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Abstract

Objectives: To identify titanium particles (TPs) in biopsy specimens harvested from
peri-implantitis lesions and secondarily to study the histopathological characteristics
in peri-implantitis compared to periodontitis, in order to evaluate whether the pres-
ence of TPs could alter respective inflammatory patterns.

Material and methods: Biopsies containing granulation tissue were harvested during
routine surgical treatment in 39 peri-implantitis cases and 35 periodontitis controls.
Serial sections were obtained using titanium-free microtome blades. The first and last
sections of the peri-implantitis specimens were used for identification of TPs by scan-
ning electron microscopy coupled with dispersive X-ray spectrometry. Intermediate
sections and periodontitis specimens were processed for descriptive histological
study using haematoxylin-eosin staining and for immunohistochemical analysis using
CDé68, IL-6, Nf-kB and VEGF markers.

Results: TPs were identified in all peri-implantitis specimens as free metal bodies
interspersed within granulation tissue. However, presence of macrophages or mult-
inucleated giant cells engulfing the TPs were not identified in any specimen. Peri-
implantitis granulations were characterized by a chronic inflammatory infiltrate rich
in neutrophils. About half of peri-implantitis patients exhibited a subacute infiltrate
characterized with lymphocytes interweaved with neutrophils and eosinophils. When
compared to periodontitis, peri-implantitis tissues showed higher proportions of mac-
rophages and a more intense neovascularization, based on significantly higher expres-
sion of CD68 and VEGF respectively.

Conclusion: TPs were identified in all peri-implantitis specimens, but without evidenc-
ing any foreign body reaction suggestive for direct pathological effects of TPs. The
peri-implantitis granulation tissue was characterized by intense neovascularization
and presence of a chronic inflammatory infiltrate dominated by plasma cells, neutro-

phils and macrophages.
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1 | INTRODUCTION

Dental implants represent the current gold standard treatment for
the rehabilitating of tooth loss, providing the patients an improved
oral health quality of life, as well as long-term functional and aes-
thetic outcomes (Nickenig et al., 2008). However, in spite of the high
long-term survival rates (>90%) of implant-supported restorations
(Moraschini et al., 2015), the increasing incidence of implant compli-
cations and peri-implant diseases has become a growing concern in
modern implant dentistry (J. Derks et al., 2016; Figuero et al., 2014).
Peri-implantitis is defined as a plaque-associated pathological condi-
tion occurring in tissues around dental implants, characterized with
inflammation in the peri-implant mucosa and subsequent progres-
sive loss of supporting bone (Berglundh et al., 2018). Peri-implantitis
has an estimated patient-based prevalence of around 20% (J. Derks
et al., 2016), although there is a high heterogeneity in this preva-
lence data, between 4% and 45%, depending on the case definition
used across studies (Jan Derks & Tomasi, 2015; Rakic et al., 2018).
Without appropriate therapy, this condition frequently leads to the
implant failure (J. Derks et al., 2016; Schwarz et al., 2018), while the
current therapies, although able to arrest disease progression, have
resulted in a low predictability of disease resolution (Figuero et al.,
2014; Koldsland et al., 2018).

The aetiology and pathogenesis of peri-implantitis bear clear
similarities with that of periodontitis, although there are also im-
portant differences, not only related to the more aggressive pat-
tern of progression in peri-implantitis (Schwarz et al., 2018), but
also to the clear differences in histopathological characteristics of
the affected tissues (Berglundh Tord et al., Berglundh et al., 2018).
These differential features have prompted some authors to ques-
tion the role of bacteria as the primary aetiological agent and to at-
tribute these peri-implant lesions to implant-related factors, such
as release of titanium particles (TPs), considering these particles
the primary source of peri-implant pathology (Albrektsson et al.,
2014). Although titanium, which is the main material in modern
dental implants, is praised for good corrosive resistance, thanks to
the titanium oxide layer present in sterile implants, this layer may
dissolve in acid environment and allow the leakage of by-products,
which may elicit a chronic inflammatory reaction (Delgado-Ruiz &
Romanos, 2018). In vitro studies have shown accelerated Ti corro-
sion in presence of lipopolysaccharide (LPS) at low pH (Bar&o et al.,
2011), what has suggested that the acidogenic environment result-
ing from chronic anaerobic peri-implant infection may contribute
to dissolution of the bioinert oxide layer followed by Ti leakage and
enhanced peri-implant inflammation (Wachi et al., 2015). The exact
mechanism of interaction between TPs and the surrounding tis-
sues remains, however, controversial. Some authors have reported
that TPs will stimulate an inflammatory response (M. Pettersson
et al., 2017; Swiatkowska et al., 2019), while others have suggested
that the tissue response will occur as a foreign body reaction (FBR)
with macrophages and multinucleated giant cells (MNGCs) engulf-
ing the TPs (Albrektsson et al., 2014). Even though in experimental
in vivo and in vitro studies, TPs have shown to dysregulate local

