these extracts had no detectable influence upon ALP protein expression and activity 
(Fig. 6).

Figure 3.  Effect of stimulation with Ti and Ti6Al4V alloy extracts upon the release of proinflammatory (TNF-α 
and IL-1β) and anti-inflammatory cytokines (IL-10) in the THP-1 macrophage cell line. Statistically significant 
differences (p < 0.05) are represented with * when comparison was made versus TCP and with the symbol # 
when comparison was made versus Ti.

Figure 4.  Effect of Ti (A) and Ti6Al4V (B) particles upon the metabolic activity of human bone marrow-
derived mesenchymal stem cells (BM-MSCs) cultured for 3 and 7 days. Metabolic activity results were 
represented as percentage relative to an unstimulated control (TCP) and compared with the TCP of each day. 
Values < 80% metabolic activity (red line) which were significantly different (p < 0.05) from TCP were considered 
cytotoxic. Statistically significant differences (p < 0.05) are represented with *.



In the present in vitro study, we evaluated the inflammatory and osteogenic response induced by Ti6Al4V 
particles released during implantoplasty and by as-received commercially pure Ti particles. To the best of our 
knowledge, this is the first paper to analyze the immunological effects induced by Ti6Al4V debris released during 
IP upon THP-1 and BM-MSCs. Our results suggests that both commercially pure Ti and Ti6Al4V particles may 
trigger an inflammatory response, because they can promote the expression and release of proinflammatory genes 
and cytokines. Moreover, Ti6Al4V extracts produced a significant decrease in the osteogenic markers Runx2 and 
OC in comparison with control osteogenic medium, but there was no effect on ALP activity.

Several limitations of the present study should be disclosed. Firstly, although this study followed ISO 10993-5 
for the performance of cellular assays, due to the biological nature and complexity of the process of inflammation, 
future studies should assess the immunological response triggered by metal particles released during IP in an 
in vivo experimental scenario. Secondly, THP-1 cell line has limitations because does not consistently behave as 
human  macrophages33. However, it must be pointed out that the genetic homogeneity of THP-1 minimizes the 
degree of variability in the cell phenotype, which facilitates reproducibility of  findings33,34. Finally, as grinding 
changes the properties of the metal and renders it more susceptible to  corrosion32, using IP debris from com-
mercially pure Ti implants could be interesting.

Titanium is a transitional element used in dental implantology and orthopedics due to its high biocompat-
ibility, corrosion resistance and mechanical  properties35. The vast majority of osseointegrated dental implants are 
made of c.p. Ti or Ti  alloys36. Ti6Al4V alloy contains 6% of Al and 4% of V which differs from the composition 
of c.p.  Ti36. Both materials are considered bioinert due to the formation of a spontaneous oxide layer composed 
mainly of  TiO2 but which may incorporate other small contents of Al or  V37. This protective oxide layer can be 

Figure 5.  Effect of stimulation with Ti and Ti6Al4V alloy extracts upon gene expression of osteogenic 
markers Runx2, ALP and OC in cultured human bone marrow-derived mesenchymal stem cells (BM-MSCs). 
Statistically significant differences (p < 0.05) are represented with * when comparison was made versus 
osteogenic medium (Osteo) and with the symbol # when comparison was made versus Ti.



lost by  corrosion38, generating ions and nanoparticles that can remain in the peri-implant tissues or migrate 
 systemically19,39. Regarding Ti6Al4V alloys, a previous in vitro study showed that the metal particles of implan-
toplasty release higher concentration of V and Al ions compared to Ti  ions31. Both ions have been associated 
with local adverse effects, neurotoxicity and negative cell viability  response40–42. In the present study, we used 
a dilution 1:100 because it allowed the viability of the used cells. To the best of authors’ knowledge, there are 
no clinical studies in the literature describing the concentration of metal ions in the peri-implant tissues after 
 implantoplasty43. Therefore, future in vivo studies are needed to evaluate the effect of Ti, Al and V ion concen-
trations on peri-implant tissues.

Some concerns have been raised during the past few years regarding the role of Ti and metal particles in the 
development of aseptic osteolysis or “peri-implantitis” in dental  implants1,26. Therefore, we decided to conduct 
an in vitro analysis of the inflammatory and osteogenic response triggered by the metal debris released during IP. 
Firstly, we determined the cytotoxicity of each extract of Ti particles (Ti6Al4V and commercially pure Ti) in the 
THP-1 macrophage cell line at 24 h and 48 h. Titanium extracts reduced THP-1 cell viability at concentrations 
higher than 1:10 dilution, while in the case of Ti6Al4V extracts this phenomenon occurred at concentrations 
higher than 1:100 dilution (Fig. 1). This finding is consistent with the data from previous publications reporting 
that the release of Al and V ionic species may have a detrimental effect upon  cells40,42,44. On the other hand, both 
extracts (Ti6Al4V and commercially pure Ti) induced a proinflammatory response by promoting the polarization 
of macrophages towards M1 through the expression and release of proinflammatory genes and cytokines. We 
found some discrepancies between levels of mRNA and protein, which is a common finding in this type of cell 
culture  assay45,46. Eger et al.30 reported that metal particles detached during the scaling of SLA dental implants 
were engulfed by macrophages and triggered a marked inflammatory response, with the release of IL-1β, IL-6, 
TNF-α. These cytokines are also related to the activation of osteoclasts via the activation of RANKL expression, 
thereby inducing bone  resorption17,37,47.

Regarding osteogenic response, Ti extracts reduced the viability of the cultured BM-MSCs at concentra-
tions > 1:10 dilution, while in the case of Ti6Al4V extracts this occurred at concentrations > 1:100 dilution (Fig. 4). 
Titanium particles can affect BM-MSC viability by inducing apoptosis through activation of the tumour sup-
pressor proteins p53 and p73—this circumstance being dependent upon material composition, particle dosage 
and  time48. Once cytotoxicity was evaluated, we analysed gene expression and ALP activity of the BM-MSCs. 
Gene expression assays showed that the Ti6Al4V alloy could inhibit osteogenesis—its effects being particularly 
relevant in relation to the Runx2 and OC markers (Fig. 5), which are an early and late indicator, respectively, of 
osteogenic  differentiation49,50. On the other hand, we found no relevant differences regarding the activity of ALP 
(Fig. 6), an enzyme that releases inorganic phosphate, needed for the mineralization of bone tissue.

