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KEYWORDS Abstract Objective: To investigate the presence of titanium particles in peri-implant tissues in
Peri-implantitis; cases diagnosed with peri-implantitis, and to identify immunological reactions that these particles
Dental implants; may elicit.

Microscopy; Methods: Ten peri-implant tissue biopsies of patients diagnosed clinically and radiographically
Scanning electron micro- with peri-implantitis were obtained from the archives of Oral Pathology Centre, University of
scopy; Otago. The inclusion criteria involves: bleeding on probing, >6 mm probing depth and >3 mm
Corrosion; radiographic bone loss around the dental implant. Peri-implant tissue samples were evaluated using

Foreign body reaction scanning electron microscopy-energy dispersive x-ray spectroscopy (SEM-EDS) to identify of sites

with/without titanium particles. Antibodies against human transforming growth factor beta 1
(TGF-B1), receptor activator of nuclear factor kappa-B ligand (RANKL), interleukin 33 (IL-33)
and cluster of differentiation 68 (CD68) were used to stain the specimens. ImageJ software was used
to standardise the sampling area, compare and characterise the inflammatory infiltrate in tissues
with/without titanium particles. Inflammatory cytokines positivity was assessed using the
immunoreactive scores (IRSs).

Results: Light microscopy and SEM-EDS analysis identified titanium wear particles in 90% of
the tissue samples, associated with a mixed chronic inflammatory infiltrate. Quantification analysis
of RANKL revealed significantly higher IRS and intensity scores (p < 0.05) in areas containing
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titanium. High intensity, proportion and IRSs of TGF-f1 and IL-33 were observed in areas with
titanium. CD68 had higher IRSs in the absence of titanium particles.

Conclusions: Significant overexpression of the cytokine RANKL was observed, with a trend for
over-expression of IL-33 and TGF-BI in areas with titanium. Further studies with large sample size
and appropriate control group for quantification analysis is needed to confirm the role of titanium

particles in initiating bone loss.

© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Implant complications remain a notable concern with 1-5% of
dental implants failing within 5-7 years (Pjetursson et al.,
2012). Despite the inconsistencies in case definitions of peri-
implantitis, disease prevalence varies between 5 and 56% of
patients (Derks et al., 2016; Zitzmann and Berglundh, 2008).
Biofilm accumulation is considered to be a key causal factor
in peri-implantitis. The association between peri-implant dis-
ease and its microbial aetiology is a consequence of the
lipopolysaccharide (LPS) component of bacterial cell walls,
which activates neutrophils, macrophages, T cells and B cells
and sets up, through a cascade of cytokine release and osteo-
clast differentiation, tissue reactions in the soft tissue and bone
(Fernandes and Gomes, 2016; Taira et al., 2010). Some cytoki-
nes have been over-expressed in peri-implant crevicular fluid in
diseased implant sites (Erhan and Tolga, 2016).

Recent research has focused on whether titanium particles
can instigate foreign body reactions via the activation of pro-
inflammatory cytokines, resulting in peri-implant bone and
soft tissue loss (Alrabeah et al., 2017; Murray et al., 2013).
Titanium particles can enter peri-implant tissues due to corro-
sion in the oral environment, micro-movements between the
implant components, instrumentation of the implant surface
or implant surgery. Corrosion is defined as the ‘“‘the release
of metal ions from metal surfaces as a result of a thermody-
namically driven electrochemical process” (Tawse-Smith
et al., 2017). The oral cavity provides a corrosive medium
for dental implants which is further enhanced by inflamma-
tion, the presence of acidic bacteria, fluorides and dietary fac-
tors, all of which can contribute to disruption of the titanium
oxide layer of the implant (Alrabeah et al., 2017; Tawse-Smith
et al., 2017). The association between corrosion and osteolysis
has been consistently demonstrated in the orthopaedic litera-
ture and the formation of particulate wear has been found to
contribute to aseptic loosening of orthopaedic implants and
peri-implant tissue inflammatory changes (Geetha et al.,
2009; Olmedo et al., 2012).

