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Abstract 
 
In the current series of studies functional characteristics of periodontitis and peri- 
implantitis lesions in humans were investigated. Cell markers for antimicrobial activity 
were used to evaluate differences between periodontitis and peri-implantitis lesions 
(Study I), while epigenetic and oxidative stress markers were used to compare 
periodontitis lesions in smokers and non-smokers (Study II). The occurrence and 
localization of titanium micro-particles were assessed in tissue samples obtained from 
dental implant sites with and without peri-implantitis and the influence of titanium 
particles on gene expression profiles was investigated in peri-implantitis lesions (Study 
III). Gene expression profiles were analyzed in tissue samples obtained from dental 
implant sites with and without peri-implantitis by integrating spatial transcriptomics and 
RNA-sequencing data (Study IV).  
 
It was demonstrated that:  
 

- Peri-implantitis lesions were larger and presented with significantly larger densities of cells 
with antimicrobial activity than periodontitis lesions. In both lesions, cellular densities 
were higher in the inner zone, lateral to the pocket epithelium, than in the outer 
compartment of the lesion The non-infiltrated connective tissue in peri-implantitis 
specimens showed significantly higher densities of cells with antimicrobial activity than 
that in periodontitis specimens (Study I).  

 
- Although periodontitis lesions did not differ in size between smokers and non-smokers, 

differences in cellular functions were observed. Periodontitis lesions in smokers presented 
with diminished antimicrobial activity and lower levels of epigenetic markers than lesions 
in non-smokers (Study II).  

 
- Densities of titanium micro-particles in peri-implant tissues varied across patients but not 

between dental implant sites with and without peri-implantitis within the same individual. 
The titanium micro-particles were of similar size and morphology and mainly located in a 
2-mm wide tissue zone close to the implant, in samples with and without peri-implantitis. 
Out of >36000 analyzed genes, only 14 were differentially expressed when comparing 
peri-implantitis specimens with high and low densities of titanium micro-particles (Study 
III).  

 
- A clear association was observed between distinct gene clusters and specific 

compartments in peri-implant tissues. Peri-implantitis specimens showed overall higher 
levels of gene activity than specimens from reference implant sites. Several pathways 
specific for the activation of the host response towards bacterial insults were clearly 
dysregulated in peri-implantitis specimens (Study IV).  
 
Keywords: periodontitis, peri-implantitis, biopsy, immunohistochemistry, oxidative stress, epigenetics, titanium 
micro-particles, proton-induced X-rays emission, RNA-sequencing, spatial transcriptomics. 
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Sammanfattning på svenska 

I föreliggande avhandlingsserie analyserades funktionella egenskaper i 
inflammationsprocesser i vävnadsprover från patienter med parodontit och periimplantit. 
Cellmarkörer för inflammationsreaktiva ämnen och epigenetiska markörer användes för 
att studera skillnader mellan parodontit- och periimplantitlesioner (Studie 1) och mellan 
parodontitlesioner hos rökare och icke-rökare (Studie 2). Mikropartiklar av titan i 
periimplantära vävnader från områden med och utan periimplantit karakteriserades och 
deras effekt på cellreaktioner i periimplantitlesioner analyserades i Studie 3. Nya 
molekylärbiologiska tekniker användes i Studie 4 för att utforska specifika mönster i 
genuttryck i vävnadsprover från områden med och utan periimplantit.  

Resultaten visade att  

- Lesionerna vid periimplantit var större och innehöll högre andel celler med antimikrobiell 
aktivitet än de vid parodontit. Vid båda sjukdomstillstånden var celltätheten var högre i 
den delen av lesionerna som gränsade mot fickepitelet. I de delar av vävnadsproven från 
periimplantit som definierats vara utanför lesionens område var densiteten av celler med 
inflammationsreaktiva ämnen markant högre än i motsvarande vävnadsområden från 
parodontit (Studie 1).  
 

- Även om parodontitlesionerna var lika stora hos rökare och icke-rökare fanns skillnader 
beträffande inflammationscellernas funktion. Parodontitlesioner hos rökare visade 
minskad antimikrobiell aktivitet och lägre nivåer av epigenetiska markörer. (Studie 2).  
 

- Den proportionella förekomsten av titanpartiklar i periimplantära vävnader varierade 
mellan patienter men inte mellan tandimplantatområden med och utan periimplantit inom 
samma individ. Mikropartiklarna var av samma storlek och huvudsakligen lokaliserade till 
en 2 mm bred vävnadszon intill implantatet vid områden med och utan periimplantit. 
Endast 14 gener av totalt >36 000 analyserade s.k. transcripts identifierades som 
avvikande vid jämförelse av periimplantit-vävnadsprover med hög respektive låg 
procentuell förekomst av titanpartiklar (Studie 3).  
 

- Ett tydligt samband noterades mellan distinkta genkluster och specifika områden i 
periimplantära vävnader. En högre andel aktiverade gener noterades i vävnadsprover från 
implantatområden med periimplantit jämfört med områden utan periimplantit. 
Avvikelserna i genuttryck mellan de två grupperna av vävnadsprover var kopplade till 
olika komponenter i aktiveringskedjan för vävnadsförsvaret mot bakteriella infektioner 
(Studie 4).  
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Abbreviations 
 

CP Chronic periodontitis   PE Pocket epithelium 

PI Peri-implantitis   NCT Non-infiltrated connective tissue 

PI-M Peri-implant mucositis   RNA-seq RNA sequencing 

PPD Probing pocket depth   ST Spatial transcriptomics 

BOP Bleeding on probing   mRNA Messenger RNA 

SOP Suppuration on probing   gDNA Genomic DNA 

MBL Marginal bone level   cDNA Complementary DNA 

IHC Immunohistochemistry   UMI Unique molecular identifier 

ILM Inverted light microscopy   µ-PIXE Micro-Proton-Induced X-Ryas Emission 

FFPE Formalin-fixed paraffin-embedded   TEM Transmission electron microscopy 

H&E Hematoxylin & eosin   Ti Titanium 

RONS Reactive oxygen/nitrogen species   MeV Mega electron volt 

ROI Region of interest   KeV Kilo electron volt 

ICT Infiltrated connective tissue     
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Introduction 
 
Periodontitis is an inflammatory disease characterized by complex host-microbial 
interactions that lead to progressive loss of the supporting apparatus around teeth, 
ultimately resulting in tooth loss (Papapanou et al., 2018). The latest classification 
of periodontitis, introduced at the 2017 World Workshop, provides a model 
useful not only for the characterization of patients with the disease, but also for 
the planning of efficient treatment strategies (Caton et al., 2018; Tonetti et al., 
2018; Tonetti & Sanz, 2019; Sanz et al., 2020; Herrera et al., 2022). While keeping 
a straight-forward structure, the new classification highlights that periodontitis is 
a complex condition. In fact, the classification emphasizes the need for assessing 
the extension and severity of the disease together with additional factors that 
influence the risk for progression and the response to treatment.  
 
Despite efforts in recognizing early stages of disease, implementing preventive 
programs, and developing new treatment modalities, severe periodontitis remains 
the 6th most common disease in man (Kassebaum et al., 2017). Concomitantly, 
the number of dental implants installed annually worldwide is increasing, with 
estimations up to a magnitude of >20 million each year. The use of dental 
implants is therefore considered to be a safe procedure in replacing lost teeth, as 
clinical studies have reported survival rates of dental implants between 92% and 
97% at 10 years (Jung et al., 2012; Pjetursson et al., 2012). Recent studies, 
however, revealed that complications in implant dentistry are not uncommon and 
that the number of implants in need for further treatment is also growing 
(Karlsson et al., 2020).  
 
Peri-implant diseases include peri-implantitis and peri-implant mucositis and 
constitute a major problem in dentistry. Peri-implantitis is defined as “a plaque-
associated pathological condition characterized by inflammation in the peri-
implant mucosa and subsequent loss of supporting bone” (Berglundh et al., 2018; 
Schwarz et al., 2018). The absence of bone loss is, instead, what distinguishes peri-
implant mucositis from peri-implantitis (Berglundh et al., 2018; Heitz-Mayfield & 
Salvi, 2018). It is estimated that severe forms of peri-implantitis affect 
approximately 15% of patients restored with dental implants after 9 years in 
function (Derks et al., 2016a). 
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Thus, the formation of a bacterial biofilm on a tooth or implant surface and the 
resulting inflammatory response in adjacent soft tissues are respectively 
recognized as “the key etiological factor” and “the primary biological mechanism” 
in the pathogenesis of both periodontal and peri-implant diseases.  
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Periodontal and peri-implant lesions 
 
The fact that accumulation of microbial plaque on implants promotes an 
inflammatory response in the soft tissues similarly to what happens at teeth is a 
well-established concept, as shown in pre-clinical (Berglundh et al., 1992; Lindhe 
et al., 1992; Abrahamsson et al., 1998; Carcuac et al., 2013) and clinical studies 
(Pontoriero et al., 1994; Zitzmann et al., 2001). 

Already 3 weeks after plaque accumulation, soft tissues surrounding dental 
implants and teeth presented with analogous reactions (Berglundh et al., 1992). 
Consistent observations of higher numbers of leukocytes, increased vascular 
densities and decreased collagen proportions were reported. These early stages of 
disease, namely gingivitis and peri-implant mucositis, are initially located within 
the marginal portion of the gingival/mucosal connective tissue compartment and 
appear to be reversible. In fact, re-establishment of healthy conditions can be 
achieved both at tooth and implant sites once optimal oral hygiene measures are 
re-introduced (Salvi et al., 2011). On the other hand, if left untreated, the lesions 
may progress with time and develop into more severe pathological stages where 
inflammation progresses together with loss of supporting tissues (Zitzmann et al., 
2001; Jepsen et al., 2015; Chapple et al., 2018).  

Redness, swelling, bleeding on probing and increased probing depths are all 
typical clinical signs found both in periodontal and peri-implant diseases, while 
radiographic examinations are used to detect marginal bone loss. Despite these 
similar features, peri-implantitis appears to “progress with a faster and non-linear 
pattern compared to periodontitis” (Fransson et al., 2010; Derks et al., 2016b; 
Berglundh et al., 2018; Schwarz et al., 2018). In addition, findings reported in pre-
clinical studies also pointed to differences between the two diseases. While the 
infiltrated connective tissue (ICT) was 4 to 6 times larger in peri-implantitis than 
in periodontitis, the lesion in peri-implantitis was located closer to the bone crest 
and contained larger amounts of neutrophils and osteoclasts. The epithelial lining 
in peri-implantitis was commonly ulcerated in its apical portion, allowing a direct 
contact between the microbial biofilm and the lesion (Lindhe et al., 1992; Carcuac 
et al., 2013).  

In the last two decades, studies on human biopsy material confirmed the findings 
of impaired and exaggerated inflammatory reactions in peri-implantitis compared 
to periodontitis (Table 1). In fact, peri-implantitis samples consistently contained 
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significantly higher numbers and densities of plasma cells, neutrophils and 
macrophages (Carcuac & Berglundh, 2014; Galindo-Moreno et al., 2017). Further 
characterizations of macrophage phenotypes revealed that higher numbers of 
pro-inflammatory “M1” species, but similar levels of pro-healing “M2” 
macrophages, were noted in peri-implantitis lesions (Fretwurst et al., 2020). In 
addition, levels of proteolytic enzymes and pro-inflammatory cytokines were 
significantly enhanced in peri-implantitis (Konttinen et al., 2006; Venza et al., 
2010; Ghighi et al., 2018). Other studies also demonstrated different gene-
expression profiles between samples from peri-implantitis and periodontitis sites 
(Wu et al., 2013; Becker et al., 2014; Liu et al., 2020; Cho et al., 2020; Zhou et al., 
2020; Figueiredo et al., 2020).  
 
Although analyses of human tissue biopsies represent one of the most valuable 
models in pathophysiology research, the interpretation of results from most of 
the above-mentioned studies is limited by small sample sizes and a vast 
heterogeneity of case definitions.  
 
Fundamental anatomical and structural differences between periodontal and peri-
implant tissues may contribute to differences in disease progression. The different 
orientation of collagen fibers, the diverse vasculature arrangement, and the 
different type of attachment towards the implant surface (Berglundh et al., 1991; 
Lang et al., 2011; Carcuac & Berglundh, 2014) are all factors which may influence 
the apical progression of the inflammatory reaction around dental implants.  