Some controversy has arisen regarding the use of antibiotic in in vitro cell culture  studies51. The use of 
antibiotic can affect different aspects of the cells, such as cell metabolism or cell  differentiation52,53. In this line, 
Ryu et al.51 highlighted that penicillin–streptomycin antibiotic can alter gene expression in a human cell line. In 
contrast, antibiotics use has been recommended by standard cell culture protocols to maintain aseptic conditions 
and to reduce the risk of sample  contamination53. This fact is especially important in THP-1 cell line since these 
cells are sensible to bacteria and their metabolic  products54. Thus, we decided to use 1% penicillin–streptomycin 
in both cell culture to reduce bacterial contamination that could impact on macrophage polarization. Future 
studies should analyse the influence of not introducing an antibiotic in cell assays with metal particles.

In a way similar to the dental clinical scenario, metal particles are also generated in orthopedics, though in 
this case through friction of the joint surfaces. Such released metal debris can enter the cells via endocytosis and 
induce adverse biological effects, such as aseptic  osteolysis55–58. Obando-Pereda et al.59 reported that these wear-
generated particles triggered the expression of proinflammatory cytokines such as TNF-α, IL-1β and IL-6. The 
release of these cytokines may also induce osteoclastogenesis and lead to aseptic loss of the joint  prosthesis60,61. 
We found that both Ti6Al4V particles generated by IP and commercially pure Ti particles activated the above-
mentioned cytokines. Furthermore, Ti6Al4V particles decreased the expression of Runx2 and OC, which means 
that such metal debris may inhibit osteogenesis. Indeed, Runx2 plays a pivotal role in osteoblast differentiation 

Figure 6.  Effect of stimulation with Ti and Ti6Al4V alloy extracts upon ALP activity in cultured human 
bone marrow-derived mesenchymal stem cells (BM-MSCs). Statistically significant differences (p < 0.05) are 
represented with * when comparison was made versus TCP and with the symbol # when comparison was made 
versus Ti.



and in bone formation through transcriptional regulation of their target genes, while OC is involved in osteoblast 
activity and mineralization in the later stages of bone  formation62.

Within the limitations of the present study, Ti6Al4V and c.p. Ti metal particles increased proinflammatory genes 
and cytokines. In turn, Ti6Al4V particles generated by implantoplasty reduced the expression of osteogenic 
markers. Animal and human studies are needed in order to confirm the possible role of Ti6Al4V and Ti particles 
in the development of bone resorption or peri-implant inflammation.

In the present in-vitro study, use was made of a previously published protocol 
to collect metal particles released during IP of Ti6Al4V dental  implants31,32. In order to replicate the clinical pro-
cedure of IP, metal particles were collected from Ti grade V dental implants (Ti6Al4V) using a standardized pro-
cedure consisting of the sequential use of a fine-grained tungsten carbide bur and two silicon carbide  polishers63. 
The characterization of the material sample, including composition, granulometry, crystalline structure, mor-
phology, ion release, nanoindentation and corrosion behaviour has been described in previous  publications31,32. 
On the other hand, a Ti powder, purchased from NanoShel (Chapel St., UK), was used as control in order to 
compare with inflammatory and osteogenic cell cultures with the tested Ti alloy IP particles (Ti6Al4V). This 
c.p. Ti has a powder size distribution that ranged from 30 to 70 nm, which was similar to the size of some metal 
particles released during  implantoplasty31.

We separately sterilized IP debris (test) and 
c.p. Ti powder (control) with 96° ethanol. The latter was eliminated by three centrifugation cycles at 7200 rpm 
during 5 min and washing with Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma-Aldrich, Sant Louis, USA). 
After the last centrifugation, DPBS was discarded, and the required volume of cell culture medium was added in 
order to obtain a final concentration of 0.2 g of sample per ml of medium. Cell assays were performed by indirect 
culture with extracts according to section 8.2 of ISO 10993–5: after separation of metal particles and medium, we 
carried out the assays using this culture medium that had been previously exposed to metal particles.

Both samples (Ti6Al4V and c.p. Ti) were incubated for 72 h at 37 °C. In the case of the assays performed with 
the THP-1 macrophage cell line, the metal particles were incubated in supplemented Roswell Park Memorial 
Institute (RPMI) 1640 medium with L-glutamine and sodium bicarbonate (reference: r8758, Sigma-Aldrich, 
Sant Louis, USA) and supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Sant Louis, USA) and 
1% penicillin–streptomycin (Fisher Scientific, Hampton, USA). On the other hand, in the assays with BM-MSCs 
we used the mesenchymal stem cell basal medium (reference: C-28013, Sigma-Aldrich, Sant Louis, USA) sup-
plemented with 125 pg/ml rh FGF basic, 15 ng/ml rh IGF-1, 7% FBS, 2.4 mM L-Alanyl-L-Glutamine (reference: 
PCS-500–041, ATCC, Manassas, USA) and 1% penicillin–streptomycin (Fisher Scientific, Hampton, USA).

The THP-1 macrophage cell line 
was obtained from DSMZ (ACC 16) (Braunschweig, Germany) and the cell suspension culture was maintained 
at 3 ×  105 cells/ml in RPMI 1640 medium (Sigma-Aldrich, Sant Louis, USA) supplemented with 10% fetal bovine 
serum (FBS) (Sigma-Aldrich, Sant Louis, USA) and 1% penicillin–streptomycin (Fisher Scientific, Hampton, 
USA). Cells were cultured in a humidity-controlled incubator at 37 °C with 5%  CO2 supply. To enhance adhe-
sion of the cells to the culture plates, we seeded them at a density of 3 ×  104 cells/cm2 in the presence of phorbol 
12-myristate 13-acetate (PMA) (Sigma-Aldrich, Sant Louis, USA) for 6 h. Then, the medium with PMA was 
removed, washed with DPBS, and the cells were exposed to the extracts previously obtained. In all assays, cells 
cultured with medium containing a concentration of 100 ng/ml lipopolysaccharide (LPS) (Sigma-Aldrich, Sant 
Louis, USA) were used as a positive control for  inflammation64, and cells cultured without extract (tissue culture 
plate, TCP) were used as negative controls for inflammation.

An indirect contact cytotoxicity test was per-
formed according to the guidelines specified in UNE EN ISO 10,993-5: "Biological evaluation of medical 
devices" part 5, entitled: "In vitro cytotoxicity tests". Cytotoxicity was calculated with the cell survival index, 
which indicates cytotoxicity at < 80%.