Implant surface decontamination may be carried out
through a combination of mechanical, chemical and photody-
namic therapy (Meyle, 2012). In human and animal studies,
the use of metallic instrumentation to remove biofilm deposits
has been shown to reduce the inflammatory response and pro-
gression of bone loss in peri-implant tissues (Valderrama and
Wilson, 2014). However, surface instrumentation may result
in the formation of particulate wear (Valderrama and
Wilson, 2014) which is enhanced by the low wear resistance
of titanium and surface treatments, such as surface roughening
and oxidization (Taira et al., 2010).

Furthermore, titanium particles in peri-implant tissues may
cause a foreign body reaction which is determined by both the
quantity and physicochemical properties of the metallic parti-
cles in addition to the host response. Proinflammatory and
anti-inflammatory cytokines and chemokines have been pro-
posed in influencing the progression of, and immunity to,
peri-implantitis. Imbalances in the level of cytokine release
may inhibit the resolution of inflammation, or contribute to
alveolar bone loss (Fernandes and Gomes, 2016).

This descriptive study aims to investigate the presence of
titanium particles in the peri-implant tissues in cases diagnosed
with peri-implantitis, and to identify immunological effects
within the same sample for sites with/without titanium
particles.

2. Materials and Methods

2.1. Sample selection

Ethics approval was granted by the Otago Human Ethics
Committee (Reference number: H16/074). The Ngai Tahu
Maori Research Consultation Committee was contacted for
advice. This experimental pilot study analysed formalin-fixed
paraffin-embedded (FFPE) peri-implant tissue biopsies from
ten patients diagnosed clinically and radiographically with
peri-implantitis between 2011 and 2016. The samples (obtained
from the archives of the Oral Pathology Centre, Faculty of
Dentistry, University of Otago) were diagnosed with inflamed
mucosa consistent with peri-implantitis, and excised by an
experienced periodontist ATS (Fig. 1). The inclusion criteria
involved the following clinical/radiographic parameters: bleed-
ing upon probing, probing depths of >6 mm and radiographic
bone loss of >3 mm around the dental implant. Immunocom-
promised patients and patients with immune-mediated inflam-
matory diseases were excluded from the study.

Sections were cut at 3—5 um from the selected FFPE blocks,
processed routinely and stained with haematoxylin and eosin
(H&E).

2.2. Particle identification

2.2.1. Light microscopy

A camera attached to a light microscope (BX53 Olympus,
Olympus Inc, Japan) was utilised to take photos of the tissue
on each H&E slide at 2x magnification. These images were
then used to create a mapping system via the use of a grid in
ImageJ (US National Institutes of Health, Bethesda, Mary-
land, USA). The map dimensions consisted of six
I mm x 1 mm squares labelled A-E on the side and 1-6 above.
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Fig. 1
radiograph showing saucer shaped peri-implant bone loss.

The tissue sections were then scanned visually at 10x magnifi-
cation under the light microscope for any black particles that
were consistent with titanium (Fig. 2). Once test sites (with
black particles) and control sites (without particles) within
the sample were identified, the location was transcribed onto
the maps and photomicrographs were taken at 20x and 40x
magnification. This mapping system allowed foreign material
to be located for elemental testing. Three most representative
areas positively confirmed in which titanium was present,
and three areas with no titanium for each slide (as confirmed
by scanning electron microscopy (SEM) were selected for
evaluation.

2.2.2. SEM — EDS

SEM and energy dispersive x-ray spectroscopy (EDS) images
were acquired using the Zeiss VP FEG SEM machine (Carl
Zeiss Inc, Oberkocken, Germany). This was conducted to con-
firm and record the presence of titanium in pre-selected regions
within the tissues (Fig. 3). Images of the slides on the SEM
computer screen were matched to the corresponding regions
on each slide in the SEM machine to allow slide orientation.
This allowed accurate mapping of the titanium particles
despite the high magnification of the SEM machine.