In addition, studies on the oral microbiome introduced the concept of “dysbiosis” 
to indicate the capacity of oral bacteria to manipulate the immune response and 
to promote a self-perpetuating inflammatory loop (Hajishengallis et al., 2020). In 
a recent clinical study, specific microbial signatures correlated with increased 
disease severity in peri-implantitis sites. In addition, sites with deep pockets 
showed higher levels of dysbiotic microbiota than sites with shallow pockets 
(Kroger et al., 2018).  
 
The observation that peri-implantitis is characterized by enhanced numbers and 
densities of neutrophils (Carcuac & Berglundh, 2014) seems to be partly in line 
with the idea of a dysbiotic alteration of the host-microbe homeostasis. Peri-
implantitis lesions are, in fact, characterized by the lack of an epithelial lining in 
the apical portion of the tissue facing the biofilm residing in the pocket area. This 
exposure leads to the recruitment of neutrophils and macrophages towards the 
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unprotected tissue portion. The findings of large numbers of neutrophils in 
central portions of peri-implantitis lesions (Gualini & Berglundh, 2003; Berglundh 
et al., 2004) corroborate observations on greater severity and extension of tissue 
breakdown in peri-implantitis than in periodontitis.   
 
Although presenting with similar clinical features, periodontal and peri-implant 
diseases appear to have profound pathological differences. Further studies with 
adequate sample size are therefore needed. In a continuing evaluation of human 
soft tissue biopsies (Carcuac & Berglundh, 2014), Study I was performed to 
evaluate differences in cellular expressions of DNA-damage/repair and oxidative 
stress markers between periodontitis and peri-implantitis lesions.  
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Table 1. Comparisons of periodontitis and peri-implantitis lesions in humans (n=19 studies) 

 
Study 

 
N of patients Methods & Markers Main findings 

 
Bullon et al., 
2004 

 
15 subjects: 
 
5 with AP 
5 with PI 
5 healthy peri-
implant controls 

 
Histology & 
Immunohistochemistry: 
 
CD1a  
CD3  
CD20 
CD34 
Factor-VIII 
VEGF 
bcl2  
p53 
Mib1 
 

 
Thin non-keratinized junctional 
epithelium partly ulcerated in PI. 
 
In ICT: significantly more CD34, 
Factor-VIII and VEGF in PI than in 
AP sites. 
 
Similar levels of bcl2 and p53 in the 
three groups. 
 

 
 
Konttinen et al., 
2006 
 

 
30 subjects: 
 
10 with PI 
10 with CP 
10 healthy 
periodontal controls 

 
Histology & 
Immunohistochemistry: 
TNF-a 
IL-1a 
IL-6 
PDGF-A 
TGF-a 
 

 
Significantly higher levels of IL-1a and 
IL-6 but lower levels of TNF-a in PI 
than in CP. 
 
Multinuclear giant cells only found in 
PI. 
 

 
Kuula et al., 
2008 

 
28 subjects: 
 
6 with CP  
5 with AP 
11 with PI 
6 healthy 
periodontal controls 
 

 
Histology,  
Immunohistochemistry, 
Immunofluorescence,  
RT-PCR & Western blotting: 
 
MMP-25 
MMP-26 
CD68 
HBD-1 
HBD-2 

 
In PI, MMP-25 observed in plasma 
cells and PMN cells. 
 
MMP-26 could be observed in PI and 
CP. 
 
HBD-1 detected in endothelial cells 
and peri-vascular areas of PI, CP and 
AP. 
 
Low expression levels of selected 
markers in all groups. 
 

 
Roediger et al., 
2009 

 
48 subjects: 
 
16 with PI 
16 with CP 
16 healthy 
periodontal controls 
 

 
RT-q-PCR: 
 
Collagen type IV 
Integrin b1 
Integrin b4 
Integrin a6  
HPRT1 

 
mRNA expression of Collagen type IV 
up-regulated in PI compared to CP. 
 
No differences in mRNA levels of 
Integrin b1 and Integrin b4 between PI 
and CP. 
 
Up-regulated mRNA levels of Integrin 
a6 in PI (5.3-fold) and in CP (11.6-
fold) compared to healthy controls. 
 
18 up-regulated and 8 down-regulated 
DEGs found when comparing PI and 
CP. 
 

INTRODUCTION 

 17 

 
Study 

 
N of patients Methods & Markers Main findings 

 
Venza et al., 
2010 

 
170 subjects: 
 
53 with PI 
82 with CP 
35 healthy 
periodontal controls 

 
Real-time q-PCR &  
Western blotting: 
 
TNF-a 
IL-6 
IL-8 
MCP-I 
CCR1 
CCR2 
CCR3 
CCR4 
CCR5 
CXCR1 
CXCR2 
CXCR3  
 

 
Significantly higher levels of TNF-a, 
IL-8, CCR5 and CXCR3 in PI than in 
CP. 

 
Wu et al., 2013 

 
30 subjects: 
 
10 with PI 
10 with CP 
10 healthy 
periodontal controls 
 

 
q-PCR: 
 
Fibronectin (cFn) 

 
Lower mRNA expression of cFn in CP 
compared to healthy controls. 
 
Higher mRNA expression of cFn in PI 
samples compared to healthy controls. 
 

 
Becker et al., 
2014 

 
22 subjects: 
 
7 with PI 
7 with CP 
8 healthy 
periodontal controls 
 

 
Transcriptome Analysis 
 
 

 
136 unique transcripts found in PI 
when compared to CP and healthy 
controls. 

 
Buffoli et al., 
2014 

 
18 subjects: 
 
3 with PI 
3 with CP 
3 healthy 
periodontal controls  
3 healthy peri-
implant controls 
3 with “healed” CP  
3 with “healed” PI  
 

 
Histology,  
Immunohistochemistry, 
Polarized light microscopy & 
Immunofluorescence: 
 
 
Sirius Red staining 
AQP1 
CD141 
 

 
Changes in collagen fibers 
organization and elevated areas of 
inflammatory cells in CP and PI 
compared to healthy controls. 
 
After healing, organization of collagen 
fibers was partially restored both in PI 
and CP, and numbers of inflammatory 
cells were significantly decreased. 
 

 
Carcuac & 
Berglundh, 2014 

 
80 subjects: 
 
40 with PI 
40 with CP 

 
Histology & 
Immunohistochemistry: 
 
CD3 
CD20 
CD138 
CD68 
MPO 

 

 
Significantly larger ICT in PI 
compared to CP. 
 
Significantly higher levels of CD138-, 
CD68- and MPO-positive cells in PI 
than in CP. 
 
In PI, larger densities of vascular 
structures in the area lateral to the ICT 
than within the infiltrate. 
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Study 

 
N of patients Methods & Markers Main findings 

 
Galindo-Moreno 
et al., 2017 

 
30 subjects: 
 
15 with PI 
15 with CP 

 
Histology & 
Immunohistochemistry:  
 
CD45 
CD68 
CD38 
MPO 
CD34 

 
Inflammatory infiltrate more 
pronounced in PI than in CP. 
 
Higher proportions of plasma cells in 
PI than in CP. 
 
Abundant monocytes/macrophages and 
neutrophils near the pocket epithelium 
in both groups. 
 
Similar densities of CD34-positive 
cells in PI and CP. 
 
CD38-positive cells more pronounced 
in PI than CP. 
 

 
Ghighi et al., 
2018 

 
31 patients: 
 
11 with PI 
10 with CP 
10 healthy 
periodontal controls  
 

 
Multiplex immunoassay: 
 
Cytokines 
MMP 
TIMP 
RANKL  
OPG 
 
Histology & 
Immunohistochemistry: 
 
CD68 
CD20 
CD3 
CD45 
IL-10 
MPO 
OPG 
RANKL 
TIMP-2 
 

 
Higher TIMP-2 and CD3-positive cells 
in PI compared to CP. 
 
Greater numbers of CD3, CD20 and 
CD68-positive cells in PI than in 
controls. 
 
TIMP-2, MMP-2, -8, -12 and -13 
significantly increased in PI and CP 
compared to controls. 
 
Elevated levels of IL-10 in PI 
compared to controls. 
 
RANKL/OPG ratio, MMP-10 levels 
increased in CP compared to controls. 

 
Kasnak et al., 
2018 

 
38 patients: 
 
12 with PI 
13 with CP 
13 healthy 
periodontal controls  
 

 
Histology & 
Immunohistochemistry: 
 
8-OHdG 
PARK7/DJ-1 
NFE2L2/NRF2 
KEAP1 
 

 
Disrupted epithelium and loss of 
spinous layer thickness in PI. 
 
Pronounced inflammatory infiltrate in 
PI compared to CP. 
 
Higher proportions of 8-OHdG-
positive cells in the epithelium in PI 
and CP compared to controls. 
 
Elevated numbers of PARK7/DJ-1-
positive cells in PI and CP compared to 
controls. 
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Study 

 
N of patients Methods & Markers Main findings 

 
Liu et al., 2020 

 
30 subjects: 
 
10 with PI 
10 with CP 
10 healthy 
periodontal controls 
 

 
Microarray & qRT-PCR 

 
434 up-regulated and 569  
down-regulated DEGs in PI compared 
to CP. 
 
Higher levels of LINC00525, 
MGAT4C, BMP5, RANKL and MZB1 
in PI compared to CP. 
 
 
 
Lower levels of UOX, EPHA7 DRD5, 
OPG and MMP7 in PI compared to 
CP. 
 
Up-regulated osteoclast differentiation 
in PI compared to CP. 
 

 
Cho et al., 2020 

 
20 subjects: 
 
10 with PI 
10 with CP 
 

 
RNA-sequencing 

 
1490 DEGs found comparing PI and 
CP. 
 
No major differences found in Gene 
Ontology analysis between PI and CP. 
 

 
Karatas et al., 
2020 

 
60 patients: 
 
15 with PI 
15 with PI-M 
15 with CP 
15 healthy 
periodontal controls 
 

 
Histology & 
Immunohistochemistry: 
 
Fibroblasts 
Inflammatory cells 
HIF-1a 
COX2 
iNOS 
PH 
MMP8 
TIMP-1 
CD68-iNOS  
CD68-CD206 
 

 
Highest numbers of fibroblasts and 
lowest counts of inflammatory cells, 
found in healthy controls followed by 
PI-M sites. 
 
Similar counts of fibroblasts and 
inflammatory cells in PI and CP. 
 
Significantly lower levels of HIF-1a, 
COX2 and iNOS in PI-M compared to 
PI and CP. 
 

 
Fretwurst et al., 
2020 

 
14 patients: 
 
7 with PI 
7 with CP 

 
Immunofluorescence: 
 
CD68-iNOS  
CD68-CD206 
 

 
Higher numbers of CD68-positive cells 
in PI compared to CP. 
 
Higher levels of M1 macrophages in PI 
compared to CP. 
 
Similar levels of M2 macrophages in 
PI and CP. 
 

 
Taskan & 
Gevrek, 2020 
 
 
 

 
45 subjects: 
 
15 with PI 
15 with CP 
15 healthy 
periodontal controls 
 

 
Histology & 
Immunohistochemistry: 
 
 
PPAR-y 
RXR-a 
VDR 
COX-2 
 

 
Higher numbers of inflammatory cells 
in PI and CP compared to controls. 
 
Higher numbers of fibroblasts in 
controls compared to PI and CP. 
 
Higher numbers of PPAR-y- and 
COX-2-positive cells in PI and CP 
compared to controls. 
 
Higher levels of RXR-a and VDR in 
controls compared to PI and CP. 
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Study 

 
N of patients Methods & Markers Main findings 
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Tobacco smoking and periodontitis 
 

Although a causal relationship between accumulation of oral microbiota on teeth 
and subsequent inflammatory host responses has been established, susceptibility 
to periodontal diseases vary greatly among individuals. The concept of an 
“individual disease expression” is nowadays used to describe intricate interactions 
among behavioral, environmental, genetic and epigenetic factors that contribute 
to the susceptibility of the disease (Loos & Van Dyke, 2020).  

Tobacco smoking is recognized as one of the most important risk factors for 
periodontitis. In fact, past epidemiological studies demonstrated that smoking 
affects both the prevalence and the severity of the disease (Tomar & Asma, 2000; 
Nociti et al., 2015; Leite et al., 2018). In addition, findings from clinical studies 
showed that periodontal treatment is less effective in smokers when compared to 
non-smokers (Tomasi et al., 2007; Kotsakis et al., 2015).  
 