Cells were incubated for 24 and 48 h with different dilutions of the extract: undiluted and diluted extract 
1:2, 1:10, 1:100 and 1:1000, using complete medium for the dilutions. We assessed cell adhesion and morphol-
ogy by light microscopy before and after contact with the extracts. Once the assay was completed, we assessed 
cell viability through metabolic activity using resazurin sodium salt reagent (Sigma-Aldrich, Sant Louis, USA). 
Accordingly, we cultured cells in their medium with resazurin (10 μg/ml) for 3 h in the incubator at 37 °C and 
5%  CO2. Then, we measured absorbance at 570 and 600 nm using a plate reader (Infinite 200 PRO, Tecan, 
Männedorf, Switzerland).

Gene expression was analyzed by real-time quantitative poly-
merase chain reaction (RT-qPCR). We analyzed proinflammatory markers (CCR7, TNF-α and IL-1β genes) and 
anti-inflammatory markers (CD206, TGF-β and IL-10 genes). In turn, RNA was isolated according to the rec-
ommendations of the manufacturer with the NucleoSpin RNA kit (Macherey–Nagel, Düren, Germany), which 
included DNase treatment. Once extracted, we quantified RNA using a microplate reader (Take3, Bio-Tek, Win-
ooski, USA). Then, we retrotranscribed RNA into cDNA using the Transcriptor First Strand cDNA Synthesis kit 



(Roche, Basel, Switzerland) according to the recommendations of the manufacturer. We used qPCR to detect 
gene expression with the QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, Germany): 10 ng of cDNA was 
amplified by an initial activation step of two minutes at 95 °C, denaturation for 5 s at 95 °C, and 40 cycles of 
hybridization/extension for 10 s at 60 °C using the CFX96 Real-Time System (BioRad, Hercules, USA). Prim-
ers used to detect specific genes in the amplification are detailed in Table 1. We normalized gene expression to 
the mean cycle threshold (Ct) of the constitutive β-actin gene. The  2−ΔΔCt method was used to compare mRNA 
expression between conditions, taking the cells cultured in tissue culture plate (TCP) value as reference.

After culturing the macrophages with the extracts for 24 and 
48 h, we collected the supernatants to quantify the release of proinflammatory (TNF-α and IL-1β) and anti-
inflammatory (IL-10) cytokines by macrophages into the culture medium. Quantification was performed using 
commercially available ELISA kits (Thermofisher Scientific, Waltham, USA), following the recommendations of 
the manufacturer.

The BM-MSCs were obtained from ATCC (PCS-500-012) and cultured in Mesenchymal Stem 
Cell Basal Medium (ATCC; PCS-500-030) supplemented with 125 pg/ml rhFGF basic, 15 ng/ml rhIGF-1, 7% 
FBS, 2.4 mM L-alanyl-L-glutamine (ATCC; PCS-500-041) and 1% penicillin–streptomycin (Fisher Scientific, 
Hampton, USA). We kept the cell culture density at 3000 cells/cm2. Subsequently, for cytotoxicity assay, BM-
MSCs were seeded at a density of 9500 cells/cm2, while for gene expression, alkaline phosphatase (ALP) activity 
and proliferation assays we seeded them at a density of 8000 cells/cm2. In all assays, extracts were generated 
using osteogenic medium, which was composed of medium supplemented with 10 mM β-glycerophosphate, 
50 μg/ml ascorbic acid and 0.1 μM dexamethasone (Sigma-Aldrich, Sant Louis, USA). As control, we used BM-
MSCs exposed to osteogenic medium but without contact with the microparticles.

The BM-MSCs were exposed for 3 and 7 days to differ-
ent dilutions of the extracts made using osteogenic medium: undiluted and diluted extract 1:2, 1:10, 1:100 and 
1:1000. Metabolic activity was then analyzed by resazurin reduction assay. The BM-MSCs were incubated for 
45 min at 37 °C in the presence of medium with a concentration of 50 μg/ml of resazurin sodium salt. Resazurin 
reduction was quantified in the same manner as described in previous sections.

Gene expression was analyzed at days 3, 7, 14 and 21 by RT-qPCR 
using the same protocol as that employed for the THP-1 gene expression assays. The genes analyzed were Runx2, 
alkaline phosphatase (ALP) and osteocalcin (OC). Primers used to amplify these genes are described in Table 1.

To quantify the ALP activity in the samples, we used a 
colorimetric method based on the conversion of p-nitrophenyl phosphate to p-nitrophenol in the presence of 
ALP. We lysed samples cultured with the extracts and with osteogenic medium with 200 μl of 0.1% Triton X-100 
in 1xTE buffer (Sigma-Aldrich, Sant Louis, USA), followed by three freeze–thaw cycles. Subsequently, 50 μl of 
sample were combined with 50 μl of a mixture in 1:1:1 ratios of 1.5 M 2-amino-2-methyl-1-propanol buffer 
(Sigma-Aldrich, Sant Louis, USA), 20 mM phosphatase substrate solution (Sigma-Aldrich, Sant Louis, USA) 
and 1 mM  MgCl2. The samples were incubated for 30 min at 37 °C, and we stopped the reaction using 1 M 
NaOH. The production of p-nitrophenol was quantified by measuring the absorbance at 405 nm and comparing 
it against a standard curve prepared with known concentrations of p-nitrophenol. Results were then normalized 

Table 1.  List of primer sequences used for the gene expression analysis.

Gene Forward (sequence 5’-3’) Reverse (sequence 5’-3’)

Inflammation-associated genes

M1 (pro inflammatory)

TNF-α TTC CAG ACT TCC TTG AGA 
CACG 

AAA CAT GTC TGA GCC AAG 
GC

IL-1β GAC ACA TGG GAT AAC GAG 
GC ACG CAG GAC AGG TAC AGA TT

CCR7 GGC TGG TCG TGT TGA CCT AT ACG TAG CGG TCA ATG CTG AT

M2 (anti-inflammatory)

IL-10 AAG CCT GAC CAC GCT TTC TA ATG AAG TGG TTG GGG AAT 
GA

TGF-β TTG ATG TCA CCG GAG TTG 
TG TGA TGT CCA CTT GCA GTG TG

CD206 CCT GGA AAA AGC TGT GTG 
TCAC AGT GGT GTT GCC CTT TTT GC

Osteogenesis-associated genes

Runx2 CCC GTG GCC TTC AAGGT CGT TAC CCG CCA TGA CAG TA

ALP GGA ACT CCT GAC CCT TGA 
CC TCC TGT TCA GCT CGT ACT GC

OC CGC CTG GGT CTC TTC ACT AC CTC ACA CTC CTC GCC CTA TT

Housekeeping gene β-actin AGA GCT ACG AGC TGC CTG 
AC AGC ACT GTG TTG GCG TAC AG



to the results obtained in the proliferation assay. Cell proliferation was quantified by measuring the amount of 
dsDNA in the samples with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, USA) following 
the recommendations of the manufacturer. We mixed 100 μl of sample and 100 μl of a 1:200 dilution of Pico-
Green reagent in a black 96-well plate.