immunity, mainly through impairing antigen-presenting cells and
secondarily promoting a pro-inflammatory reaction (Heyman et al.,
2018; M. Pettersson et al., 2017; Wachi et al., 2015), this effect
has not been demonstrated in humans. In fact, there are few clin-
ical studies evaluating the possible deleterious impact of TPs in
the pathogenesis of peri-implantitis (Tobias Fretwurst et al., 2016;
Olmedo et al., 2013; Mattias Pettersson et al., 2019; Wilson et al.,
2015). These studies have primarily aimed to identify TPs within
the peri-implant tissues and to study the histopathological char-
acteristics of the affected tissues, but they have not been able to
associate the presence of these TPs with the peri-implant tissue
pathology (T. Fretwurst et al., 2018; Tobias Fretwurst et al., 2016).
So far, the exact role of TPs in peri-implantitis has not been fully
elucidated and remains unclear whether TPs may aggravate peri-
implant inflammation and lead to the end-stage foreign body re-
action (FBR).

The working hypothesis of the present study was that TPs could
elicit a specific inflammatory response modifying the patterns of
chronic inflammation and leading to an end-stage FBR.

It was, therefore, the primary purpose of this observational
study to identify TPs in peri-implant granulation tissue harvested
from peri-implantitis lesions, and secondarily to investigate the his-
topathological patterns of peri-implantitis compared to periodontitis
specimens to evaluate whether presence of TPs could induce an ef-

fect on the inflammatory patterns.

2 | MATERIAL AND METHODS

2.1 | Study design and population

This study was designed as cross-sectional case-control study eval-
uating the histopathological and immunohistochemical character-
istic of tissue biopsies retrieved either from peri-implantitis lesions
(cases). As reference controls, tissue biopsies from periodontitis le-
sions were used (Figure 1). The population, source of the specimens
was patients attending the Clinic for Makxillofacial, Oral Surgery
and Implantology, Military Medical Academy, Belgrade, Serbia from
September 2012 until November 2019. These patients were sys-
temically healthy with a diagnosis of either peri-implantitis or severe
periodontitis according to the case definitions (Page & Eke, 2007,
Sanz, and Chapple, 2012).

e Peri-implantitis defined by presence of probing depths (PD)
> 5mm, bleeding on probing (BOP)>1 and radiographic bone loss
(RXBL) 22 mm measured from the implant shoulder to the first
detectable bone to implant contact.

e Severe periodontitis defined by presence of >2 interproximal
sites with clinical attachment loss (CAL) >6 mm and >1 interprox-

imal site with PD >5 mm not on the same teeth.