2.3. Immunohistochemistry analysis

To prepare for staining with the four antibodies, a further four
3-5 pm sections were cut from the selected FFPE tissue blocks.
Antibodies against human transforming growth factor beta 1
(TGF-B1), receptor activator of nuclear factor kappa-B ligand
(RANKL), interleukin 33 (IL-33) and cluster of differentiation
68 (CD68) were used to stain the specimens with a matched
immunoglobulin G (IgG) isotype control antibody (Fig. 4).
Preliminary optimisation was carried out for each antibody
with a positive control tissue using the Ventana autostainer
(Ventana® Benchmark XT, Roche Inc., USA). The concentra-
tion ranges suggested by the manufacturer were utilised as a

A: Occlusal view of upper left quadrant showing single implant crown — site #24 — with inflamed peri-implant tissues. B: Periapical

guide when choosing dilution factors. A dilution factor of
1:100 was selected for the antibodies TGF-B1 and CD68, while
1:50 was selected for RANKL and IL-33 after a range of dilu-
tions were tested. The Ventana standard IHC protocol (CC1)
was used for all four antibodies. Counterstaining was per-
formed using Gill’s haematoxylin (GHS1128, Sigma-Aldrich,
USA) and slides were rinsed in a container with cold running
water.

2.4. Quantification analysis

The stained slides were viewed using light microscopy (BX50
Olympus, Japan) and photomicrographs were taken of all four
antibodies at 200x magnification of three regions where tita-
nium was present, and three areas with no titanium for each
slide (as confirmed by SEM). For quantification, ImageJ plu-
gin ‘THC profiler’ was utilised to calculate the staining area
(percentage) and intensity for the photomicrographs of the
four antibodies. This method was selected because it considers
both the percentage of IHC positivity and the staining inten-
sity (Varghese et al., 2014). The ‘IHC profiler’ use colour
deconvolution and pixel profiling to produce a score for
images with IHC staining. Initially all the images were cropped
by setting the scale and creating a centred 2000 um squared
grid on ImageJ. This system allows for calculation of an
immunoreactive score (IRS), which is derived from multiplica-
tion of a proportion score (PS) and an intensity score (IS). To
calculate the PS for each slide, a score was given between 0 and
4 depending on the percentage of positivity. To calculate the IS
for each slide we compared the staining intensity to that of the
positive control. A score of 0-3 was given depending on the
intensity with zero representing no intensity and three, high
intensity. The IS was standardised with two examiners (HH
and ZB) until 95% reliability agreement was reached. The
numeric values corresponding to the different results given
by ImagelJ for the percentage positivity, PS and IS are shown
in Table 1.
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Fig. 2 A: Tissue sections from a biopsy of the clinical case illustrated in Fig. 1, showing fragments of dark foreign material scattered
within the connective tissue with a mixture of an acute and chronic inflammatory infiltrate (20x magnification; H&E staining). B:

Mapping system.

2.4.1. Analysis of Acute/Chronic inflammatory cells

The numbers of acute and chronic inflammatory cells present
in the H&E sections of areas with and without titanium were
counted from the H&E stained slides using ImageJ. Photomi-
crographs were taken at 40x magnification of three areas con-
taining titanium and three areas with no titanium for each of

the samples. In order to have a standardised approach of dif-
ferentiating acute cells from chronic cells, inter-observer corre-
lation was calculated using Pearson correlation coefficient. The
inter-observer correlation coefficient was 0.9 (P < 0.05), show-
ing significant agreement between observers and therefore sup-
ported accurate analysis of the inflammatory infiltrate.
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Fig. 3 A: SEM analysis revealing different size particles in the tissue biopsy. B: EDS analysis confirming the presence of titanium

particles in the biopsy.

2.5. Statistical analysis

GraphPad Prism 7 (Graph Pad Software, La Jolla, California,
USA) was utilised to calculate the mean, standard deviation,
standard error of mean, and P-values. The P-value criteria
chosen was two tailed, equal-variance. A P-value of less than
0.05 was considered to be statistically significant.