All assays were performed in triplicate, except for ALP activity, which was conducted 
in quadruplicate. Data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed 
using MINITAB (version 18, Minitab Inc.). Nonparametric testing was used, for although the normal distribu-
tion of each dataset was confirmed by the Anderson–Darling normality test, homoscedasticity was ruled out 
(Barlett and Levene’s test for homogeneity of variances). Therefore, we used the Kruskal–Wallis test for multiple 
comparisons and the Mann–Whitney U-test for individual (one-to-one) comparisons. Statistical significance 
was considered for p < 0.05.

The datasets generated and/or analysed during the current study are available in the Gene Expression Omnibus 
(GEO) repository, https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? acc= GSE20 2419.
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Abstract
Background: The objective of this study was to evaluate the accumulation of
ions in blood and organs caused by titanium (Ti) metal particles in a mandibular
defect in rats, together with a description of the local reaction of oral tissues to
this Ti alloy debris.
Methods: Twenty Sprague-Dawley rats were randomly distributed into three
groups: an experimental groupwith amandibular bone defect filledwithmetallic
debris obtained by implantoplasty; a positive control group; and a negative con-
trol group. Thirty days after surgery, the rats were euthanized and perilesional
tissue surrounding the mandibular defect was removed, together with the lungs,
spleen, liver, and brain. Two blood samples were collected: immediately before
surgery and before euthanasia. The perilesional tissue was histologically ana-
lyzed using hematoxylin-eosin staining, and Ti, aluminum, and vanadium ion
concentrations in blood and organs were measured by TQ-ICP-MS. Descriptive
and bivariate analyses of the data were performed.
Results:All rats with implantedmetal debris showedmetal particles and a bone
fracture callus on the osseous defect. The metal particles were surrounded by a
foreign body reaction characterized by the presence of histiocytes and multinu-
cleated giant cells (MNGCs). The experimental group had a significant higher
concentration of Ti ions in all studied organs except lung tissue (p < 0.05).
In addition, there were more V ions in the brain in the experimental group
(p = 0.008).
Conclusions: Although further studies are required to confirm the clinical
relevance of these results, Ti metal particles in the jaw might increase the
concentration of metal ions in vital organs and induce a foreign body reaction.

KEYWORDS
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2 TOLEDANO-SERRABONA et al.

1 INTRODUCTION

Commercially pure titanium (Ti) or Ti alloys are the most
commonly used metallic materials in dental implants.1

Despite implants have proven to be a successful treat-
ment to restore function and esthetics in edentulous
patients,2 the increasing number of peri-implant diseases
has become a growing concern in implant dentistry.3

Although it is well documented that peri-implantitis is
an inflammatory condition caused by bacterial plaque,4

there are other factors such as Ti metal particles that
have been suggested as a contributor factor.5,6 Ti-based
implants are biocompatible due to formation of a protec-
tive Ti oxide layer. This stable passive film protects the
surface of the dental implant from corrosion.7,8 However,
an acid environment or implant polishing can reduce the
corrosion resistance of the material until the loss of the Ti
oxide layer.8,9 This fact facilitates the release of nanodebris
and soluble metal ions that might induce adverse tissue
reactions.10

The presence of nanoparticulated metal debris in the
peri-implant tissues has been previously described.11 In
addition, the presence of molecules, such as citrate or
tartrate in biological fluids might also generate “soluble”
forms of Ti (Ti-citrate or Ti-tartrate).12 Therefore, ions
and particles are two different forms of Ti that coexist
in the peri-implant environment. Likewise, the effects of
the release of these metal ions and nanoparticles into the
medium are still unknown.5,13,14 On the other hand, the
interaction between Ti metal particles and peri-implant
tissues still raises controversy.15 Albrektsson et al.16 sug-
gested that this metal debris triggers a foreign body
reaction, while others17,18 reported that Ti particles induce
a pro-inflammatory response.
The primary objective of this experimental animal study

was to determine whether accumulation of Ti metal par-
ticles from dental implants in mandibular bone defects of
rats results in a significant translocation and accumulation
of Ti, aluminum (Al) and vanadium (V) ions in blood, liver,
spleen and brain. The secondary objective was to analyze
the response of perilesional bone andmucosal tissue to the
presence of such Ti metal particles.

2 MATERIALS ANDMETHODS

2.1 Animal model

The present study followed the ARRIVE guidelines for
conducting animal studies,19 and was approved by the
Ethics Committee for Animal Experimentation of the
University of Barcelona (CEEA-UB) (Spain), under iden-
tification number 10799.

A randomized experimental study was carried out in
20 Sprague-Dawley rats. Adult male and female (propor-
tion 1:1) ex-reproductive rats aged 6–8 months and with a
weight of 380–450 gwere included in the study. All animals
were housed under standard conditions of 12-h light-dark
cycles at a temperature of 22± 2◦C and a relative humidity
of 50% ± 10%.

2.2 Sample size calculation

In order to compare the intervention with a reference,20

the sample size was calculated using a bilateral t-test for
independent groups with a power of 90% and an alpha
error of 5%, using an effect size of 1.05 and a common stan-
dard deviation (SD) of 0.62. Two experimental rats were
added to the experimental group to compensate possible
losses. Then, the rats were randomized to one of three
groups: an experimental group (10 rats with a unilateral
mandibular defect filled withmetal debris); a positive con-
trol group (eight rats with an empty unilateral mandibular
defect); and a negative control group (two rats with no
mandibular defect).