In both groups of patients, surgical treatment was indicated,
once the non-surgical therapy did not meet the treatment objectives.
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CLINICAL EXAM SPECIMEN RETRIEVAL

HISTOLOGICAL ASSESSMENT

| EDS-superficial |

| HaE | [iHC | | EDS-medial |

* Clinical parameters
* Radiological exam

Intrasurgical harvesting of biopsies
containing granulation tissue

Transversal sections sectioned in direction implant-to-soft-tissue wall

FIGURE 1 Study design. Diagnostic specimen represented granulation tissue harvested within routine surgical treatment of peri-
implantitis/periodontitis using Ti-free instruments. In order to ensure true-positive outcomes, the elemental analysis was performed using
scanning electron microscopy (SEM) and dispersive X-ray spectrometry (EDS) in the first and last (medial) sections following consecutive
sectioning for haematoxylin and eosin staining (H&E), and immunostaining. Histopathological assessment was performed in H&E sections,
while the nuclear factor kappa-B (Nf-kB), interleukin-6 (IL-6), Cluster of Differentiation 68 (CD68) and vascular endothelial growth factor
(VEGF) were used to compare inflammatory patterns between the groups

Biopsies from patients were excluded if having systemic diseases
that could alter the periodontal/peri-implant tissue response.

The study was conducted according to the Helsinki declaration
for human studies (World Medical Association, 2013) and the use
of patient's tissue specimens was approved by the institutional eth-
ics committee (Ethics Committee of the Medical Military Academy,
Belgrade, Republic of Serbia, permission references: # VMA10-
12-A.1, #2/2021). The patients were informed about study charac-
teristics and accepted to donate their tissue specimens as part of the
excised tissues during peri-implant or periodontal surgery by signing
an informed consent.

2.2 | Tissue harvesting and histological processing

Diagnostic specimens represented peri-implant and periodontal
granulation tissues harvested during standard surgical treatment,
following infiltrative anaesthesia (Ubistesin Forte, 3 M Espe, 4% ar-
ticaine/ epinephrine 1/100,000, Deutschland GmbH,) and exposure
of the soft tissue pocket wall by elevation of full-thickness mucoperi-
osteal flap. An effort was made to minimize contact with the root/im-
plant surface during the biopsy procedure, thus the specimens were
excised from the pocket wall using a scalpel blade (15c, Aesculap
AG,). Specimens were rinsed in sterile saline and further placed in
cassettes (Tissue-Tek Paraform Sectionable Cassette System by

Sakura Finetek Europe, Netherlands) and containers containing

3.5% buffered formalin for immediate transportation to the labo-
ratory. To orientate the specimen, the biopsies were placed with
the dissection plane oriented towards the bottom of the cassette.
Specimens were subsequently dehydrated and embedded in paraf-
fin using standard protocols, and further sectioned using microtome
(sections of 5 pm thickness) and mounted on glass slides (SuperFrost,
Menzel Braunschweig,). In the peri-implantitis specimens, Ti-free in-
struments and blades were used for tissue harvesting and sectioning
to prevent any false positivity due to possible contamination. The
first and last (medial) peri-implantitis sections were used for disper-
sive X-ray spectrometry (EDS). The remaining sections and all peri-
odontitis specimens were stained with haematoxylin-eosin (HE) or
processed for immunohistochemistry (IHC).

Sections for IHC were immune-stained with the following an-
tibodies: CD68 (1:200, sc-20060, Santa Cruz Biotechnology,), L6
(1:100, sc-130326, Santa Cruz Biotechnology,), NF-xB (1:100, sc-
8008, Santa Cruz Biotechnology,) and VEGF (1:100, sc-7269, Santa
Cruz Biotechnology,) for identification of macrophages, markers
of inflammation and neovascularization respectively. The standard
settings protocol was performed for deparaffinization, rehydration
and antigen retrieval, endogenous peroxidase activity was further
blocked (Dako Dual Endogenous Enzyme Block,) while the IHC stain-
ing was performed using commercial kit according to the manufac-
turer's instructions (EnVision System- HRP; DAB, DakoCytomation,).
The slides were counterstained with haematoxylin and later manu-

ally dehydrated, mounted and cover-slipped.
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2.3 | Histological evaluation

HE sections were examined by an experienced pathologist (G.J.B.)
blinded for specimen affiliation, using brightfield microscopy (BX50
Olympus, Inc,) equipped with imaging system (Q-500 MC; Leica,
Wetzlar, Germany) with the objective of evaluating the cell content
of the inflammatory infiltrate, as well as possible signs of foreign
body reaction (FBR).