The mechanisms by which smoking affects the host response in patients with 
periodontitis, however, are not fully understood. It is suggested that the numerous 
chemical substances found in tobacco products have genotoxic effects that 
directly affect the inflammatory response (Goncalves et al., 2011; Nociti et al., 
2015). After smoke exposure, in vitro experiments demonstrated an impairment of 
chemotaxis and phagocytosis of polymorphonuclear cells together with 
augmented levels of reactive oxygen species (ROS) and proteolytic enzymes in 
the extra-cellular environment (Palmer et al., 2005; Johnson & Guthmiller, 2007).  
 
Comparative studies on human biopsy material (Table 2) mainly demonstrated 
altered levels of inflammatory mediators when comparing periodontitis lesions in 
smokers and non-smokers. In fact, dysregulated levels of cytokines, interleukins, 
metalloproteinases and other inflammatory mediators were found in gingival 
tissues of smokers with periodontitis when compared to non-smokers (Cesar-
Neto et al., 2007; Katz et al., 2007; Gultekin et al., 2008; Mouzakiti et al., 2011; 
Moeintaghavi et al., 2017; Senturk et al., 2018). These findings support the 
hypothesis that high levels of oxidative stress products and free radicals after 
smoke exposure lead to an impaired host response and enhanced tissue damage 
(White et al., 2018).  
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Study 

 
N of patients Methods & Markers Main findings 
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On the other hand, reports on cellular composition and vascular densities of 
periodontitis lesions in smokers and non-smokers are scarce (Table 2). 
Immunohistochemical assessments of phenotypes markers in soft tissue biopsies 
obtained from 46 patients with severe periodontitis revealed that no major 
differences could be observed in regard to size, number and densities of cells of 
the host response between smokers and non-smokers (Schmidt et al., 2020). A 
similar study demonstrated that lower levels of CD83-positive cells were found in 
the smoker group (Souto et al., 2014). Another report on soft tissue biopsies 
obtained from 50 patients with periodontitis demonstrated that smokers 
presented with significantly lower levels of CD4- and CD8-positive cells after 
periodontal treatment when compared to non-smokers (Orbak et al., 2003). 
However, in the study from Orbak et al. (2003) no clear information on the 
periodontal conditions of the patients were reported. The vasculature of 
periodontitis tissues is also affected by smoking, as the ICT in smokers was 
reportedly found to contain fewer but larger vessels than the one found in non-
smokers (Mirbod et al., 2001; Rezavandi et al., 2002; Schmidt et al., 2020).  
 
Only few studies have analyzed the role of smoking on epigenetic mechanisms in 
periodontitis. Epigenetics is the study of those “reversible mechanisms that, 
together, participate in the regulation of gene expression without directly altering 
the DNA sequence” (Feinberg, 2007). In 2011 Breitling and coworkers (Breitling 
et al., 2011) discovered differences in whole blood DNA-methylation levels 
among smokers, former smokers and non-smokers. Since then, DNA-
methylation was used as a long-term marker for smoke exposure.  
 
Although DNA-methylation was the most frequently analyzed epigenetic 
mechanism in relation to periodontitis (Larsson et al., 2015), only few studies 
analyzed samples from patients with smoking habits. A study comparing gingival 
biopsies from 12 smokers and 11 non-smokers with chronic periodontitis found 
no differences in methylation levels in the promoter region of the toll-like 
receptor 2 and 4 between groups (De Oliveira et al., 2011). Another study 
compared gene expression profiles and DNA-methylation levels in soft tissue 
biopsies collected from 5 smokers and 5 non-smokers with periodontitis. In this 
case, where RNA-sequencing techniques were used, a magnitude of differentially 
expressed genes (2901) and differentially methylated sites (96) were observed 
between the groups (Cho et al., 2017).  
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In general, a high level of heterogeneity can be found among studies on epigenetic 
markers in relation to study design, type of samples (e.g., cells, fluids, tissues) and 
laboratory techniques (e.g., flow cytometry, ELISA, qPCR) (Khouly et al., 2020). 
Since results on gene expression profiles and epigenetic markers are highly 
influenced by tissue-specific variability, this type of studies should be performed 
on those tissues that best represent the condition under exam (Jiang et al., 2020). 
Thus, more studies on appropriate tissue samples and with adequate sample size 
are needed to investigate the role of tobacco smoking on the host response in 
periodontitis lesions. In a continuing evaluation of soft tissue biopsies obtained 
in humans (Schmidt et al., 2020), periodontitis lesions from smokers and non-
smokers were analyzed with oxidative stress and epigenetic markers (Study II). 
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Table 2. Comparisons of periodontitis lesions in smokers and non-smokers (n=15 studies) 

Study N of patients Methods Main findings 

 
Mirbod et al., 
2001 

 
17 subjects with CP: 
 
5 smokers 
12 non-smokers 

 
Histology & 
Immunohistochemistry: 
 
H&E 
CD34 
 

 
Similar vascular densities between 
groups.  
 
Higher proportions of smaller blood 
vessels and lower proportions of 
larger blood vessels in smokers 
compared to non-smokers.  
 

 
Rezavandi et al., 
2002 

 
34 subjects with CP: 
 
17 smokers 
17 non-smokers 
 

 
Histology & 
Immunohistochemistry: 
 
ICAM-1 
E-selectin 
Human von Willebrand 
factor 
 

 
Significantly lower numbers of 
vessels in inflamed than in non-
inflamed areas found both in 
smokers and non-smokers. 
 
Higher levels of ICAM-1 and E-
selectin in sites with inflammation 
compared to sites without 
inflammation both in smokers and 
non-smokers. 
 

 
Orbak et al., 2003 

 
50 subjects with CP: 
 
25 smokers 
25 non-smokers 
 

 
Flow-cytometry:  
 
CD4 
CD8 

 
Before and after treatment, lower 
numbers of lymphocytes in smokers 
compared to non-smokers.  

 
Sonmez et al., 
2003 

 
74 subjects with CP: 
 
38 smokers 
36 non-smokers 
 

 
Histology & 
Immunohistochemistry: 
 
Fibronectin 
Number of vessels 
(NVES) 
Vascular surface density 
(VSD) 
 

 
No differences in fibronectin 
distribution, NVES and VSD  
between smokers and non-smokers. 
 

 
Cesar-Neto et al., 
2006 

 
50 subjects with CP: 
 
25 smokers 
25 non-smokers 

 
12 non-smoking 
healthy controls 
 

 
qPCR & ELISA: 
 
INF-g 

 
Higher levels of INF-g in CP 
compared to controls. 
 
Higher levels of INF-g in smokers 
compared to non-smokers. 

 
Katz et al., 2007 

 
10 subjects with CP : 
 
5 smokers 
5 non-smokers 
 

 
RT-PCR & Western 
Blotting: 
 
RAGE 

 
Higher RAGE levels (x1.4) in 
smokers compared to non-smokers. 
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Study N of patients Methods Main findings 

 
Cesar-Neto et al., 
2007 

 
50 subjects with CP: 
 
25 smokers 
25 non-smokers 
10 non-smoking 
healthy controls 
 

 
qRT-PCR & ELISA: 
 
MMP-2 
MMP-8 
IL-1a 
IL-1ra 
IL-8 
IL-10 
TNF-a 
RANKL 
Osteoprotegerin 
 

 
Higher levels of all markers (apart 
from MMP-8 and Osteoprotegerin) 
in inflamed tissues compared to 
healthy controls. 
 
 
 
Lower levels of IL-1a, IL-8, IL-10, 
TNF-a, MMP-8 and 
Osteoprotegerin in smokers 
compared to non-smokers. 
 
Higher levels of IL-6 and IL-1ra in 
smokers compared to non-smokers. 
 

 
Gultekin et al., 
2008 

 
20 subjects with CP: 
 
10 smokers  
10 non-smokers 
 
20 subjects with GI: 
 
10 smokers  
10 non-smokers 
 
20 healthy controls: 
 
10 smokers 
10 non-smokers 
 
 
 

 
Histology & 
Immunohistochemistry: 
 
H&E 
PCNA 
Ki67 

 
Higher levels of PCNA and Ki67 in 
smokers compared to non-smokers. 
 

 
De Oliveira et al., 
2011 

 
23 subjects with CP: 
 
12 smokers 
11 non-smokers 
 
10 healthy non-
smokers  
 

 
qPCR: 
 
TLR2 
TLR4 
 

 
No differences in methylation levels 
among the three groups. 

 
Mouzakiti et al., 
2011 

 
30 subjects with CP: 
 
15 smokers 
15 non-smokers 
 
30 healthy controls: 
 
15 smokers 
15 non-smokers 
 

 
RT-PCR: 
 
MMP-1 
MMP-3 
MMP-8 
MMP-9 
MMP-13 
TIMP-1 
GAPDH 

 
Lower levels of MMP-1, lower 
MMP-1/TIMP-1 ratios, but higher 
levels of MMP-9 and TIMP-1 in 
smokers with CP compared to non-
smokers with CP. 
 
MMP-8 levels, MMP-8/TIMP-1 
and MMP-1/TIMP-1 ratios elevated 
in non-smokers with CP compared 
to healthy non-smokers.  
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Study N of patients Methods Main findings 
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Study N of patients Methods Main findings 

 
Souto et al., 2014 

 
45 subjects with CP: 
 
24 smokers 
21 non-smokers 
 

 
Histology & 
Immunohistochemistry: 
 
H&E 
Factor XIIIa 
CD1a 
CD83 
 
Cytometric bead array 
 
 

 
Lower levels of CD83-positive cells 
in smokers compared to non-
smokers.  
 
No differences in cytokines levels 
between groups. 

 
Cho et al., 2017 

 
10 subjects with CP: 
 
5 smokers 
5 non-smokers 
 
10 healthy controls: 
 
 
5 smokers 
5 non-smokers 
 

 
RNA-seq 

 
2901 DEGs observed comparing 
smokers and non-smokers with CP 
(1298 up-regulated and 1603 down-
regulated in smokers). 
 
96 sites with different DNA 
methylation levels observed 
comparing smokers and non-
smokers with CP (30 hyper-
methylated and 66 hypo-methylated 
in smokers). 
 

 
Moeintaghavi et 
al., 2017 

 
20 subjects with CP: 
 
10 smokers 
10 non-smokers 
 
21 healthy controls: 
 
10 smokers 
11 non-smokers 
 

 
qPCR: 
 
IL-1b 
IL-12 

 
Higher IL-1b levels in non-smokers 
with CP compared to healthy non-
smokers.  
 
Lower IL-1b levels in smokers with 
CP compared to non-smokers with 
CP. 
 

 
Senturk et al., 
2018 

 
40 subjects with CP: 
 
20 smokers 
20 non-smokers 
 
40 healthy controls: 
 
20 smokers 
20 non-smokers 
 

 
Histology & 
Immunohistochemistry: 
 
MMP-2 
MMP-9 

 
Higher MMP-2 and MMP-9 levels 
in non-smokers with CP compared 
to healthy non-smokers. 
 
Lower levels of MMP-2 in smokers 
with CP compared to non-smokers. 

 
Schmidt et al., 
2020 

 
46 subjects with CP: 
 
25 smokers 
21 non-smokers 
 
 

 
Histology & 
Immunohistochemistry: 
 
CD3 
CD20 
CD138 
MPO 
CD68 
CD34 
 

 
Similar ICT areas in smokers and 
non-smokers. 
 
No significant differences in 
densities of inflammatory cells 
between smokers and non-smokers. 
 
Higher vascular density in non-
smokers than in smokers.   
 

 
Chronic periodontitis (CP) 
Gingivitis (GI) 
Infiltrated connective tissue (ICT)  
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Titanium particles in peri-implant tissues 
 

Although different morphological characteristics have been identified when 
comparing peri-implant and periodontal tissues (Berglundh et al., 1991; Lang et 
al., 2011), the reasons behind the enhanced inflammatory reactions found in peri-
implantitis are still not fully understood. As suggested at the 2017 World 
Workshop, the role of several “non-plaque related factors” remains to be clarified 
(Berglundh et al., 2018). Among those factors, degradation products derived from 
dental implants (namely, titanium particles) have been suggested to influence peri-
implant inflammation (Noronha Oliveira et al., 2018).  