2.3 Randomization and concealment

A table of random numbers was generated using Stata14
(StataCorp, College Station, TX, USA) for random allo-
cation. To ensure concealment of allocation from the
surgeon, an independent investigator (O.C-F.) allocated
the rats using sealed, opaque and numbered envelopes.
Since the negative control rats did not undergo surgery,
their envelopes were labeled on the outside. The envelopes
were opened sequentially just after the mandibular bone
defects were made.

2.4 Preparation of metal debris

Metal particles obtained from implantoplasty of Ti-6Al-4V
dental implants (Avinent Implant System S.L., Santpedor,
Spain)were collected. The authors followed a standardized
implantoplasty protocol used in humans and previously
described by Costa-Berenguer et al.21 In order to stan-
dardize the procedure, all implantoplasty procedures were
performed by a single investigator (J.T.-S.). Implantoplasty
was carried out to remove the threads of 4.8× 13mmdental
implants (Coral E.C., Avinent Implant SystemS.L., Santpe-
dor, Spain). The implant surfacewas sequentiallymodified
with a fine-grained tungsten carbide bur (H379.314. 014,
KOMET GmbH & Co. KG, Lemgo, Germany) and two
silicon carbide polishers (9608.314.030 and 9618.314.030,
KOMET GmbH & Co. KG, Lemgo, Germany).
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F IGURE 1 Surgical procedure. Inhalation anesthesia (A), disinfection of the surgical area (B), incision (C), dissection (D), bone
exposition (E), bone defect (F), metal particles filling bone defect (G) and suture (H)

2.5 Surgical protocol

The surgical procedure was performed by a single expe-
rienced investigator (M.A.S.-G.). Anesthesia was induced
in a chamber using 5% isoflurane (Forane, Abbott Lab-
oratories, Madrid, Spain) and a continuous oxygen flow
of 5 L/min. Buprenorphine (Buprex, RB Pharmaceuticals
Ltd., Slough, Berkshire, UK) was given at a dosage of
0.1 mg/kg subcutaneously. A single dose of enrofloxacin
10 mg/kg (Baytril, Bayer Hispania, Barcelona, Spain) was
also administered as antibiotic prophylaxis. The experi-
mental animals were connected to a breathing machine
(New Generation Black Mk-TCIII, NSS, UK) for anes-
thetic maintenance with an oxygen flow of 0.7–0.8 L/min
and vaporized isoflurane 2-2.5% at 3.5 L/min. Additionally,
1 ml of 4% articaine with 1:100,000 adrenaline (Ultracain,
Laboratorios Normon, Tres Cantos, Madrid, Spain) was
infiltrated in the mandibular zone.
After verifying the depth of anesthesia, the surgical area

was disinfected with 10% topical povidone iodine (Iodine,
Laboratorios Reig Jofré, Sant JoanDespí, Barcelona, Spain)
and surgically dressed. The tail of the rat was immersed in
hot water for 10 minutes and, after applying 70% ethanol,
1.5 ml of blood was collected from an incision.22 After-
ward, the animals were immobilized using a magnetic
fixator retraction system (Fine Science Tools, Foster City,
CA, USA).23 A 1.5-cm long anteroposterior incision was
made in the submandibular skin. After exposing the infe-
rior border of the mandible through blunt dissection, a
standardized rectangular bone defect (6 × 2 mm) was cre-
ated following a previously described model.24 Bone was
removed with a rounded bur at 2000 rpm under ster-
ile saline irrigation. Immediately after the mandibular
bone defects were made, the envelopes with the alloca-

tion sequence were opened. In the experimental group, the
bone defects were filled with metal particles up to the top
of the defect. Metal particles gathered by implantoplasty
of the coronal half of a 4.8 × 13 mm dental implant (Coral
E.C., Avinent Implant System S.L., Santpedor, Spain) were
inserted into the defect. The defects of positive controls
were left empty. The wound was sutured with Vicryl 4-0
(Laboratorios Aragó, Barcelona, Spain). Figure 1 shows the
surgical steps.
During the first 2 postoperative days, meloxicam

2 mg/kg (Metacam, Boehringer Ingelheim, Sant Cugat
del Vallés, Barcelona, Spain) was administered subcuta-
neously every 24 h.
Thirty days after surgery, the animals underwent

euthanasia by inhalation of a CO2-saturated atmosphere.
Prior to euthanasia, the rats were anesthetized with 5%
isoflurane as previously described. The same blood collec-
tion procedure was repeated to collect 1.5 ml of blood from
the tail.

2.6 Sample collection and processing

The sample of perilesional tissue obtained by dissec-
tion from the surgical site was immediately fixed with
formaldehyde in 10% aqueous solution (order number
HT501128-4L, Sigma-Aldrich, St. Louis, MO, USA). The
blood, liver, spleen, brain and both lungs were extracted
and frozen at -80◦C for subsequent lyophilization.
Lyophilization is a process that aims to separate water

(or some other solvent) from a solution by freezing and
sublimation of the ice at reduced pressure. This procedure
is the best method for drying organic compounds without
altering their qualitative or quantitative composition.
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2.7 Quantification of metal ions

The quantitative analysis of Ti, Al, and V ions in blood
and organs was performed by investigators unaware of the
allocation of each sample.

2.7.1 Instrumentation

Microwave-assisted digestionswere performed in an Ethos
1 system (Milestone, Sorisole, Italy) equipped with TFM
microsampling inserts for lower sample consumption and
dilution. The ICP-MS measurements were carried out in
an iCAP TQ triple-quadrupole instrument (Thermo Fisher
Scientific,Waltham,MA,USA). The TQ-ICP-MSwas fitted
with a micromist nebulizer, a cyclonic spray chamber and
copper/nickel sampling and skimmer cones. The samples,
digestion reagents and final dilutions were weighed in an
analytical balance (Mettler Toledo, Chicago, IL, USA) with
± 0.1 mg accuracy.