3. Results

3.1. Presence of titanium particles

Titanium particles were present in nine of the ten samples, as
confirmed by SEM. In another sample titanium particles were
present but were located outside of the mapped area. There-
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Ti particles No Ti particles

Fig. 4 A: IHC with anti-CD68 antibody in tissues containing titanium particles (highlighted), only inflammatory cells around the
particles are positive. B: IHC with anti-CD68 antibody in tissues without titanium particles. Arrow shows inflammatory cells with intense
CD68 positivity. C: IHC with anti-TGF-B antibody in tissues containing titanium particles (highlighted), only inflammatory cells around
the particles are positive. D: IHC with anti-CD68 antibody in tissues without titanium particles and minimal inflammatory cells positivity.
E: IHC with anti-RANKL antibody in tissues containing titanium particles (highlighted), only inflammatory cells around the particles are
positive. F: IHC with anti-RANKL antibody in tissues without titanium particles, certain inflammatory cells, morphologically identified
as macrophages show intense positivity (arrow). G: IHC with anti-IL33 antibody in tissues containing titanium particles (highlighted),
most inflammatory cells around the particles are positive. H: IHC with anti-IL33 antibody in tissues without Ti particles, some
inflammatory cells, show intense positivity (arrow). Images are at 200x magnification.
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Table 1 Numeric Image] values corresponding to defined
score categories.

Percentage of positivity ~ Proportion score  Intensity score (IS)

0% 0 Negative 0
1-10% 1 Low positive 1
11-50% 2 Positive 2
51-80% 3 High positive 3
81-100% 4

fore, two slides were excluded from the study, leaving eight
remaining samples. The results depicting the percentages of
positivity, PSs, ISs, and IRSs are shown in Table 2.

3.2. Quantification of inflammatory cytokines

The quantification analysis of all four inflammatory cytokines
revealed that the slides stained for RANKL showed a signifi-
cantly higher IRSs and ISs (2.5 and 2.1, respectively) in the
areas with titanium than without titanium (p < 0.05)
(Fig. 5). In the slides stained for TGF-B1, the ISs, PSs and
IRSs were higher in areas with titanium than areas without.
However, these differences were not statistically significant.
The ISs and IRSs were higher in the IL.-33 slides for areas with
titanium compared to those without titanium. The differences
were again not statistically significant. For the slides stained
for CD68, higher ISs and IRSs and lower percentages of pos-
itivity were observed in areas free of titanium particles com-
pared to areas containing titanium. The differences were not
statistically significant. The PSs were equal in both areas in
the slides stained for IL-33 and CD68.

3.3. Quantification of acute and chronic inflammatory cells

The majority of inflammatory cells in the peri-implant tissues
were chronic inflammatory cells. The mean number of chronic
cells in the areas with titanium (315.27 + 187.48) was greater
than in the regions with no titanium (177.27 £ 137.30). Most
of the areas (regardless of their titanium status) contained
fewer than 20 acute inflammatory cells, but the mean number
of acute inflammatory cells (16.13 £+ 8.09) was greater in areas
with titanium compared to those without titanium (7.80
+ 7.78). The differences were statistically significant
(p < 0.05).

4. Discussion

Titanium particles were present in 90% of the tissue samples
signifying that titanium particles often dislodge from the
implant surface. This has been confirmed in other dental
implant studies (Flatebo et al., 2011; Tawse-Smith et al.,
2012). Tawse-Smith et al. (2012) reported the presence of tita-
nium particles in all peri-implantitis tissue samples using SEM
and EDS and Flatebo et al. (2011) found titanium signals in
the majority of samples via the use of Laser-Ablation-Induc
tively-Coupled-Plasma-Mass-Spectrometry. Although tita-
nium particles were detected, it is difficult to confirm with this
study where these particles originated from. The detachment of
titanium particles may be caused by wear, surface instrumenta-
tion, corrosion or deposition from the implant body during
implant placement.

Significant differences were observed in RANKL expres-
sion in the areas with titanium compared to areas without tita-
nium particles. Since RANKL stimulates osteoclastic bone

Table 2 Percentage positivity, Proportion scores, Intensity scores and Immunoreactive scores for each of the antibodies.