Different hypotheses have been proposed on mechanisms involved in the 
detachment of metal particles from the implant body. First of all, the mechanical 
friction generated during implant installation between the implant surface and the 
bony wall of the osteotomy site may dislodge titanium particles that become 
trapped in the surrounding tissues. Results from pre-clinical in vivo experiments 
support this concept, as small metal-like granules were detected in newly formed 
peri-implant bone after implant installation (Schliephake et al., 1993, Martini et 
al., 2003; Franchi et al., 2004; Meyer et al., 2006; Suarez-Lopez Del Amo et al., 
2017). In addition, dark pigments and black particles of varying size were noted 
in human soft tissue biopsies obtained at sites covering submerged titanium 
implants before abutment connection (Schlegel et al., 2002; Flatebo et al., 2006). 
Similar findings were also reported in orthopedic studies.  Analogous 
discolorations were found in the soft tissues surrounding titanium 
miniplates/implants that were used to stabilize fractured bone fragments (Kim et 
al., 1997; Voggenreiter et al., 2003). 
 
A second mechanism called “tribo-corrosion” (i.e., the degradation process 
deriving from the dual action of electrochemical and mechanical stimuli) is 
thought to contribute to the detachment of metal particles from the implant body 
(Apaza-Bedoya et al., 2017). In this context, it should be noted that titanium is 
known for its high resistance to corrosion. In fact, due to a great affinity towards 
oxygen, an external thin but stable passive oxide layer (TiO2) is formed on the 
implant surface, thereby protecting the bulk material from reactive species and 
chemical compounds (Asri et al., 2017). In vitro experiments, however, 
demonstrated that high concentrations of acidic elements (e.g., lactic acid, 
hydrogen peroxide, citric acid, or fluoride) were corrosive and able to induce 
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Similar findings were also reported in orthopedic studies.  Analogous 
discolorations were found in the soft tissues surrounding titanium 
miniplates/implants that were used to stabilize fractured bone fragments (Kim et 
al., 1997; Voggenreiter et al., 2003). 
 
A second mechanism called “tribo-corrosion” (i.e., the degradation process 
deriving from the dual action of electrochemical and mechanical stimuli) is 
thought to contribute to the detachment of metal particles from the implant body 
(Apaza-Bedoya et al., 2017). In this context, it should be noted that titanium is 
known for its high resistance to corrosion. In fact, due to a great affinity towards 
oxygen, an external thin but stable passive oxide layer (TiO2) is formed on the 
implant surface, thereby protecting the bulk material from reactive species and 
chemical compounds (Asri et al., 2017). In vitro experiments, however, 
demonstrated that high concentrations of acidic elements (e.g., lactic acid, 
hydrogen peroxide, citric acid, or fluoride) were corrosive and able to induce 
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morphological changes to the surface of the tested implants (Souza et al., 2015; 
Wheelis et al., 2016). Studies also demonstrated that the destruction of the TiO2 
layer on the implant surface resulted in the release of metal particles into the 
surrounding environment (Khan et al., 1996). In addition, wear-accelerated 
corrosion was more effective than corrosion alone in damaging the protective 
TiO2 film on the implant surface (Revathi et al., 2017). In a recent in vitro study, 
Olander et al. (2022) observed titanium particles of varying size [0.2-95.3 µm] 
after exposing different implant/abutment materials to the dual action of cycling 
loading and corrosive immersion. 

The influence of detached metal particles on the host response in peri-implant 
tissues has been debated extensively. Most of the available evidence, however, 
derives from in vitro observations. The exposure of fibroblasts to titanium particles 
resulted in genotoxic effects and changes in histone acetylation in a dose-
dependent way (Setyawati et al., 2013). At high concentrations of titanium, cell 
viability was reduced together with signs of necrotic cell death. Furthermore, Ti-
ions were shown to enhance the inflammatory reactions induced by the presence 
of bacterial endotoxins (Makihira et al., 2010). Interestingly, the size of the metal 
particles was found to be important, as nano-size particles produced more DNA-
damage than larger ones (Toyooka et al., 2012). Lastly, the exposure of cells to 
titanium ions/particles influenced the production of several signaling cytokines, 
such as nuclear factor-kB ligand (RANKL) and osteoprotegerin (OPG) (Koide et 
al., 2003), chemokine ligand 2 (CCL2) (Wachi et al., 2015) and IL-1β (Pettersson 
et al., 2017).  

Available publications on metal elements found in human peri-implant soft tissue 
biopsies are presented in Table 3. Few studies with relatively small sample size 
revealed that the ICT in peri-implantitis specimens occasionally contained 
titanium particles (Wilson et al., 2015; Fretwurst et al., 2016; Rakic et al., 2022). 
The significance of such observations, however, is unclear as no biopsies were 
obtained from reference peri-implant sites. In other studies where samples from 
healthy peri-implant or periodontitis-affected sites were used as controls, results 
were inconsistent whether the presence or content of titanium particles was 
unique for peri-implantitis tissues (Olmedo et al., 2013, Pettersson et al., 2019).  
 
It is important to mention that only adequate and reliable methods should be 
used to assess metal elements in tissue biopsies. Evaluations of metal particles 
using, for example, polarized light microscopy (e.g., Fretwurst et al., 2016; Rakic 
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et al., 2022) may be questionable. This method, in fact, does not allow the 
elemental characterization of the particles under exam. Other techniques such as 
inductive coupled plasma mass spectrometry (ICP-MS) are relatively cheap, quick 
and reliable in terms of broad quantification of metal content within a tissue, but 
require the enzymatic homogenization and nebulization of samples (e.g., Olmedo 
et al., 2013;  Mercan et al., 2014; He et al., 2016; Pettersson et al., 2017; Pettersson 
et al., 2019; Safioti et al., 2017). The chemical digestion of the tissue leads to the 
complete loss of any spatial information relative to the metal debris. Analyses of 
metal elements within biological samples should preferably rely on methods such 
as scanning electron microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDX), proton-induced X-ray emission (PIXE), or synchrotron radiation 
X-ray fluorescence spectroscopy (SR-XRF) (e.g., Passi et al., 2002; Fretwurst et 
al., 2016; Petterson et al., 2019; Nelson et al., 2020; Rakic et al., 2022). In fact, 
these techniques allow (to different degrees) both the characterization and the 
precise localization of metal particles within intact specimens. Lastly, the type of 
samples should also be carefully considered. Results from evaluations of 
submucosal plaque or crevicular fluid specimens (e.g., Tawse-Smith et al., 2017; 
Safioti et al., 2017; Daubert et al., 2023) risk to be inconsistent or highly 
influenced by external contaminations. 
 
Altogether, the results are inconclusive regarding the overall occurrence, size and 
distribution of titanium particles in peri-implant tissues and whether implant 
characteristics, installation protocols or healing time influenced results (Mombelli 
et al., 2018; Ivanovski et al., 2022). Thus, in Study III we evaluated differences 
in occurrence and localization of titanium particles between human soft tissue 
samples obtained from dental implant sites with and without peri-implantitis. The 
influence of titanium particles on gene expression in peri-implantitis tissues was 
also investigated. 
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Table 3. Evidence of metal particles found in peri-implant samples in humans (n=17 studies) 

 
Study 

 
N of subjects/implants Samples & Methods Main Findings 

 
Arys et al., 
1998 

 
8 subjects 
 
15 “failed” implants 
(early loss) 

 
Soft tissue biopsies 
 
Light microscopy, 
SEM & XPS 
 
 

 
Encapsulated ICT commonly found 
with fibroblasts, plasma cells, 
lymphocytes, macrophages and giant 
multinucleated cells. 
 
Iron granular particles observed in 
the tissues. 
 
Phosphorous was found in all 
samples, titanium in two samples 
and zinc in one sample. 
 
Traces of copper, tin, silicon and 
fluorine could also be detected in 
few samples. 
 

 
Passi et al., 
2002 

 
4 subjects 
 
1 implant removed due to 
PI 
 
3 implants removed due to 
fracture  

 
Soft tissue biopsies 
 
PIXE 

 
Small titanium deposits found 
occasionally in peri-implant tissues. 
 
Aluminum leaked diffusely in peri-
implant tissues. 
 
Vanadium traces not found in the 
samples. 
 

 
Flatebo et al., 
2006 

 
13 subjects 
 
13 healthy implants  
 

 
Soft tissue biopsies  
 
Light microscopy 

 
No giant-cells could be detected in 
any of the samples. 
 
Dense dark particles of different size 
noted in different layers of the 
samples with varying densities. 
 

 
Tawse-Smith 
et al., 2012 

 
4 subjects 
 
4 implants with PI  

 
Soft tissue biopsies 
 
Light microscopy & 
SEM-EDX 

 
Numerous deposits of granular 
foreign material found within the 
ICT. 
 
The presence of metal particles was 
confirmed by SEM-EDX. 
 
The size of Ti particles ranged from 
2 to 15 µm. 
 
Other particles (aluminum, 
phosphorous, sulfur) found in few 
samples. 
 

 
Olmedo et al., 
2012 

 
153 subjects 
 
153 healthy implants 
(cover screws) 
 
 

 
Soft tissue biopsies 
 
Light microscopy 
 
 

 
41% of the samples showed metal 
particles in different layers of the 
sections. 
 
Particles varied greatly in size and 
numbers. 
 
Macrophages and T-lymphocytes 
were associated with metal particles. 
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Study 

 
N of subjects/implants Samples & Methods Main Findings 

 
Olmedo et al., 
2013 

 
30 subjects  
 
15 with PI 
15 healthy controls 
 

 
Oral exfoliative 
cytology smears 
 
Light microscopy & 
ICP-MS 

 
Metal-like particles observed inside 
and outside epithelial cells and 
macrophages in PI samples. 
 
No particles found in samples from 
controls. 

 
 
Mercan et al., 
2014 

 
30 subjects 
 
20 subjects (22 healthy 
implants – cover screws) 
 
10 subjects with healthy 
gingiva (controls) 
 

 
Soft tissue biopsies 
 
ICP-MS 

 
Higher titanium levels in samples 
from implant cover screws (50 µg/g 
± 23.5) compared to gingival 
samples (37.1 µg/g ± 1.0). 

 
Paknejad et al., 
2015 

 
N of subjects not specified 
 
96 healthy implants 
(cover screws) 

 
Soft tissue biopsies  
 
Light microscopy & 
EDS 

 
Higher content of metal particles 
found in sections in proximity of the 
implant cover screws. 
 
Particles varied in size and number. 

 
 
Wilson et al., 
2015 

 
31 subjects 
 
36 implants with PI 
 

 
Soft tissue biopsies  
 
Light microscopy & 
SEM-EDX 

 
In 4 cases giant cells identified in the 
samples. 
 
Radiopaque particles (diameter 9-54 
µm) found in 34 samples. 
 
Ti particles found in 7 samples. 
 
Zirconium, silico or aluminum 
particles found in 19 samples. 

 
 
Fretwurst et 
al., 2016 

 
12 subjects 
 
12 implants with PI 
 

 
Soft & bone tissue 
biopsies   
 
Light microscopy & 
SRXRF 
 

 
Titanium and iron particles were 
noted in 9 samples. 
 
Metal particles observed in the soft 
tissue surrounding dental implants. 
 
Lymphocytes and M1 macrophages 
observed in the tissues. 

 
 
Pettersson et 
al., 2017 

 
3 subjects  
 
3 implants with PI 
3 healthy implants 
 

 
Soft tissue biopsies & 
crevicular fluid 
samples 
 
ICP-MS 
 

 
Ti concentrations varied from 7.3 to 
38.9 µM. 
 
IL-1β range from 13.0 to 268.9 pg/ 
mL in PI. 

 
Safioti et al., 
2017 

 
30 subjects 
 
20 implants with PI 
20 healthy implants  
 

 
Submucosal plaque 
samples  
 
ICP-MS 
 
 

 
Higher levels of Ti (0.85 ± 2.47) in 
PI compared to healthy sites  (0.07 ± 
0.19). 
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Study 

 
N of subjects/implants Samples & Methods Main Findings 

 
Tawse-Smith 
et al., 2017 
 
 

 
16 subjects 
 
N of implants not 
specified 

 
Exfoliative cytology 
smears  
 
Light microscopy, 
SEM-EDX &  
ICP-MS 
 

 
Higher levels of Ti found at the 
implant-abutment interface. 
 