IHC sections were counterstained with haematoxylin and subse-
quently dehydrated and mounted manually. Using the x40 objective,
4-5 representative fields of interest (300 x 200 pm) were selected
depending on the dimension of the specimen and exported for iden-
tification and quantification of positive cell markers using the au-
tomated NIH Image) software (NIH, Bethesda, Maryland; https://
imagej.nih.gov/ij/) equipped with the IHC profiler plugin (Varghese
et al., 2014). The results were averaged per sample and expressed
as proportion (%) of positive cells and relative ratio of positive and
negative cells. The assessment was performed by two examiners
blinded for the type of specimen, while their calibration was per-
formed by double examination of 10 randomly selected immune-
stained sections. An inter-examiner and intra-examiner agreement
were measured using linear weighted « coefficient (inter-examiner x:
0.975; intra-examiner x G.B.J.: 0.968, M.R.:0.961).

2.4 | Scanning electron microscopy and X-ray
spectrometry (EDS)

The first and last medial section of test specimen was used for iden-
tification of metal particles (MP) using brightfield and polarized mi-
croscopy in HE-stained sections (Tobias Fretwurst et al., 2016; Grosse
et al., 2015) (Figure 2a,b) and scanning electron microscopy (SEM) (Leo
1450 VP, Zeiss, Oberkochen, Germany) (Figure 2c,d). Two-section veri-
fication approach was applied to avoid false Ti positivity in superficial
layers related to instrumental manipulation, thus only the samples
presenting the TPs in the middle layer have been considered Ti posi-
tive. Characterization of the elemental composition of these MP was
performed using dispersive X-ray spectrometry (EDS) (Figure 2ef).
Samples were metalized for SEM analysis using carbon to avoid inter-
ference between palladium/gold and metals. The obtained specimens
were examined using accelerating voltage (20kV) SEM and scanned
with a 100 pm x 100 pm beam size at varying magnifications for the
identification of particle-like structures. Regions of interests where the
particles were identified were magnified and tested using EDS to de-
termine their elemental composition. Between 5 and 10 spectres per
sample were analysed and the elemental composition was expressed
as mean mass percentage of elements (mass %) by spectre.

2.5 | Data analysis

The proportion of IHC-positive cells and their relative ratio +/- per
sample were expressed as median + standard deviation and were

further compared using Mann-Whitney U-test between the groups.
Statistical analysis was performed using commercial software (SPSS
v.25.0; SPSS Inc.,). The current study was reported according to the
STROBE guidelines.

3 | RESULTS

Thirty-nine peri-implantitis and 35 periodontitis specimens were
available for histological and IHC evaluation. Their characteristics
regarding periodontal and peri-implant parameters as well as age,
gender and smoking habits are depicted in Table 1.

3.1 | Descriptive histopathology

In both peri-implantitis and periodontitis specimens, a chronic inflam-
matory infiltrate with focal presence of neutrophils comprised most
of the tissue content. However, in peri-implantitis specimens, the
inflammatory infiltrate was denser and richer in vascular networks
and hyperaemic vessels, usually associated with micro-bleeding re-
sulting in focal erythrocyte infiltrates (Figure 2). The peri-implantitis
specimens depicted two main patterns of inflammatory infiltrate:
one with a predominant infiltrate of lymphocytes mainly plasma cells
(Figure 2a) and the other with zones rich in neutrophil granulocytes
and sporadic eosinophils interweaved with the chronic lymphocytic
infiltrate (Figure 2b). Neutrophils were observed in all specimens in
the area in close vicinity to the implant surface (Figure 2c), within
the endothelium and vessel lumen (Figure 2d) and transmigrating
through the endothelium (Figure 2¢,f).

3.2 | IHC patterns

Figure 3 depicts the differential expression of IHC markers between
peri-implantitis and periodontitis specimens, while the percentage
of total positive cells and respective relative ratio +/- cells between
the groups are provided in the Table 2. Both demonstrated intensive
staining for inflammatory markers (CD68, Nf-kB and IL-6), although
peri-implantitis sections showed a significantly higher total positiv-
ity and relative ratio of CD68 compared to periodontitis sections
(total positivity: p = .040; relative ratio: p < .021). VEGF also showed
significantly higher expression in peri-implantitis sections (total
positivity: p = .036; relative ratio: p < .001). In fact, this marker was

scarcely expressed in periodontitis sections.