TGF-B1 RANKL IL-33 CD68
No Ti Ti No Ti Ti No Ti Ti No Ti Ti

% of positivity
Mean 5.93 5.54 5.63 7.13 6.84 5.92 22.88 25.24
Std. 0.039 0.040 0.072 0.046 0.036 0.030 0.139 0.168
Std. error 0.158 0.170 0.303 0.171 0.137 0.125 0.292 0.334
P-value 0.741 0.413 0.360 0.615

Proportion score
Mean 1.136 1.182 1.091 1.190 1.182 1.182 1.818 1.818
Std. 0.351 0.395 0.294 0.402 0.390 0.395 0.501 0.588
Std. error 0.330 0.363 0.282 0.369 0.359 0.363 0.372 0.436
P-value 0.688 0.391 1.000 1.000

Intensity score
Mean 1.500 2.000 1.318 *2.091 2.318 2.545 2.682 2.591
Std. 0.913 0.926 0.894 0.684 0.839 0.671 0.568 0.796
Std. error 1.570 2.079 1.394 2.529 2.531 3.107 3.559 2.903
P-value 0.078 *0.002 0.327 0.665

IRS
Mean 1.773 2.455 1.591 *2.545 2.818 3.091 5.091 5.000
Std. 1.378 1.654 1.593 1.405 1.563 1.540 2.000 2.370
Std. error 1.510 1.909 1.260 2.147 2.255 2.491 3.602 3.248
P-value 0.145 *0.041 0.563 0.891

Ti = titanium.
“p < 0.05.
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Fig. 5 Cytokine IRS in areas with and without titanium particles: SA: TGF $1; 5B: RANKL; 5C: IL33 and 5D: CD68.

resorption and reduces the apoptosis of osteoclasts (Fernandes
and Gomes, 2016), this may imply that more bone loss
occurred in the areas with titanium particles. A number of
studies have compared levels of soluble RANKL (sRANKL)
in the crevicular fluid of patients with and without peri-
implantitis, rather than comparing levels of RANKL in the
peri-implant tissues (Erhan and Tolga, 2016; Duarte et al.,
2009; Rakic et al., 2014). These studies have conflicting results
with some reporting significantly higher amounts of sSRANKL
in samples with peri-implantitis compared to healthy implants,
and other studies reporting higher amounts of SRANKL in
healthy implant cases. One study found no correlation between
adsorbed volume of sSRANKL and clinical signs of probing
depth, modified bleeding index, and modified plaque index.
An increased ratio of osteoclastogenic RANKL to osteoprote-
gerin (OPG), an inhibitor of osteoclastogenesis, when titanium
ions were present has also been noted (Fernandes and Gomes,
2016). Alrabeah et al. (2017) found that metal ions increased
RANKL expression in a dose-dependent response.

For the other inflammatory cytokines, differences were not
statistically significant between test and control sites, however,
the presence of greater amount of TGF-B1 in areas with tita-
nium suggests that increased bone loss may have been occur-
ring in the areas with titanium particles. Increased levels of
TGF-B1 has been found in peri-implantitis/periodontitis tis-
sues compared to healthy tissues and greater TGF-B1 positiv-
ity in the epithelium surrounding failing implants compared to

healthy implants (Cornelini et al., 2003; Steinsvoll et al., 1999).
Gingival tissue with chronic marginal periodontitis contained
100 times more TGF-B1 " cells compared to healthy gingival
tissue (Steinsvoll et al., 1999). To the best of our knowledge,
the current study is the first to report increased levels of
TGF-B1 in peri-implantitis tissues in areas proven to contain
titanium particles. However, one in vitro study subjected
MG-63 osteoblasts to commercially pure titanium and found
that osteoblasts produced a large quantity of TGF-B1
(Goodman et al., 2006). Therefore, it is possible that TGF-
B1 production may increase in response to titanium particles.
Likewise, the orthopaedic literature showed that osteoblast
stimulation in the presence of wear particles, increased the
release of TGF-B (Goodman et al., 2006).