No signs of inflammation found 
around metal particles.  

 

 
Daubert et al., 
2019 

 
40 subjects 
 
21 implants with PI 
24 healthy implants 

 
Plaque samples & 
crevicular fluid 
samples  
 
ELISA &  
ICP-MS 

 
Epigenetic modifications more 
pronounced in PI samples. 
 
A 1-unit increase in Ti levels was 
positively associated with a 0.09 
increase in methylation levels. 

 
 
Pettersson et 
al., 2019 

 
24 subjects 
 
13 with PI 
11 with CP 

 
Soft tissue biopsies  
 
Light microscopy,  
ICP-MS,  
SEM-EDX &  
TEM 
 

 
Higher levels of Ti particles in PI 
compared to CP. 
 
The mean size of Ti particles was 
10.9 ± 35.7 µm 2. 

 

 
Nelson et al., 
2020 

 
N of subjects/implants not 
specified 
 
Implants with PI at 
titanium implants 
 
Implants with PI at 
ceramic implants 

 

 
Soft tissue biopsies  
 
XRF &  
XANES 

 
Ti particles found in all samples 
from Ti implants. The frequency of 
Ti particles varied among samples. 
 
Traces of Nb, Bi, Pb and As noted in 
the samples from Ti implants. 
 
Traces of  Zr, Y, Hf and Sr noted in 
samples from ceramic implants. 

 
 
Rakic et al., 
2022 

 
74 subjects  
 
39 implants with PI 
35 controls with CP (not 
analyzed for metal 
content) 
 

 
Soft tissue biopsies  
 
Light microscopy & 
SEM-EDX  
 

 
Ti particles found in all PI samples. 
 
Ti particles had a mean size of 
8.9±24.8 µm2. 

 
Traces of Si, Fe, Rb and Yr found in 
some samples. 

 
No signs of macrophages or 
multinucleated giant cells.  

 
 
Peri-implantitis (PI); Chronic periodontitis (CP); Titanium (Ti) 
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Functional characteristics  
 

Understanding the pathogenesis of a disease is not only an important prerequisite 
to make a precise diagnosis, but also a fundamental step to develop correct 
treatment strategies. In pathophysiology, the term “functional” refers to the study 
of how a disease may disrupt normal physiological processes. By examining 
changes in functional characteristics, the nature and/or progression of a condition 
can be better understood. The analysis of biological systems, however, is a 
complex challenge. Intricate mechanisms and interactions among molecules, cells 
and tissues make the understanding of underlying processes and functions 
difficult. In addition, as disease manifestation and susceptibility vary among 
individuals, the identification of functional characteristics becomes even more 
complicated. 
 
The use of in vitro experiments and pre-clinical in vivo models greatly contributes 
to the understanding of biological processes. They serve the purpose to isolate 
specific variables and investigate causal relationships between different factors or 
outcomes. On the other hand, experimental pre-clinical studies lack the possibility 
to fully replicate the complexity of human pathophysiology. Thus, access to 
human samples being specific for the disease of interest (possibly together with 
matched controls) is considered the most appropriate model to study the 
pathogenesis of a disease. The restricted availability to such samples is in most 
cases the biggest limitation in this type of research. 
 
The current series of studies investigated specific characteristics of periodontitis 
and peri-implantitis lesions in humans. Epigenetic and oxidative stress markers 
were used to evaluate differences in periodontitis and peri-implantitis lesions 
(Study I) or to compare periodontitis lesions in smokers and non-smokers (Study 
II). The occurrence and localization of titanium particles in peri-implant tissues 
were also investigated together with the influence of titanium particles on gene 
expression in peri-implantitis sites (Study III).  

In Study IV we further analyzed the samples obtained in Study III. The purpose 
was to evaluate gene expression profiles in peri-implant tissues with and without 
peri-implantitis using a novel approach integrating spatial transcriptomics and 
RNA-sequencing. 
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Historically, immunohistochemistry (IHC) was the most used method to 
investigate pathological features of peri-implantitis tissues in humans (Table 4). 
Studies were designed to include sites with peri-implantitis and sites presenting 
with either clinically healthy conditions or peri-implant mucositis. As expected, 
IHC analyses revealed elevated numbers of inflammatory cells in peri-implantitis 
samples when compared to healthy controls (Seymour et al., 1989; Sanz et al., 
1991; Cornelini et al., 2001; Mardegan et al., 2017; de Araujo et al., 2017) or peri-
implant mucositis (Gualini & Berglundh, 2003; Duarte et al., 2009; Lucarini et al., 
2019). 
 
Despite being a powerful and well-established method, IHC requires the selection 
of specific markers to detect targeted proteins in cells. Although the method 
allows the recognition and analysis of a multitude of cell phenotypes and 
biomarkers, the approach is restricted to the preselection procedure. Advances in 
laboratory systems include new techniques such as RNA-sequencing and 
transcriptome analysis. These so called “new generation sequencing” (or “omics”) 
techniques enable the study of large-scale data, providing insights into structures, 
functions and interactions of molecules in different biological complexes (Rao et 
al., 2021).  

Among these new technologies, spatial transcriptomics is a cutting-edge 
technique which was introduced in 2016 by Ståhl and coworkers (Stahl et al., 
2016). This method allows high-throughput analysis of gene expression profiles 
within the context of tissue organization, almost at the single-cell level. In contrast 
to RNA-sequencing, where whole tissue biopsies need to be homogenized, spatial 
transcriptomics allows the visualization of gene expression within intact tissue 
samples.  

Until today, only a single study used spatial transcriptomics to investigate gene 
expression profiles in human periodontal tissues (Lundmark et al., 2018). Studies 
applying spatial transcriptomics in the analysis of peri-implantitis lesions are 
lacking. Thus, in Study IV we combined RNA-sequencing and spatial 
transcriptomics to further elucidate functional characteristics of peri-implant 
lesions. 
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Table 4. Methods used to analyze peri-implant soft tissue biopsies in humans (n=18 studies) 
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N of patients Methods 
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Light microscopy & 
Immunohistochemistry 
 
 

 
Sanz et al., 1991 
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Light microscopy &  
TEM  

 
Cornelini et al., 2001 
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Historically, immunohistochemistry (IHC) was the most used method to 
investigate pathological features of peri-implantitis tissues in humans (Table 4). 
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Study 

 
N of patients Methods 

 
Konermann et al., 2016 

 
25 subjects: 
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2 healthy peri-implant controls 
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Mardegan et al., 2017 

 
40 subjects: 
 
20 with PI 
20 healthy peri-implant controls 

 
RT-PCR  
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18 with PI 
10 healthy peri-implant controls  
 

 
Light microscopy & 
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Bastos et al., 2018 
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20 with PI 
15 healthy peri-implant controls 
 

 
RT-PCR 
 
 

 
Lucarini et al., 2019 

 
48 subjects: 
 
16 with PI 
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Zhang et al., 2020 
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Giro et al., 2021 

 
35 subjects: 
 
20 with PI 
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RT-PCR 
 

 
Martin et al., 2022 

 
7 subjects: 
 
4 with PI 
3 healthy peri-implant controls 
 

 
RNA-sequencing 
 

 
Martins et al., 2022 

 
35 subjects: 
 
20 with PI 
15 healthy peri-implant controls 
 

 
RT-PCR 
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Aims 
 

The current series of studies aimed at evaluating functional characteristics of 
periodontitis and peri-implantitis lesions in humans. 
 
Specific aims:  

- To evaluate differences in the cellular expression of DNA damage/repair 
markers and reactive oxygen/nitrogen species between periodontitis and 
peri-implantitis lesions in humans (Study I). 

- To evaluate differences in the cellular expression of epigenetic and oxidative 
stress markers in periodontitis lesions of current smokers and non-smokers 
(Study II). 

- To assess the occurrence and localization of titanium particles in human 
tissue samples obtained from dental implant sites with and without peri-
implantitis. (Study III).  

- To investigate the influence of titanium particles on gene expression profiles 
in peri-implantitis lesions (Study III). 

- To analyze gene expression profiles in human tissue samples obtained from 
dental implant sites with and without peri-implantitis (Study IV). 
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Aims 
 

The current series of studies aimed at evaluating functional characteristics of 
periodontitis and peri-implantitis lesions in humans. 
 
Specific aims:  

- To evaluate differences in the cellular expression of DNA damage/repair 
markers and reactive oxygen/nitrogen species between periodontitis and 
peri-implantitis lesions in humans (Study I). 

- To evaluate differences in the cellular expression of epigenetic and oxidative 
stress markers in periodontitis lesions of current smokers and non-smokers 
(Study II). 

- To assess the occurrence and localization of titanium particles in human 
tissue samples obtained from dental implant sites with and without peri-
implantitis. (Study III).  

- To investigate the influence of titanium particles on gene expression profiles 
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- To analyze gene expression profiles in human tissue samples obtained from 
dental implant sites with and without peri-implantitis (Study IV). 
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Material and Methods 
The current series of studies was based on the analysis of human soft tissue 
biopsies obtained in conjunction with the surgical therapy of periodontitis and/or 
peri-implantitis affected sites.  
 

 

Figure 1. Overview of the series of studies. 

Study population 

Before enrolment, all subjects received information about the study protocol and 
signed an informed consent. Patients were excluded if they had undergone 
periodontal or peri-implant therapy during the last 6 months (Studies I & II), if 
they already received peri-implant surgical interventions (Studies III & IV) and 
if they presented any systemic disease that could have affected the periodontal 
and/or peri-implant tissue conditions. All patients received a detailed and 
individualized case presentation, oral hygiene instructions and a professional 
supra-gingival cleaning prior to study initiation.  
 
In Study I, 40 patients with generalized severe periodontitis and 40 patients with 
severe peri-implantitis were recruited from the Clinics of Periodontics in 
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Gothenburg and Mölndal, Public Dental Services, Region Västra Götaland, 
Sweden.  
 
Table 5. Patient characteristics and case definitions - Study I 
 

 
 
 
In Study II, 46 patients with generalized severe periodontitis were recruited from 
the Department of Periodontology, Endodontology and Cariology, and from the 
undergraduate clinic at the School of Dental Medicine, University Centre for 
Dental Medicine, University of Basel, Switzerland.  
 
Table 6. Patient characteristics and case definitions - Study II 
 

 
 
 

In Studies III & IV, 21 patients with ≥1 implant with peri-implantitis and ≥1 
adjacent reference implant with either peri-implant mucositis or clinically healthy 
conditions were consecutively recruited from the Specialist Clinic of Periodontics 
in Gothenburg, Public Dental Services, Region Västra Götaland, Sweden. Patients 
were excluded if the target implants differed in terms of time of installation 
and/or implant system.  
 
Table 7. Patient characteristics and case definitions - Studies III & IV 

 

MATERIAL AND METHODS 

 41 

Biopsy retrieval  
When feasible, implant supra-constructions were disconnected prior to initiation 
of the surgical intervention.  
 
Following local anesthesia, a crestal incision was made and, prior to flap elevation, 
a soft tissue biopsy about 3-5 mm wide and extending from the mucosal margin 
to the bone crest was carefully dissected from the target sites. At diseased sites, 
remaining inflamed tissues were removed and the implant/tooth surface was 
mechanically instrumented. Bone recontouring was performed under continuous 
irrigation with saline, if needed. Flaps were replaced and sutured.   

Histological processing (Studies I, II & III) 

After retrieval, the specimens were rinsed with saline, mounted in plastic cassettes 
(Tissue-Tek Paraform Sectionable Cassette System; Sakura Finetek Europe, 
Netherlands) and placed in 4% buffered formalin for 48 hours. Tissue samples 
were stored in 70% ethanol, kept at 4°C, subsequently dehydrated and embedded 
in paraffin until further processing.  

 

From each formalin-fixed paraffin-embedded (FFPE) tissue block, 5-μm-thick 
sections were produced in a microtome, mounted on glass slides, dewaxed and 
incubated in DIVA antigen-retrieval solution (Biocare Medical, Histolab, 
Concord, CA, USA) at 60°C overnight.  