3.3 | Presence of metal particles within the
granulation tissue in test specimens

TPs were identified in all Pl biopsies (100%) with variable size and
shape, and all specimens presented TPs in the central zones (inner
medial sections) confirming the lack of false positivity due to
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FIGURE 2 Histopathological profile in peri-implantitis. Inflammatory infiltrate with focal presence of neutrophils was observed in

all samples suggesting the infection-induced chronic inflammation as a common pathological diagnosis of peri-implantitis. Two patterns

of inflammation were observed in PI, including chronic lymphocyte infiltrate with abundant plasma cells (a) and subacute infiltrate (b)
characterized with chronic infiltrate interweaved with zones of neutrophil (N) granulocytes and sporadic eosinophils (E) (violet arrows
indicate pink zones of granulocyte infiltrates within chronic infiltrate). Neutrophils were observed in all specimens in the lining contact zone
towards dental implant (c, green arrows), the squeezed neutrophils were observed in the endothelium and vessel lumen (d) as well as in the
extravasated blood content (g, f). Peri-implantitis lesions exerted dense vascular networks with hyperaemic vessels that were frequently
associated with micro-bleeding characterized with focal erythrocyte infiltrates (f). All micrographs have been captured at x40 magnification,
while the d and e represent zoomed crops of the same micrographs aiming at better visualization of specific histopathological details

instrumental manipulation within tissue harvesting. Two trends of
distribution were observed: in the vicinity of the implant surface
as small spot-like particles diffusely dispersed (Figure 4a,b), and as
single particles with higher diameter present in the central zones
(Figure 4c) with average particle size of 8.9 + 24.8 pmz. TPs were
observed as a free inter-cellular content without depicting any sign
of specific inflammatory reaction (FBR). Phagocytes with engulfed
particles or MNGCs were not observed in any specimen. The el-
emental characterization confirmed the presence of titanium in all
peri-implantitis specimens, together with identification of Si, Fe,
Rb and Yr in some specimens (Figure 4d,e). Other organic and non-
organic elements probably originating from biological fluids and car-
bon metallization such as C, O, K, Mg, Si, S, P were also identified,
as well as Ca suggesting the presence of resorbing bone fragments
within the inflammatory tissue (Figure 4f).

4 | DISCUSSION

The results from this investigation have evidenced the presence of
TPs in all peri-implantitis specimens studied. However, these par-
ticles did not show any sign of biological activity around them nor
were present within scavenger cells. Furthermore, there were no

signs of frustrated phagocytosis and presence of MNGCs, so the
typical histological signs of a FBR were not identified in any speci-
men. In comparison with the periodontitis tissues, peri-implantitis
tissues demonstrated a more severe inflammatory pattern with a
higher degree of vascularization. Furthermore, a clear neutrophil in-
filtration within the granulation tissue was clearly identified in most
of the peri-implantitis specimens. These findings were also appar-
ent when the tissues were studied with immunohistochemistry, with
peri-implantitis tissues demonstrating a significantly higher mac-
rophage afflux and more expressed neovascularization.

The present study has confirmed the previously established his-
topathological features of peri-implantitis lesions characterized by
aggregation of neutrophils, particularly expressed in the lining zone
facing the implant within a mixed inflammatory infiltrate composed
of lymphocytes and macrophages, with predominance of plasma
cells (O. Carcuac & Berglundh, 2014; Gualini & Berglundh, 2003;
Wilson et al., 2015). Moreover, the varying grade of inflammation
from chronic to subacute (O. Carcuac & Berglundh, 2014; Gualini &
Berglundh, 2003) was confirmed in the present study since 50% pa-
tients presented mixed subacute infiltrate consisted of granulocytes,
thus future studies should investigate whether these subacute his-
topathological patterns are associated with the most severe form of
peri-implantitis. The comparative evaluation of the histopathological
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Peri-implantitis