It is widely known that TGF-B1 is associated with wound
healing. It increases the formation of blood vessels and colla-
gen. As TGF-B1 plays a role in the middle phase of the wound
healing pathway, both large and small quantities of TGF-f1
can be related to an impaired healing response (Schultze-
Mosgau et al., 2005). TGF-B1 is also chemotactic for neu-
trophils, lymphocytes and mast cells and it can either stimulate
proinflammatory cytokine production. or suppress humoral
and cell mediated immunity and hence reduce proinflamma-
tory cytokine stimulation. Therefore, we cannot conclude
whether the increased levels of TGF-f1 in the areas containing
titanium in this study were a sign of increased or decreased
wound healing. It is possible that due to its functionality,
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TGF-B1 may play a preventive role in peri-implantitis by
dampening the immune response and reducing tissue destruc-
tion (Cornelini et al., 2003).

The high ISs and IRSs for IL-33 in areas containing tita-
nium particles may indicate increased cell signalling. One study
found the expression of IL-33 was significantly higher in the
crevicular fluid surrounding dental implants diagnosed with
peri-implantitis compared to healthy peri-implant tissues
(Severino et al., 2016). There are also an association between
IL and 33 and fibrotic disorders which may indicate that a
cytokine pathway stimulated by titanium particles may lead
to the release of foreign body giant cells and collagen produc-
tion (Christo et al., 2015).

The high ISs and IRSs for CD68 in areas with no titanium
may be the result of variable cellular composition between the
bone and peri-implant tissues. Several orthopaedic studies
have reported an abundance of CD68" macrophages in peri-
prosthetic orthopaedic tissues containing wear debris (Yang
et al., 2011; Zhang et al., 2009) and an increased number of
CD68" macrophages in aseptically loosened orthopaedic
implants (Zhang and Revell, 1999). Yang and et al. (2011),
analysed mice implanted with human periprosthetic tissue
and reported CD68 ™ cells in much higher quantities when tita-
nium particles were present compared to those free of titanium
particles (Yang et al., 2011). This increase in CD68 " cells was
thought to be associated with an increased number of particle-
engulfed monocytes at sites containing titanium particles and
wear debris.

The current study found a mixture of acute and chronic
inflammatory cells in the peri-implantitis tissues. Similar find-
ings were reported by (Wilson et al., 2015). The inflammatory
infiltrate in the peri-implantitis tissues in this study was
primarily chronic which is a common finding for peri-
implantitis tissues (Wilson et al., 2015). More chronic
inflammatory cells were found in the areas containing titanium
suggesting that the presence of titanium particles initiated
chronic inflammation in the tissues.

There is a strong correlation between overexpression of a
cytokine or inflammatory marker and titanium particle size
(Goodman et al., 2006). A particle size of 1.5-5 pm reduces
osteoblast proliferation and survival and increases the expres-
sion of RANKL as well as other inflammatory markers such as
colony stimulating factor 1 (CSF-1) (Goodman et al., 2006).
Unlike large particles, particles of 1.5-5 um can be phagocy-
tosed and stimulate a biologic response. The particle size
may influence the results of our study as some analysed regions
may contain titanium particles of different sizes, thereby hav-
ing reduced influence on expression of the investigated inflam-
matory markers. The effect of particles on osteoprogenitor
cells is dose- and time-dependent with a greater effect in the
presence of more particulate matter (Goodman et al., 2006).

The main strengths of this study included the ability to
detect the presence of titanium using SEM and EDS technol-
ogy, quantitatively measure the staining in peri-implant tissues
and examine cytokine levels in response to titanium particles in
tissues with peri-implantitis using the ITHC profiler methodol-
ogy. Our study is the first to use the IHC profiler to examine
cytokine levels in response to titanium particles in tissues with
peri-implantitis. The main limitations of this study were small
sample size and lack of a control group that include healthy
peri-implant tissues.

5. Conclusion

Significant overexpression of the cytokine RANKL was
observed, with a trend for over-expression of IL-33 and
TGF-B1 in areas with titanium. Further studies with large
sample size and appropriate control group for quantification
analysis is needed to confirm the role of titanium particles in
initiating bone loss.
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