Figure 2. Biopsy retrieval and processing - schematic illustration. 
Soft tissue biopsies are collected, mounted in plastic cassettes, fixed in 4% formalin, 
dehydrated in ethanol, embedded in paraffin, sectioned and mounted on glass slides.  
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Following blocking of endogenous peroxidase and application of 4% bovine 
serum albumin (BSA), sections were incubated with primary antibodies. 
Incubation was then performed with Envision horseradish peroxidase (HRP)-
labelled polymer (Agilent, Santa Clara, CA, USA) for 30 minutes. Positive cells 
were detected using DAB substrate (Agilent). Counterstaining was performed 
with hematoxylin. Lastly, the sections were cover slipped. Negative controls were 
produced by substituting the primary antibody with non-immune serum.  

Table 8. Primary antibodies used in Study I 

Antibody Origin Type Isotype Dilution Company Target/Meaning 
y-H2AX Rabbit Monoclonal 9F3 1:300 EMD DNA double-strand breaks 
8-OHdG Mouse Monoclonal IgG2b 1:8000 GeneTex ROS oxidative stress 
Chk2 Rabbit Polyclonal IgG 1:400 Abcam DNA repair 
MPO Rabbit Polyclonal IgG 1:1500 Agilent PNMs 
CD68 Mouse Monoclonal IgG3 1:200 Agilent Macrophages 
iNOS Rabbit Polyclonal IgG 1:50 Abcam Antimicrobial NO 
NOX2 Mouse Monoclonal IgG1 1:500 Abcam Antimicrobial NADPH 
MPO/PAD4 Rabbit Polyclonal IgG 1:100 / 1:1500 Abcam NETs 

Figure 3. Immunohistochemical preparations in Study I. Magnification 400x. 
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Table 9. Primary antibodies used in Study II 

Antibody Origin Type Isotype Dilution Company Target/Meaning 
DNMT1 Mouse Monoclonal IgG1k 1:5 SC Biotech DNA methylation 
TET2 Mouse Monoclonal IgG1k 1:50 Active Motif DNA de-methylation 
AcH3 Rabbit Monoclonal IgG 1:500 CS Tech Histone 3 acetylation 
AcH4 Rabbit Monoclonal IgG 1:800 Abcam Histone 4 acetylation 
HDAC1 Rabbit Polyclonal IgG 1:500 Abcam Histone de-acetylation 
HDAC2 Rabbit Monoclonal IgG 1:100 Abcam Histone de-acetylation 
y-H2AX Rabbit Polyclonal IgG 1:100 Active Motif DNA double-strand breaks 
8-OHdG Mouse Monoclonal IgG2b 1:8000 GeneTex ROS oxidative stress 
iNOS Rabbit Polyclonal IgG 1:10 ThermoFisher Antimicrobial NO 
NOX2 Mouse Monoclonal IgG1 1:50 Abcam Antimicrobial NADPH oxidase 

Table 10. Primary antibodies used in Study III 

Antibody Origin Type Isotype Dilution Company Target/Meaning 
ALOX12 Rabbit Polyclonal aa618-650 1:75 LS-Bio Lipoxygenase family 
ARG1 Rabbit Polyclonal IgG 1:100 Invitrogen Collagen synthesis 
C4BPA Rabbit Polyclonal aa470-499 1:150 LS-Bio Component of complement cascade 
NLRP2 Rabbit Polyclonal IgG 1:35 LS-Bio Component of inflammasome  
RASGRP2 Rabbit Polyclonal IgG 1:250 GeneTex GTPase signal transduction 

 

Figure 4. Immunohistochemical preparations in Study II. Magnification 400x. 

Figure 5. Immunohistochemical preparations in Study III. Magnification 400x. 
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Image acquisition & analysis  

Histological evaluations were performed under a light microscope (Leitz DM-
RBE microscope, Leica, Wetzlar, Germany). Each section was scanned by the 
Glissando Desktop Scanner (Objective Imaging Inc., Kansasville, WI, USA) with  
a 20x magnification. The acquired images were transferred to the computerized 
image analysis software Image-Pro Premier (IPP, version 10; Media Cybernetics 
Inc., Rockville, MD, USA) that was used for qualitative and quantitative analyses. 
The different regions of interest (ROIs) were outlined with a mouse cursor.  

In Study I the entire area of the infiltrated connective tissue (ICT) and the pocket 
epithelium (PE) were depicted as ROIs. In addition, the ICT was further divided 
into two equivalent sub-regions: one inner area, facing the PE (ICT-1), and one 
outer area (ICT-2). A non-infiltrated connective tissue area (NCT) of about 0.10–
0.50 mm2 was also selected as ROI.  
In Studies II & III, only the ICT was depicted as the designated ROI for IHC 
analysis.  
 

Figure 6. Example of the outlined ROIs. Magnification 20x. 
On the left: original section stained with hematoxylin & eosin.  
On the right: pocket epithelium (PE - red); infiltrated connective tissue (ICT – yellow and 
blue); non-infiltrated connective tissue (NCT - green). 
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Specific algorithms for each marker (based on analysis of color, intensity, 
morphology and size) were created to identify positive cells using the IPP “smart 
segmentation” tool.  

The total area of the ROI was measured (µm2 or mm2) together with the area 
occupied by positive cells, which was expressed in µm2 (or mm2) and as 
percentage area of the ROI (%).  

The average size of cells (µm2) was also assessed for each marker from 10-20 
randomly selected positive cells in 10 different sections.  

The number of positive cells in the different ROIs was arithmetically computed 
(number of cells = area of positive cells / average cell size). Cell numbers were 
expressed as total number (n) and as density of cells (number of cells/mm2) within 
the different ROIs (densities of cells = number of cells * 1.000.000 / tot ROI area 
in µm2).  

Data analysis  
Mean values, standard deviations, medians, inter-quartile ranges and 95% 
confidence intervals were calculated for each variable. Due to a non-normal 
distribution of the cellular densities, the non-parametric Mann-Whitney U test for 
independent variables was used for comparisons between patient groups (e.g., 
peri-implantitis vs periodontitis in Study I). Wilcoxon signed-rank test was used 
for paired intra-group comparisons (e.g., ICT-1 vs ICT-2 in Study I). Significance 
level was set at p<0.05. 

Figure 7. Illustration of the smart segmentation tool from the IPP Software.  
After depicting the ROI of choice (red area, left image), positive cells are isolated (red arrow, 
right image) from the background (blue arrow and circles, right image). Magnification 20x. 

 



CARLOTTA DIONIGI  

 44 

Image acquisition & analysis  

Histological evaluations were performed under a light microscope (Leitz DM-
RBE microscope, Leica, Wetzlar, Germany). Each section was scanned by the 
Glissando Desktop Scanner (Objective Imaging Inc., Kansasville, WI, USA) with  
a 20x magnification. The acquired images were transferred to the computerized 
image analysis software Image-Pro Premier (IPP, version 10; Media Cybernetics 
Inc., Rockville, MD, USA) that was used for qualitative and quantitative analyses. 
The different regions of interest (ROIs) were outlined with a mouse cursor.  

In Study I the entire area of the infiltrated connective tissue (ICT) and the pocket 
epithelium (PE) were depicted as ROIs. In addition, the ICT was further divided 
into two equivalent sub-regions: one inner area, facing the PE (ICT-1), and one 
outer area (ICT-2). A non-infiltrated connective tissue area (NCT) of about 0.10–
0.50 mm2 was also selected as ROI.  
In Studies II & III, only the ICT was depicted as the designated ROI for IHC 
analysis.  
 

Figure 6. Example of the outlined ROIs. Magnification 20x. 
On the left: original section stained with hematoxylin & eosin.  
On the right: pocket epithelium (PE - red); infiltrated connective tissue (ICT – yellow and 
blue); non-infiltrated connective tissue (NCT - green). 
 

MATERIAL AND METHODS 

 45 

Specific algorithms for each marker (based on analysis of color, intensity, 
morphology and size) were created to identify positive cells using the IPP “smart 
segmentation” tool.  

The total area of the ROI was measured (µm2 or mm2) together with the area 
occupied by positive cells, which was expressed in µm2 (or mm2) and as 
percentage area of the ROI (%).  

The average size of cells (µm2) was also assessed for each marker from 10-20 
randomly selected positive cells in 10 different sections.  

The number of positive cells in the different ROIs was arithmetically computed 
(number of cells = area of positive cells / average cell size). Cell numbers were 
expressed as total number (n) and as density of cells (number of cells/mm2) within 
the different ROIs (densities of cells = number of cells * 1.000.000 / tot ROI area 
in µm2).  

Data analysis  
Mean values, standard deviations, medians, inter-quartile ranges and 95% 
confidence intervals were calculated for each variable. Due to a non-normal 
distribution of the cellular densities, the non-parametric Mann-Whitney U test for 
independent variables was used for comparisons between patient groups (e.g., 
peri-implantitis vs periodontitis in Study I). Wilcoxon signed-rank test was used 
for paired intra-group comparisons (e.g., ICT-1 vs ICT-2 in Study I). Significance 
level was set at p<0.05. 

Figure 7. Illustration of the smart segmentation tool from the IPP Software.  
After depicting the ROI of choice (red area, left image), positive cells are isolated (red arrow, 
right image) from the background (blue arrow and circles, right image). Magnification 20x. 

 



CARLOTTA DIONIGI  

 46 

Proton-induced X-rays Emission (Study III) 
In Study III, micro-PIXE (µ-PIXE) was used for the quantification, localization 
and characterization of titanium (Ti) micro-particles in soft tissue samples 
obtained from peri-implantitis and reference implants sites. The analysis was 
performed in collaboration with the Tandem Laboratory, Department of 
Nuclear Physics, Uppsala University, Sweden. 
 
Micro-PIXE belongs to the family of ion-beam based analytical methods, in 
which a proton beam (2 MeV H+) is focused down to the micrometer lateral scale 
and used to scan target samples. The X-rays generated due to the sample-beam 
interaction are detected using an energy dispersive detector. Since the X-rays are 
characteristic for each chemical species, elemental mapping of intact tissue 
samples becomes possible with information on their spatial distribution.  

Figure 8. Photographs & schematic drawing of the Uppsala scanning nuclear 
microprobe.  
- The ion source generates keV H+ ions that are accelerated to MeV energies 

in the electrostatic accelerator.  
- The resulting 2 MeV H+ ion beam is focused onto the sample via quadrupole 
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Image acquisition 
From each FFPE biopsy (n=42), a 20- to 50-µm-thick section was obtained with 
a microtome equipped with a stainless-steel knife. Each section was individually 
mounted on clean 1x1 cm silico-crystal holders and dewaxed at 60°C overnight.  
 
All sections were first imaged under an inverted light microscope (Leica, Wetzlar, 
Germany) at 5x magnification and then transferred to the Tandem Laboratory in 
Uppsala for further analysis. Samples from three patients had to be excluded due 
to complications during sample preparation. Thus, a total of 36 paired samples 
were fully mapped and included in the final analysis. Three additional sections 
from archive material obtained from patients with severe periodontitis (from 
Study I) were used as negative controls. 
 
For an efficient characterization, the scanning system of the nuclear microprobe 
was modified to combine beam scanning and stage scanning in a so-called 
“mosaic-scan way” (Nagy et al., 2022). Thus, samples up to several cm2 in size 
could be effectively mapped without any need for operator intervention.  

The samples were placed into the vacuum chamber and irradiated with the proton 
microbeam. The entire specimens were raster-scanned with 1x1 mm sequential 
tiles and a spot-focusing of 4-5 µm. The sampling voltage analysis (SVA) mode 
was used to record scanned coordinates for mapping.  

 

 

Figure 9. Mosaic imaging of a 
tissue section mounted on a 
silico-crystal wafer (1x1 cm). 
 
Tile dimensions: 1x1mm.  
Spot-focusing: 1-2 µm. 
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Proton-induced X-rays Emission (Study III) 
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During the mapping of the samples, Ti micro-particles were automatically imaged 
using the “Hough-transformation based object-identification” algorithm.  Single-
particle maps were generated and high statistics PIXE analysis was performed on 
selected micro-particles. This was done to further characterize the objects of 
analysis and to obtain threshold levels where all the counts originating from noise 
were vanished. Background subtraction was performed using the GeoPIXE 
software (version 8.6, CSIRO, Australia) on the full-sample maps, resulting in 
clean, background-free elemental maps.  