2.7.2 Reagents

Ultrapure water (<18 MΩ⋅cm) obtained from a PURELAB
flex 3 system (ELGA VEOLIA, Lane End, High Wycombe,
UK) was used for all solutions and working standards.
Concentrated nitric acid (HNO3) of analytical grade was
purchased from Thermo Fisher Scientific (Waltham, MA,
USA) and purified by sub-boiling distillation. Hydrogen
peroxide (H2O2) as a 30% solution was obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Hydroflu-
oric acid (HF) 99.99% (metal basis purity) from Alfa
Aesar was purchased from Fisher Scientific (Hampton,
USA).
Contamination from reagents and vessels used for the

digestion of the tissues was minimized by careful manipu-
lation. At the beginning, hydrogen peroxide was not used,
since it did not provide any significant improvement in
the recoveries and in the repetition RSD (relative standard
deviation) was higher. The purification of concentrated
nitric acid by sub-boiling distillation was carried in the
LO setting (lowest distillation rate) and an initial cleaning
protocol to produce trace metal grade acid was performed
using a double distillation of ultrapure water. In addition,
when collecting theMilli-Q water used for further dilution
of standards and samples, the first 500 ml were discarded.
Clean-up of the polypropylene containers (used for dilu-
tion of the samples prior to their analysis by ICP-MS) with
1% nitric acid was conducted overnight. Subsequently,
they were rinsed with Milli-Q water before sample
preparation.

TABLE 1 Microwave digestion programs

For organs For blood
Step 1 10 min room

temperature to 90◦C
15 min room
temperature to 90◦C

Step 2 6 min 90 to 140◦C 15 min 90 to 140◦C
Step 3 5 min 140 to 200◦C 15 min 140 to 200◦C
Step 4 10 min hold at 200◦C 10 min hold at 200◦C
Step 5 1 h cooling to room

temperature
1 h cooling to room
temperature

2.7.3 Microwave-assisted digestion

The lyophilized samples were grinded using an agate mor-
tar, and 0.1 g of each sample was placed in the microwave
digestion inserts. Twenty-five microliter of HF were first
added and allowed to react with the sample powder for 5
min. Then, 2ml ofHNO3 were added and the sampleswere
subjected to the microwave heating program specified in
Table 1. The digested samples were finally diluted 10-times
in 2% HNO3.20,25

Due to the more complex nature of the matrix in blood
samples, 0.1 g of freeze-dried blood was incubated with
25 μl of HF and 2 ml of HNO3 for one hour at room tem-
perature before applying the modified digestion program
in the microwave, as shown in Table 1. The use of totally
new sample vessels specially designed for microsamples
intended to minimize external contamination. Between
samples, the inserts were cleaned using 2 ml of 50% (v/v)
HNO3 and 25 μl of concentrated HF. TheMWheating pro-
gram for the cleaningwas carried out using 10min rampup
to 150◦C, 10minhold at 150◦C (MWpower of 900W in both
steps) and a cooling step for 60 min up to room tempera-
ture. Afterward, inserts were rinsed with ultrapure water
and dried before the next run.

2.7.4 ICP-MS measurements

Ti was measured in the TQ-ICP-MS by monitoring the iso-
tope 47Ti+ to avoid interference of the long half-life 48Ca+

isotope on the most abundant isotope 48Ti+. The analysis
was carried out in triple-quadrupole (TQ) mode using
oxygen in the second quadrupole to form 47Ti16O+, which
is monitored in the m/z 63. Vanadium was also measured
as its most abundant oxide, 51V16O+, in TQ-O2 mode, at
m/z 67. Aluminum was measured in single-quadrupole
(SQ) mode as 27Al+. All analyses were quantified by exter-
nal calibration using elemental standards, and scandium
was used as internal standard. The sample measurement
time was 2 min per sample and the calibration curve was
prepared for Ti, Al and V with standards of 0, 0.25, 0.50, 1,
2.5, and 5 ng g–1 (solutions prepared by weight). The
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instrumental detection limit estimated as 3σ
(blanks)/slope of the calibration curve was 0.007 ng
Ti ml–1, 0.158 ng Al ml–1 and 0.002 ng V ml–1. Sensitivity
(slope of the calibration curve) for Ti is 69000 cps/ppb
(r2 = 0.9992), which is extremely low. However, consider-
ing the dilutions conducted in the samples this translated
into 1.75, 39, and 0.51 ng g–1 of tissue for Ti, Al, and V,
respectively. The measurement of each prepared sample
was done by triplicate, and for every organ a duplicate
of the digestion was prepared. Reproducibility within
measured replicates was between 2% and 3% in all cases
and between procedure replicates (including digestion)
below 15% for the three elements.

2.8 Histological samples

Histological analysis of the perilesional tissue of the sur-
gical site was performed by an experienced pathologist
(S.B.). The tissue was fixed in 10% neutral buffered for-
malin and embedded in paraffin after decalcification.26

Then, paraffin blocks were sectioned using a Microm HM
340 E rotatory microtome (Thermo Fisher Scientific, Wall-
dorf, Germany) to a thickness of 5 μm for staining with
hematoxylin-eosin (HE).
A light microscope (CX31, Olympus, Tokyo, Japan) was

used to study the histological samples. In addition, a Leica
DMD 108microscope (Leica Company, Wetzlar, Germany)
was used to obtain microphotographs.

2.9 Statistical analysis

The data obtained were entered in a Microsoft Excel
spreadsheet (Microsoft, Redmond, WA, USA) and pro-
cessed using the Stata 14 statistical package (StataCorp,
College Station, TX, USA).
For the descriptive analysis, the median and interquar-

tile range (IQR) were calculated. Differences between
groups were tested with the Mann-Whitney U-test, and
within-subject changes were assessed with the Wilcoxon
test. Regarding the analysis of metal ions, extreme out-
liers (defined as values above the 75th percentile and three
times the IQR) were detected. We conducted the statisti-
cal analysis with and without these outliers. Finally, data
were presented without outliers. In all cases, statistical
significance was considered for p ≤ 0.05.

3 RESULTS

Of the 20 rats that underwent surgery, one in the positive
control group died during the first 24 h of the postoperative
period. Thus, ion quantification and histological analysis
of the samples were finally carried out in 10 rats of the

experimental group, seven of the positive control group,
and two of the negative control group.

3.1 Quantification of metal ions

The distribution of metal ion concentrations in blood and
organs is shown in Figure 2. Tables 2 and 3 display the con-
centration of metal ions in blood and organs, respectively.
These data were presented without the outlier values.

3.1.1 Blood

There were no statistically significant differences between
the study groups in terms of Ti, Al, or V ion concentrations.
However, in the experimental group the concentration of
Al was significantly lower in the post-intervention sample
compared to the pre-intervention sample (Table 2).
The two rats of the negative control group (not oper-

ated) showed the following concentrations of metal ions in
the pre-intervention sample: range [Ti]= 160.5–371.3 ng/g;
range [Al] = 747.9–758.3 ng/g; range [V] = 4.12–14.6 ng/g,
while the post-intervention concentrations were: range
[Ti] = 149.6–165.4 ng/g; range [Al] = 689.0–1149.5 ng/g;
range [V] = 4.9–5.3 ng/g.