n=39
Gender
Females (n) 16
Male (n) 23
Age (years; mean and range) 52.5(24-60)
Smokers (n) 18
Number of teeth (n; mean and range) 16.1 (0-25)
Full-mouth dental plaque index (% 204 +9.2
mean =+ SD)
Full-mouth dental bleeding on probing (% 18.0+ 5.3
means + SD)
Full-mouth dental probing depth (mm; 3.9+09
mean + SD)
Full-mouth CAL (mm; mean + SD) 29+1.1
Implant-site parameters
Plaque index (% mean + SD) 81.88 + 18.31
Bleeding on probing (% mean + SD) 971 +15.2
Probing depth (mm; mean + SD) 61+19
Suppuration (n and %) 12 (30.76)

*p < .05.

findings between peri-implantitis and periodontitis confirmed pre-
viously established observations regarding the bacterially induced
chronic inflammatory pattern in both diseases, being the most prom-
inent macroscopic and microscopic differences the larger lesion size
and more expressed neovascularization in peri-implantitis, what
confirms previous descriptions comparing both lesions (O. Carcuac
& Berglundh, 2014).

The immunohistochemical study specifically focused on pres-
ence of macrophages, inflammatory markers and markers of neo-
vascularization. Macrophages were selected since these cells are
primary drivers of biological response on titanium implants (Zhang
et al., 2018), both responsible for osteointegration in presence of
biocompatible surface as well as for detection of harmful TPs, which
is followed by stimulation of T-helper type-1 cells (TH1), promoting
a M1-macrophage response directed to eliminate them (Klopfleisch
& Jung, 2017). We selected the marker CDé68 as an universal mac-
rophage marker, commonly used to estimate the intensity of inflam-
matory reaction against biomaterials (Miron et al., 2016). The IHC
results from the present study demonstrated significantly increased
expression of CD68 in peri-implantitis, compared to periodontitis,
what clearly suggests an increased macrophage activity in peri-
implantitis. This finding has been reported in previous histopatholog-
ical studies (O. Carcuac & Berglundh, 2014; Tobias Fretwurst et al.,
2020; Galarraga-Vinueza et al., 2020). In fact, recent studies have
confirmed the predominance of pro-inflammatory M1-macrophages
over M2-macrophages in peri-implantitis (Tobias Fretwurst et al.,
2020; Galarraga-Vinueza et al., 2020; Garaicoa-Pazmino et al., 2019).

Markers of inflammation used in this investigation (Nf-xB
and IL-6) did not demonstrate significant differences between

TABLE 1 Demographic and periodontal

R characteristics of the groups

n=35

18

17

53.14 (32-62)
21

18.2 (6-25)
25.3+39

20.5+4.5

48+32

39+21

Periodontal-site
parameters

857+ 154
96.25+12.45
7.8 +3.81
6(17.14)

peri-implantitis and periodontitis lesions. Moreover, the Nf-xB was
selected as representing an intrinsic transcription factor in the bio-
synthesis of pro-inflammatory mediators, routinely used for esti-
mation of the inflammatory response intensity (Zhang et al., 2018).
The lack of differences in the intensity of this marker between both
lesions may indicate the lack of specific inflammatory enhancers in
peri-implantitis, collectively supporting the similar etiopathogen-
esis in periodontitis and peri-implantitis, characterized with non-
resolving chronic inflammation in response to a dysbiotic biofilm.
IL-6 was selected as a key pro-inflammatory cytokine associated
with bone resorption and with frustrated phagocytosis (Anderson
et al., 2008) (Klopfleisch & Jung, 2017). In that context, the similar
pattern of IL-6 expression between peri-implantitis and periodontitis
is in concordance with the lack of clear macrophage overstimulation
in response to the TPs identified in the peri-implantitis specimens.
VEGF was estimated as representing a major macrophage chemo-
attractant and mediator of neovascularization (Harding et al., 2019).
This factor was significantly more expressed in peri-implantitis tis-
sues, what also corroborates previous investigations reporting an
enhanced neovascularization in peri-implantitis lesions (O. Carcuac
& Berglundh, 2014; Gualini & Berglundh, 2003). Since neovascular-
ization relates to the metabolic activity within pathological process
and related severity (Kumar et al., 2016), this is suggestive for more
severe inflammatory process in peri-implantitis. Overexpression of
VEGF has been directly correlated to TPs exposure in a dose- and
time-depending manner (Miyanishi et al., 2003; Spanogle et al.,
2006); however, in this investigation, the increased VEGF could
not be assigned to the presence of TPs since there was a lack of
histopathological signs associated with the TPs in the assessed
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Periodontitis