 

Figure 10. Single-particle identification (left image) and characterization (central 
image). Example of the characteristic X-ray spectrum of one representative titanium 
micro-particle (right image). 
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Image analysis 
The elemental composite maps were analyzed with the computerized image 
analysis software Image-Pro Premier (IPP, version 10, Media Cybernetics Inc., 
Rockville, MD, USA).  
 
Images obtained by the inverted light microscope and sulfur elemental maps were 
used to depict the entire outline of each specimen with a mouse cursor. The 
outline of the specimen was then transferred to the corresponding titanium 
composite map. To avoid any image distortion, matching sulfur and titanium 
maps were imaged with identical size and with fixed resolution. Linear calibration 
was performed manually on each composite image using the side of a single tile 
as reference (side of 1 tile = 1 mm).  

 

Figure 11. Schematic illustration of the image analysis process.  
Images from the ILM and the sulfur maps are used to outline the entire ROI which is 
then transferred to the titanium map (green line). Scale bars 1 mm. 

 

Different ROIs were depicted for the analysis. The initial examination was 
focused on the “entire specimen” ROI, where the total area of the specimen 
was analyzed as a whole. To further characterize the spatial distribution of 
titanium particles within tissues, different sub-analyses were conducted.  

Thus, the “entire specimen” ROI was divided into three different zones, 
depending on the distance to the implant/tissue interface. “Zone 1” encompassed 
the tissue portion from the implant/tissue interface up to 1 mm, “zone 2” from 
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1 mm to 2 mm, and “zone 3” from 2 mm onwards. It must be noted that three 
sections from reference implant sites presented with a width that did not 
encompass zone 2.  
 
Two additional ROIs were depicted in the connective tissue portions 
characterized by the presence/absence of an inflammatory infiltrate. To do so, a 
“zone with inflammation” as well as a “zone without inflammation”  were 
outlined. The selection was performed by superimposing the titanium maps with 
images obtained from sequential 5-µm-thick sections previously stained with 
hematoxylin & eosin (H&E). Any portion of the tissue characterized by epithelial 
lining was excluded. 

 

Figure 12. Schematic illustration of the image analysis process. Depiction of the 
different ROIs.  

 
From the left: “Entire specimen” (in grey), “Zone 1” (in dark blue), “Zone 2” (in 
blue), “Zone 3” (in light blue), “Zone with inflammation” (in red), “Zone without 
inflammation” (in green), Hematoxylin & Eosin micrograph with magnification 20x. 
Scale bars 1 mm. 

 

The “smart segmentation” tool of the IPP software was used to generate an 
algorithm for the identification of Ti micro-particles, similarly to what was 
done for IHC analyses in Studies I & II. Thus, the area (mm2) and volume (= 
area of ROI x biopsy thickness, mm3) of the ROIs, the number of Ti micro-
particles (n) and the percentage area occupied by Ti micro-particles were 
measured. Volumetric densities were mathematically computed and 
expressed as number of particles/mm3. 
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In addition, a comprehensive analysis of all the Ti micro-particles was performed. 
Thus, information on each particle-specific area (µm2), diameter (µm), Feret 
diameters (µm) and circularity (values 0-1) were obtained.  

 

Figure 13. Illustration of two titanium micro-particles analyzed with the “smart  
segmentation” tool and the different measurements obtained for each particle. 

Lastly, linear vertical distances (µm) from the mucosal margin and linear 
horizontal distances from the implant/tissue interface were measured for each 
particle. After tracing two reference lines corresponding to the implant/tissue 

interface and to the mucosal margin, 
perpendicular (= minimum) distances were 
automatically traced and measured for each 
particle using the “relative minimum distance 
between objects” tool of the IPP software. The 
maximum width (µm) and depth (µm) of the 
specimens were also recorded. 

Figure 14. Schematic illustration of the image analysis 
process. Linear measurements. 

Orange line: implant/tissue interface.  
Purple line: mucosal margin.  
Blue line: max depth of sample.  
Red line: max width of sample.  
Scale bar 1 mm. 
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Data analysis 
Mean values, standard deviations, medians, inter-quartile ranges and 95% 
confidence intervals were calculated for each variable. Due to non-normal 
distribution of data, the non-parametric Wilcoxon pairwise signed-rank test was 
used for comparisons between peri-implantitis and reference implant sites. A 
linear regression analysis was performed to investigate the influence of implant 
characteristics (independent variables) and clinical measurements (PPD, MBL) on 
the volumetric density of titanium micro-particles (dependent variable). Statistical 
significance was set at p<0.05.  

MATERIAL AND METHODS 
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In Studies III & IV, after flap elevation, an additional soft tissue biopsy (about 
1-2 mm3) was dissected both at diseased and reference implant sites (n=42). The 
tissue portion was harvested at the same “FFPE sample” collection site from the 
connective tissue previously facing the implant body. 
 

 
Figure 15. Biopsy retrieval and processing - schematic illustration.  
Soft tissue biopsies (≈1-2 mm3) are collected from target sites and prepared for TEM 
or RNA-seq analysis.  

 

All tissue samples were rinsed with saline and immediately placed in Eppendorf 
tubes according to the following outline:  

i) Samples from the initial 11 patients (n=22) were immersed in 
Karnovsky fixative, kept at 4°C, and prepared for transmission 
electron microscopy (TEM).  
 

ii) Samples from the last 10 patients (n=20) were immersed in 
RNAlater (AMBION, US), kept at 4°C for 48 hours and stored at --
-80°C until further processing for RNA-sequencing.  
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Transmission Electron Microscopy (Study III) 
After retrieval, samples were washed with saline and immersed in Eppendorf 
tubes with Karnovsky fixative (using EM-grade fixative quality) for 1 hour at 4°C. 
The specimens were then transferred to the Core Facility - Cellular Imaging 
(Sahlgrenska Academy, University of Gothenburg, Sweden) for further 
processing and analysis.  

All samples were moved into new tubes containing 1:10 diluted Karnovsky 
fixative with cacodylate buffer 0.1 M at 4 °C for a maximum of 14 days before 
being processed. Post-fixation was performed with a combination of 1% osmium 
tetra-oxide (OsO4 - EMS, US) and 1% potassium ferrocyanide (Sigma-Aldrich, 
Germany) for 45 min in 0.05 M cacodylate buffer at room temperature (RT).  
 
The samples were then processed with the Leica EM AMW Automatic 
Microwave Tissue Processor (Leica, Austria) using the following protocol:  
 
- Immersion in 1% thio-carbo-hydrazide (EMS, US) in water at RT for 10 

minutes.  
- Profuse washes with distilled water (5 times, 10 minutes each). 
- Immersion in 1% OsO4 in water at 37°C for 20 minutes. 
- Profuse washes with distilled water (5 times, 10 minutes each). 
- Incubation with 1% Uranyl Acetate (Fisher Scientific, UK), at RT for 30 

minutes. 
- Profuse washes with distilled water (5 times, 10 minutes each).  
- Stepwise dehydration with increasing concentrations of ethanol (Fisher 

Scientific, UK). 
- Stepwise dehydration with propylene oxide (Fisher Scientific, UK). 
- Perfusion with increasing concentrations of Hard-Plus epoxy resin (EMS, 

US) without accelerator.  
- Profuse washes with distilled water. 
- Embedding in 100% Hard-Plus epoxy resin with accelerator. 
- Polymerization at 60°C for 16 hours. 

The polymerized specimens were trimmed with a 45° trimming diamond knife 
(Diatome, Switzerland) with a clearance angle of 6° into a pyramid shape to obtain 
a rectangular flat cutting surface.  

MATERIAL AND METHODS 
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Alternate 70-nm-thick sections were produced using the UC6 ultramicrotome 
(Leica, Austria) equipped with a 45° diamond knife and clearance angle of 6°. The 
cutting was performed with a speed of 0.8mm/s. The sections were collected onto 
150-mesh copper formvar/carbon-coated grids (Agar Scientific Ltd, UK).  
 
Grids were imaged using the Talos L120C transmission electron microscope 
(Thermofisher Sc., US) operating at 120 KeV. Micrographs for qualitative 
evaluations of metal-like deposits were acquired with a CMOS 4Kx4K Camera 
(Gatan, UK) using the TIA Software (Zeiss, Germany) at various magnifications 
(range: 1600x - 28000x). 

 

  

Figure 16. Orthogonal projections of one representative resin-embedded specimen 
trimmed into pyramid shape (left and center). Illustration of 70-nm-thick sections 
collected onto copper grids ready for TEM analysis (right). 
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RNA-sequencing (Studies III & IV) 
In Study III, RNA-sequencing was used to investigate the influence of Ti micro-
particles on gene expression in peri-implantitis samples (n=9). Samples were 
divided into “Ti-low” (n=6) and “Ti-high” (n=3) groups depending on 
volumetric densities of Ti micro-particles being lower or higher than the mean.  
 
In Study IV, RNA-sequencing was used for differential gene expression analysis 
between peri-implantitis and reference implant specimens obtained in 10 patients 
(n=20). 
 
After retrieval, all samples were washed with saline, individually immersed in 
Eppendorf tubes with RNAlater (AMBION, US), kept at 4°C for 48 hours and 
subsequently stored at -80°C until further processing.  

Sample preparation 
The RNeasy Plus Micro Kit (Quiagen, Germany) was used for the extraction of 
total RNA following the manufacturer's instructions. In brief, the protocol 
included: 
- Lysis and homogenization of samples in a highly denaturing guanidine-

isothiocyanate-containing buffer using TissueRuptor II.  
- Centrifugation for 3 minutes at maximum speed in the RNeasy spin column. 
- Supernatant removal by pipetting. 
- Removal of any genomic DNA by a new centrifugation cycle together with 

an optimized high-salted buffer. 
- Removal of contaminants by addition of ethanol.  
- Elution of total RNA content in 14 µl of RNAse-free water. 
- Storage at -80°C.  
 
The specimens were then transferred to the Core Facility - Genomics 
(Sahlgrenska Academy, University of Gothenburg, Sweden) for quality check and 
RNA-sequencing.  
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Figure 17. Schematic illustration of the RNA-sequencing protocol.  

 
 
The integrity and size distribution of total RNA were checked with the 
Tapestation 4200 system (Agilent, USA). Quality check revealed that all samples 
presented with optimized concentrations of total RNA [range 34-463 ng/μL] and 
RIN scores ≥5 [range 5-9]. 

Library preparation  
The Illumina Stranded mRNA Prep Ligation protocol (Illumina, USA) was used 
for library preparations as follows:  

- mRNAs (with polyA tails) were captured by oligo(dT) magnetic beads. 
- mRNA was fragmented and primed for first strand complementary DNA 

(cDNA) synthesis.  
- The hexamer-primed RNA fragments were reverse transcribed including 

actinomycin D, granting RNA-dependent synthesis and improved strand 
specificity while preventing spurious DNA-dependent synthesis.  

- The RNA template was then removed, and a replacement strand was 
synthesized to generate blunt-ended, double-stranded cDNA fragments.  

- Deoxyuridine triphosphate was incorporated, and an adenine nucleotide was 
added to the 3ʹ ends of the blunt fragments.  

- A corresponding thymine nucleotide on the 3ʹ end of the adapter was used 
for ligating the adapter to the fragment.  

- Pre-index anchors were ligated to the ends of the double-stranded cDNA 
fragments to prepare them for dual indexing.  

- After 11 PCR cycles and purification of the adapter-ligated fragments with 
magnetic beads, the libraries were normalized down to 1 nM, pooled together, 
diluted to 0.5 nM and standard run on a S2 flowcell on the NovaSeq 6000 
(Illumina, USA). 
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Libraries were sequenced with an average depth of approximately 59.3 (±11.4) 
Mreads/sample. 

Data analysis 
Differential gene expression analysis was performed in collaboration with the 
Core Facility - Bioinformatics (Sahlgrenska Academy, University of 
Gothenburg, Sweden).  
 
The quality of the reads was examined using fastqc/0.11.9, and the resulting 
quality reports were summarized using MultiQC/1.9. The reads were quality 
filtered using Trim Galore/0.4.0 and adapters were removed using Cutadapt/1.9.  
The quality-filtered reads were aligned towards the human reference genome 
GRCh38.109 using STAR/2.7.10b. Infer experiment within RSeQC/5.0.1 was 
used to extract the strandness of the data. Featurecounts within the subread/2.0.4 
package was used to gather the gene counts.  
 