3.1.2 Visceral tissues

The concentrations of Ti ions in brain (p = 0.010), spleen
(p = 0.037) and liver (p = 0.014) were significantly higher
in the experimental group than in the positive controls
(Table 3). In addition, there also was a higher concen-
tration of V ions in the brain of the experimental rats
(p = 0.016; Table 3). There were no statistically significant
differences in Al ion concentrations (Table 3).
The concentrations of metal ions are reported in

parentheses for the two rats of the negative control
group in brain (range [Ti] = 420.4–497.0 ng/g; range
[Al] = 1254.5–1858.6 ng/g; range [V] = 5.7–7.2 ng/g),
spleen (range [Ti] = 421.9–447.1 ng/g; range [Al] = 1113.6–
1133.7 ng/g; range [V] = 37.3–55.0 ng/g), lungs (range
[Ti] = 291.4–318.7 ng/g; range [Al] = 1555.2–2203.6 ng/g;
range [V] = 8.4–11.0 ng/g) and liver (range [Ti] = 374.1–
493.7 ng/g; range [Al]= 751.0–1160.6 ng/g; range [V]= 9.4–
10.4 ng/g).

3.2 Histological samples

All specimens consisted of mucosa lined by squamous
epithelium, submucosa, skeletal muscle, accessory sali-
vary glands, alveolar bone, and teeth.
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F IGURE 2 Boxplots of titanium, aluminum, and vanadium ion concentrations in blood (A) and organs (B)

TABLE 2 Results of the quantification of ions in blood: Data expressed as median (IQR)

Study groups
Between-group
comparison Within-group comparison

Quantification of
ions

Experimental Positive control p-value
experimental versus
control group

p-value
experimental
group pre-
intervention
versus post-
intervention

p-value control
group pre-
intervention
versus post-
intervention

Blood, ng/g
Pre-intervention
Titanium (n = 17) 157.9 (769.3) 148.05 (50.3) 0.939
Aluminum (n = 18) 1347.9 (245.9) 1593.7 (1192.1) 0.9854
Vanadium (n = 16) 2.95 (6.47) 2.36 (1.5) 0.755
Post-intervention
Titanium (n = 17) 145.4 (59.3) 165.6 (44.4) 0.746 0.161 0.600
Aluminum (n = 18) 1004.5 (334.9) 1138.3 (1149.8) 0.731 0.028* 0.735
Vanadium (n = 16) 1.43 (1.05) 2.64 (1.75) 0.682 0.063 0.917

*statistically significant (p < 0.05).

In the experimental group, metal particles were present
as black deposits of irregular contour and birefringent
under polarized light. As shown in Figure 3A, there was
a granulomatous reaction with the presence of histiocytes
andmultinucleated giant cells (MNGCs) around the metal
particles. Small metal particles were found within the
cytoplasm of the MNGCs (Figure 3B).
Disorderedmature bone with irregular ossification lines

corresponding to a fracture bone callus was detected in all

specimens of the experimental and positive control groups
(Figure 3C).

4 DISCUSSION

The present study evaluated whether the implantation of
metal particles in a mandibular defect in rats resulted in
the dissemination of metal ions to the blood, liver, spleen,
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TABLE 3 Results of the quantification of ions in organs: Data expressed as median (IQR)

Quantification of
ions

Study groups
Experimental

Between-group
comparison
Positive control

p-value
experimental
versus control
group

Organs, ng/g
Brain
Titanium (n = 19) 565.6 (163.2) 374.6 (35.6) 0.010*
Aluminum (n = 19) 971.1 (487.3) 806.6 (440.5) 0.512
Vanadium (n = 19) 6.5 (3.1) 4.3 (2.0) 0.016*
Spleen
Titanium (n = 19) 513.3 (108.2) 402.5 (100.9) 0.037*
Aluminum (n = 17) 726.0 (201.5) 819.9 (214.6) 0.721
Vanadium (n = 18) 44.2 (38.1) 43.4 (9.2) 0.988
Lungs
Titanium (n = 18) 392.7 (138.8) 322.3 (69.0) 0.135
Aluminum (n = 18) 1610.2 (633.9) 1599.7 (1060.8) 0.988
Vanadium (n = 18) 13.4 (10.4) 10.2 (3.0) 0.632
Liver
Titanium (n = 18) 402.8 (145) 338.7 (20.4) 0.014*
Aluminum (n = 19) 723.5 (337.2) 689.3 (584.5) 0.978
Vanadium (n = 19) 10.8 (4.4) 10.3 (3.8) 0.940

*statistically significant (p < 0.05).

F IGURE 3 Granulomatous reaction with the presence of histiocytes and multinucleated giant cells around metal particles. MNGCs,
multinucleated giant cells; MP, metal particle; I-cells, inflammatory cells. Hematoxylin-eosin staining; magnification ×20. (A) Small metal
particles within the cytoplasm of the multinucleated giant cells (arrows). MNGCs, multinucleated giant cells; MP, metal particle; I-cells,
inflammatory cells. Hematoxylin-eosin staining; magnification ×63. (B) Disordered mature bone with irregular ossification lines
corresponding to a fracture bone callus. B, bone. Hematoxylin-eosin staining; magnification ×10 (C)

lungs, and brain 30 days after surgery. To our knowledge,
this is the first study to quantify the accumulation of metal
ions in distant organs after the implantation of Ti metal
particles from dental implants. The results obtained indi-
cate a higher concentration of Ti ions in the liver, spleen,
and brain of the rats in the experimental group compared
to the positive control group. There was also a higher con-
centration of V ions in the brain of the experimental rats.
On the other hand, the histological findings suggest that

the metal debris induced a granulomatous reaction with
the presence of histiocytes and MNGCs characteristic of a
foreign body reaction.
The present study has some limitations that should be

commented on. First, the study period was only 30 days;
as a result, the effects of these particles over the middle
and long term are not known. Second, the experimental
rats had a mandibular defect that was filled with metal
particles. Although this model does not mimic the clinical
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situation in implantoplasty, the mobilization of metal ions
from the implanted site to organs and the local reaction
simulate a clinical scenario, in which debris cannot be
fully removed from the surgical field. On the other hand,
the presence of Ti, Al, and V ions could come from other
sources, and the variations of these ions might not be
explained only by the presence of implant debris. These
ions, especially Ti and Al, are difficult to measure due to
the high environmental backgrounds coming, most likely,
from food and drinking water. Ti dioxide is a common food
additive (also for humans), although recently banned by
the European Union (EU).27 In addition, the presence of
Ti in waters has been well documented.27 Therefore, small
variations due to the Ti metal particles above the relatively
high blanks are expected to hamper ultratrace analysis.
Similar reasons can be given for Al determination.20,28