Peri-implantitis

CD6S

F-kB

Nf

Periodontitis

FIGURE 3 Expression of immunohistochemical markers between peri-implantitis and periodontitis. Peri-implantitis and periodontitis
granulation tissue exhibited intensive staining for CD68, Nf-kB and IL-6, while the CD68 was the single marker significantly more expressed
in peri-implantitis. VEGF was significantly more expressed in peri-implantitis when compared to periodontitis where it was lightly expressed.
Micrographs were captured at two magnifications x200 and x400 per each experimental and control sample

TABLE 2 Quantitative characteristics
of immunohistochemical markers between

Periodontitis

Peri-implantitis

the groups Total + cells +/- ratio Total + cells +/- ratio
CD68 2711 + 38.17 1.81+0.32 73.85 + 35.28' 4.32+1.01
Nf-kB 66.23 +10.16 2.62 +0.15 68.77 + 11.57 1.54 +0.41
I-6 43.32 + 7.63 0.84 +0.15 38.37 + 15.12 0.71+0.3.21
VEGF 34,24 + 8.24 0,19 +0.15 43,095 +21.03 1,67 +5.45

Note: CD68 - cluster of differentiation 68; Nf-kB - nuclear factor kappa-B; IL-6 - interleukin 6;
VEGEF - vascular endothelial growth factor; *p < .05.

specimens. However, other investigations have reported possible
interference of TPs with local immunological networks leading to
pro-inflammatory upregulation (M. Pettersson et al., 2017). There
is, therefore, a need for future research on the possible association
between TPs and inflammatory upregulation.

The post-market material-vigilance represents the backbone
for safe and effective use of medical devices (Kramer et al., 2013;

Schmalz & Galler, 2017), and therefore, it is sound to study the
potential leakage of TPs and their potential harmful effects when
studying the biological complications of dental implants. In the pres-
ent study, we have evaluated not only the presence of the typical
pathological signs of FBR associated with the TPs (presence of mul-
tinucleated cells around the TPs), but also the inflammatory patterns
and its intensity in aid of IHC with carefully selected biomarkers
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Element

FIGURE 4 |Identification of Ti particles. Metal particles were identified in H&E sections using light microscopy (a) and polarized light (b),
and further using scanning electron microscopy using different conditions (c) while they were confirmed using dispersive X-ray spectrometry
(d) and elemental analysis was performed to estimate a mean mass percentage of identified elements with respective SD (e). Smaller
dispersed titanium particles were observed in the boundary zone (a) while the solitary particles with higher diameter were rather observed
in central zones (d). In addition to Ti, elemental analysis confirmed the presence of other constitutive elements of dental materials and
instruments in some specimens, including Si, Fe, Rb and Yr (d, e), as well as other organic and non-organic elements probably originating from

biological fluids and carbon metallization such as C, O, K, Mg, Si, S and P

reflecting the intensity of the inflammatory response (Nf-kB) and
neovascularization (VEGF). Furthermore, we have used as controls,
granulation tissue from periodontitis specimens with the assump-
tion that these tissues were completely TPs free. Regarding the first
objective, we could not identify the presence of multinucleated cells
and other characteristic pathological signs of a FBR associated with
the presence of the identified TPs. The intensity of the inflammation
measured by the Nf-kB expression did not demonstrate any signifi-
cant difference when comparing peri-implantitis versus periodontitis
granulation tissues, although the increased number of macrophages
and higher neovascularization patterns in the peri-implantitis gran-
ulation tissue indicate a more severe pattern of destruction in this
disease.