It is worth noting that outliers were removed from the
analysis because statistical power was over 80% even after
removal, and analysis with and without outliers yielded
the same significance of results. Negative control rats had
a higher concentration of some metal ions than positive
controls, which possibly reflects that rats did not have
feeding difficulties.
Commercially pure Ti or Ti alloy is commonly used

in dental implants and orthopedics due to its corrosion
resistance, biocompatibility, and mechanical properties.29

Although Ti has been typically regarded as inert, sev-
eral studies have reported that Ti implants can undergo
corrosion and wear, releasing metal particles into the
medium.30 Such metal debris can be transported to other
tissues, and may even lead to adverse events includ-
ing cytotoxicity, genotoxicity, carcinogenicity, and metal
hypersensitivity.20,28 In the present study, dissemination
of Ti and V ions from the mandibular defect to certain
organs of the rat was observed 30 days after the implan-
tation of these metal particles. There was a decrease in
the concentration of Al ions in the blood of the experi-
mental group. Indeed, concentration of aluminum ions in
the positive control group decreased across time, although
the difference was not statistically significant. Therefore,
both groups appear to have a decrease in serum aluminum
levels, which might be due to the ubiquitous nature of
aluminum.31 It must be pointed out that the concentra-
tion of metal ions in the different tissues was low (ng/g),
and that their potential clinical effects are still unknown.
Future studies should address the effects of the accumu-
lation of these metal ions since Ti nanoparticles and ions
may exert cytotoxic effects upon human cells.28

Some authors have suggested that bone loss around
dental implantsmay be caused or accelerated by an inflam-
matory reaction in response to the presence of metal
particles or ions.5,6 In fact, Ti particles and ions are more
common in peri-implantitis sites and can cause dysbiosis

of the peri-implant biofilm.32 There are several mecha-
nisms by which metal particles can be released into the
peri-implant environment, such as implant insertion,33

micromovements of the implant in the bone,34 the meth-
ods used to decontaminate peri-implant surfaces26 or
biocorrosion.35 Among these mechanisms, implantoplasty
is undoubtedly the technique that releases the greatest
amount of metal particles into the peri-implant environ-
ment. Barrak et al.,36 in an in vitro study, reported that
irregularly shaped micro- and nanoparticles are released
during implantoplasty. In addition, these authors found
that Ti-6Al-4V particles caused a greater reduction of
fibroblast cell viability compared to commercially pure Ti.
In this line, a recent study showed that the samemetal par-
ticles used in the present study exhibited cytotoxic effects
in the fibroblast cell assays in the undiluted extract, but not
in the diluted extracts.37

Our results show that the metal particles embedded in
an experimental rat jaw defect triggered chronic inflam-
mation with a foreign body granulomatous reaction char-
acterized by the presence of histiocytes and MNGCs. On
the other hand, a bone callus was observed in all the his-
tological samples of the experimental and positive control
groups, which did not differ between the study groups.
Schwarz et al.38 conducted an experimental study in six
dogs and histologically examined the effect of Ti metal
particles released during implantoplasty around the den-
tal implants. They reported a moderate deposition of Ti
particles surrounded by highly vascularized areas delim-
ited by a mixed chronic inflammatory cell infiltrate. Other
authors39–42 reported that Ti metal particles induce a
chronic inflammatory cell infiltrate associated to a for-
eign body reaction, which is in line with the results of
our study. Future studies should consider the evaluation of
the inflammatory process in the subepithelial connective
tissue around metal particles, for instance by quantifying
proinflammatory cytokines.
In the field of orthopedics, metal particles and ions

induce immune responses leading to osteolysis around the
prosthesis in an absence of bacteria—a condition known
as aseptic osteolysis.43 Friction between the joint surfaces
causes wear of the prosthesis, and the released metal par-
ticles induce a local periprosthetic osteolytic reaction.44

This complication predominantly occurs 5 years post-
orthopedic implantation43 and is characterized by histio-
cytic inflammation and activation of osteoclasts, leading
to osteolysis and consequently joint prosthesis failure.45

Histologically, a granulomatous reaction is observed, with
black and birefringent particles.42 These findings are con-
sistent with the histological findings in our experimental
rats. Thus, metal particles embedded in a mandible may
have a detrimental effect upon the peri-implant tissues,
and the mechanism involved could be similar to that
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observed in total joint replacement surgery. Indeed, bone
loss around dental implants may be increased due to the
abundance of bacteria in themouth.33 However, long-term
studies and methodologies that mimic the real scenario
are still required to determine the effects of these metallic
particles upon implant survival.

5 CONCLUSION

In summary, 1 month after implantation of Ti metal parti-
cles, we observed a granulomatous inflammatory reaction
with the presence of histiocytes and MNGCs. In addition,
the concentration of Ti ions increased in the liver, spleen,
and brain, as the concentration of vanadium ions in the
brain.
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el electrodo de referencia que 



se utilizó para los ensayos de medida de potencial de circuito abierto y los ensayos 

potenciodinámicos fue un electrodo de calomelanos (KCl saturado), con un potencial de 

0.241 V.
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Mediante este proyecto se pretende llevar a cabo los primeros estudios in vivo sobre 

los efectos de la penetración intracelular de las nanopartículas contaminadas 

procedentes de la implantoplastia y determinar si éstas causan daño o mutaciones en 



el DNA de las células del tejido periimplantario. La contaminación de la muestra con 

un biofilm periodontopatógeno permitirá aproximar el modelo a una situación clínica 

más real. Entre las pruebas de genotoxicidad disponibles, los ensayos Comet y de 

microRNA son reconocidos por su robustez, sensibilidad y poder estadístico para 

evaluar roturas y alteraciones de las cadenas de DNA, las cuales pueden ser 

consideradas características de mutagenicidad.  

 

Por otro lado, también se 




































































































