The screening of TPs in both superficial and medial granulation
layers excluded the possible false positivity due to instrumentation.
Other studies have shown that during submarginal debridement de-
tached particles from scaling instruments may remain within peri-
implant tissues (Eger et al., 2017) what may have interfered with an
accurate interpretation of the study outcomes.

TPs seemingly represent acommon finding in peri-implant tissues
that may originate from drilling, friction and instrumental manipula-
tion during routine dental procedures (Kister et al., 2017; Kotsakis
et al., 2020; Suarez-Lopez Del Amo et al., 2018). Moreover, a bacte-
rially contaminated microenvironment and the use of corrosive anti-
septics may facilitate the process of TPs detachment (Kotsakis et al.,
2016; Mombelli et al., 2018). However, there are only few published

studies that have identified TPs in soft tissue biopsies and granulation
tissue from peri-implantitis patients (Tobias Fretwurst et al., 2016;
Mattias Pettersson et al., 2019; Wilson et al., 2015). These studies
have also reported a high prevalence of TPs associated with similar
histopathological characteristics, as those reported in the present
investigation. The main discrepancy, however, lays in the finding of
MNGCs in more than 10% of samples, as reported by Wilson et al.
(Wilson et al., 2015). These cells, however, were not identified in the
present investigation in the vicinity of the TPs. The role of MNGCs in
peri-implant tissues is controversial since these cells can be found in
tissues from both healthy osseointegrated implants as well as from
peri-implantitis specimens (Bosshardt, Chappuis, & Buser, 2017;
Salata et al., 2007). Furthermore, these cells cannot be accurately
distinguished from activated osteoclasts, unless using specific mark-
ers since they originate from the same precursor monocyte/mac-
rophage lineage (Miron et al., 2016). In fact, activated osteoclasts
represent a common finding in peri-implantitis tissues, being their
number a differential factor when compared with periodontitis
lesions (Olivier Carcuac et al., 2013). Albrektsson et al. have pro-
posed a theory to explain the pathogenesis of peri-implantitis based
on an unfavourable FBR towards dental implants and released TPs,
while suggesting the secondary role of bacterial infection in peri-
implantitis (Albrektsson et al., 2014,2019). This theory cannot be
corroborated with the results from this investigation since the signs
of FBR such as presence of MNGCs or frustrated phagocytosis in
the vicinity of the TPs were not identified in any of the specimens.
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The biological response on TPs has been attributed to several
factors, such as particle size, surface topography and chemistry as
well as the presence of contaminating biomolecules (Pajarinen et al.,
2013; Zhang et al., 2018). The TPs identified in this investigation
demonstrated a higher degree of biocompatibility since no biological
reaction could be identified around them (Sakamoto et al., 2016).
Furthermore, the similar pattern of expression of IL6 and Nf-kB be-
tween peri-implantitis and periodontitis tissues indicates that TPs
may not be responsible for this hyperinflammatory tissue response.

The results of this study, however, must be interpreted with
caution since this cross-sectional observational study can only iden-
tify associations and never lead to casual interpretations. Another
limitation of this study is the lack of SEM and EDS analysis of peri-
odontitis specimens, since we assumed that they were TPs free.
Furthermore, descriptive histology always bears a certain degree of
subjective bias and IHC is always subject to a high variability due to
methodological difficulties in tissular antigen-antibody expression.
Therefore, the reported findings on lack of biological activity around
TPs, the higher macrophage afflux and more expressed neovascu-
larization in peri-implantitis tissues require further research in well-

designed studies.

5 | CONCLUSION

Within limitations of this study, TPs are common finding in peri-
implantitis, but do not evoke a marked biological response. Peri-
implantitis granulations demonstrated clear differences when
compared to periodontitis, mainly a different pattern of the inflam-
matory infiltrate with presence of subacute infiltration in about half of

the samples and a higher macrophage afflux and neovascularization.
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