The differential expression analysis was run in the R/4.1.3 package 
DESeq2/1.34.0. Genes were considered differentially expressed with adjusted p 
values <0.05. Log-fold change was used to identify the magnitude of change in 
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Spatial Transcriptomics (Study IV) 
Spatial transcriptomics was used for differential gene expression analysis and 
visualization between peri-implantitis and reference implant specimens obtained 
in 2 patients (n=4). Sample and library preparations were performed in 
collaboration with the SciLife Laboratory - National Genomics 
Infrastructure (Karolinska Institute and Stockholm University, Sweden). 

Sample preparation 
Four FFPE tissue sections were prepared following the Visium CytAssist spatial 
gene expression workflow (CG000518, 10x Genomics). The protocol included: 

- Sectioning of the FFPE tissue blocks in 5-µm-thick sections using a 
microtome equipped with a stainless-steel knife. 

- Collection of the sections in a Milli-Q or ultrapure water bath at 42°C to allow 
optimal expansion. 

- RNA quality assessment on additional tissue sections by calculating the 
percentage of total RNA fragments >200 nucleotides (DV200) using the 
RNAEasy FFPE Kit (Agilent, USA) and the RNA 6000 Pico Kit (Agilent, 
USA) following the manufacturer’s instructions. All FFPE sections presented 
with DV200 values ≥70% and were accepted for further processing.  

- Placement of the sections on superfrost plus microscope slides (Fischer 
Scientifics, UK). 

- Drying of the sections in a slide drying rack or desiccator by incubation for 3 
hours at 42°C and subsequent incubation at room temperature overnight.  

- Deparaffinization by sequential Xylene and decreasing Ethanol (from 100% 
to 70%) baths. 

- Hematoxylin & eosin immunostaining and imaging of the sections with a 
V200 Slide Scanner Olympus Microscope (Evident, Japan) at x5 
magnification. 

- Decrosslinking and tissue permeabilization with a thermocycler at 95°C for 1 
hour. 

- Loading of glass slides together with the Visium CytAssist Spatial Gene 
Expression v2 Slides (6.5mm) into the Visium CytAssist instrument and 
placement into close proximity.  
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Libraries were sequenced with an average depth of approximately 59.3 (±11.4) 
Mreads/sample. 
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The CytAssist Spatial Gene Expression Slides present with 2 capture areas (6.5 x 
6.5 mm) each including ~5000 barcoded spots. Each spot includes: 1 Illumina 
TruSeq partial read sequencing primer, 16 nucleotide (nt) Spatial Barcode, 12 nt 
unique molecular identifier (UMI) and 30 nt poly(dT) sequence (captures ligation 
product).  

 

Figure 18. Schematic illustration of the Visium CytAssist spatial gene expression for 
FFPE workflow.  

Library preparation  
The Visium CytAssist spatial gene expression workflow (CG000518, 10x 
Genomics) was followed for library preparation. The protocol included: 

- Probe hybridization: addition of the human whole transcriptome probe panel 
(= a pair of specific probes for each targeted gene) to the tissues. Probe pairs 
hybridize to their complementary target RNA.  

- Probe ligation: ligase addition to seal the junction between the probe pairs, 
forming a ligation product.  

- Probe release: release of ligated products from the tissue using the CytAssist 
Enabled RNA Digestion & Tissue Removal.  

- Probe capture: capture of released ligated probes on the  Visium CytAssist 
Spatial Gene Expression v2 Slides via spatially barcoded oligonucleotides 
present on the Visium slide surface.  

- Probe extension: addition of UMI, Spatial Barcode and partial Read 1. 
- Pre-amplification and indexing: collection of barcoded ligation products for 

qPCR to determine Sample Index PCR cycle number for generating final 
library molecules.  

- Cleaning of final libraries by SPRIselect, assessment on bioanalyzer, 
quantification, and sequencing. 

The final libraries comprised standard Illumina paired-end constructs which 
began and ended with P5 and P7 adaptors. Once quantified and normalized, the 
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libraries were denatured and diluted as recommended for Illumina sequencing 
platforms.  

All samples were sequenced on NovaSeq6000 (NovaSeq Control Software 
1.8.0/RTA v3.4.4) with a 151nt(Read1)-19nt(Index1)-10nt(Index2)-151nt(Read2) 
setup using “NovaSeqXp” workflow in “S4” flowcell mode.  

Raw sequencing data were demultiplexed and converted to FastQ. The Bcl to 
FastQ conversion was performed using “bcl2fastq_v2.20.0.422” from the 
CASAVA software suite. The quality scale used was “Sanger / phred33 / Illumina 
1.8+”. Standardized bioinformatics quality control checks were performed 
including yield, sequence read quality and cross-sample contamination checking 
(accredited under ISO/IEC 17025). 

Libraries from all samples were sequenced with library depths ≥114 Mreads  
[114.24 - 167.74] and presented with a ≥87% aggregated percentage of bases 
quality score >30.  

Image alignment, demultiplexing on spatial barcodes and basic Visium quality 
checks were performed using Space Ranger and Loupe Browser (10xGenomics). 

Data analysis 
Data analysis was performed in collaboration with the Core Facility – 
Bioinformatics (Sahlgrenska Academy, University of Gothenburg, Sweden). 
Filtered gene spot matrix and high-resolution fiducial aligned images were used 
for downstream data analysis in Seurat (version 4.9.9.9045).  

Each sample was filtered according to the following protocol: cells were filtered 
if the percentage of mitochondrial genes was higher than 20% and if the number 
of unique molecular identifier (UMI) counts per spot was less than 130. Samples 
were individually normalized and variance-stabilized using regularized negative 
binomial regression with the R package “SCTransform” (version 0.3.5) where the 
percentage of mitochondrial expression was regressed out and the number of 
variable genes was set to 6000 out of 18000 total available genes.  

The number of variable genes was further used to create anchors for integration 
between samples in order to reduce batch affect and resolve for possible 
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differences in sample tissue quality. PCA npcs=10, FindNeighbors, Clustering 
with resolution set to 0.6 and UMAP dimensionality reduction using 10 
dimensions were then used to identify 12 stable clusters across peri-implantitis 
and reference implant samples. Identifying differentially expressed markers for 
disease-specific clusters compared to reference was done using the “FindMarker” 
function from Seurat. Genes were considered differentially expressed with 
adjusted p values <0.05. Log-fold change was used to identify the magnitude of 
change in gene expression between groups. Threshold levels of Log2FC≥2 and 
Log2FC≤-2 were applied to identify the most significantly differentially expressed 
genes. 

Immune cell populations were identified using the R package “SingleR” (version 
2.2.0) which is based on automatic annotations based on a reference dataset with 
known labels from “celldex” (version 1.10.1). A combination of the “Human 
Primary Cell Atlas Data” and “DICE” was used as reference in order to maximize 
the number of labeled cells. “ClusterProfiler” (version 4.2.2) was used to perform 
the overrepresentation analysis for Gene Ontology and Reactome. 

The level of agreement between spatial transcriptomics and RNA-sequencing was 
investigated by comparing  DEGs identified by spatial transcriptomics in the ICT-
specific clusters and DEGs found by RNA-sequencing. Sensitivity and specificity 
were calculated comparing genes consistently present in both datasets and 
exhibiting significant dysregulation (adjusted p values <0.05). Sensitivity 
quantified the ability of RNA-sequencing to accurately identify genes up-regulated 
in spatial transcriptomics, while specificity indicated the precision in detecting 
down-regulated genes. 
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Radiographic assessments (Study III) 
In Study III intra-oral radiographs were obtained by long-cone parallel technique 
prior to the surgical intervention (≤4 weeks).  

Linear measurements were performed using the Fiji image analysis software 
(ImageJ 2.0.0-rc-69/1.52n, National Institutes of Health). Known inter-thread 
distances were used for linear calibration. Marginal bone levels (mm) were 
assessed at mesial and distal sites of each implant, using the implant shoulder as 
reference point. The mean value of mesial and distal measurements was used for 
the analysis. The length (mm) and diameter (mm) of each implant were also 
measured. 

 

Figure 19. Illustration of the image calibration process with known inter-thread 
distance (yellow line). Measurements: marginal bone level at distal site (red line); 
implant length (blue line); implant diameter (green line). 
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Error of methods 
Histological, immunohistochemical and radiographical measurements were 
repeated in Study I and Study III for accuracy assessments. Agreement levels are 
reported as inter-class coefficients (ICC) and confidence intervals (CI). 
 

 
Histological analysis: the infiltrated connective tissue (ICT) and the “entire 
specimen” (ES) ROIs were outlined with a mouse cursor and the total ROI area 
was re-assessed in 20 randomly selected sections. 

 

 
Immunohistochemical analysis: the algorithms for assessing areas occupied by 
positive cells and titanium micro-particles (in the ICT or in the ES, respectively) 
were re-created and measurements were repeated in 20 randomly selected 
sections. 
 

 
Radiographic analysis: marginal bone levels at mesial (M) and distal (D) sites were 
re-measured in 10 randomly selected radiographs.  
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Ethical considerations 

Ethical approvals 
The protocol for Study I was approved by the local Human Review Board of 
Gothenburg, Sweden (Dnr 245-10). 
 
The protocol for Study II was approved by the local Human Review Board of 
the University of Basel, Switzerland (EK: 159/06). 
 
The protocol for Studies III & IV was approved by the Swedish Ethical Review 
Authority (Dnr 2021-00508).  

Data protection  
Data from all studies were regarded as “sensitive personal data”, as they derived 
from analyses of human biological samples. Pseudonymization was applied (only 
code numbers were used) in all studies. The code keys were stored in a locked 
safe accessible only by authorized personnel.  

In Studies III & IV, access to the Bianca Cluster was granted for storage and 
analysis of human RNA-sequencing and spatial transcriptomic datasets. For this 
purpose, an agreement was signed (Dnr sens2023510) with the Uppsala 
Multidisciplinary Center for Advanced Computational Science (UPPMAX) and 
with the National Academic Infrastructure for Supercomputing in Sweden 
(NAISS, former Swedish National Infrastructure for Computing - SNIC).  
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Results 
Periodontitis and peri-implantitis lesions in humans 

(Study I) 
 
The total areas of the PE and ICT were significantly larger in peri-implantitis than 
in periodontitis samples. 
 

 

Figure 20. Micrograph representing the outlined ROIs (left). Bar graphs: total areas 
of ROIs (mm2) in periodontitis and peri-implantitis sites (right). Mean and 95% CI. 

 In the PE, periodontitis sites presented with significantly higher densities and 
area proportions of 8-OHdG-positive cells compared to peri-implantitis. In 
addition, periodontitis sites contained significantly lower numbers of MPO-
positive cells and higher numbers of 8-OHdG-positive cells than peri-implantitis 
sites.  

 

Figure 21. Boxplots: density 
of positive cells observed in 
the pocket epithelium of 
periodontitis and peri-
implantitis sites.  

Median and IQR. Circles and 
asterisks represent outliers. 
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In the ICT, peri-implantitis specimens exhibited significantly higher densities and 
area proportions of iNOS-, MPO-, and CD68-positive cells than periodontitis 
lesions. The density of MPO-positive cells was about 3 times larger in peri-
implantitis than that in periodontitis. The numbers of γ-H2AX-, iNOS-, MPO-, 
PAD-4/MPO-, and CD68-positive cells were significantly higher in peri-
implantitis than in periodontitis sites.  

 
In the NCT, area proportions and densities of γ-H2AX-, iNOS-, NOX2-, MPO- 
and PAD4/MPO-positive cells were significantly greater in peri-implantitis than 
in periodontitis sites. The density of NOX2-positive cells was almost 6 times 
larger in peri-implantitis than in periodontitis lesions. Peri-implantitis sites 
exhibited a significantly larger number of γ-H2AX-, MPO-, PAD4/MPO-, and 
CD68-positive cells than periodontitis sites.  

 

Figure 22. Boxplots: density 
of positive cells observed in 
the infiltrated connective 
tissue of periodontitis and 
peri-implantitis sites.  

Median and IQR. Circles and 
asterisks represent outliers. 

Figure 23. Boxplots: density 
of positive cells observed in 
the non-infiltrated connective 
tissue of periodontitis and 
peri-implantitis sites.  

Median and IQR. Circles and 
asterisks represent outliers. 
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Intra-group comparisons showed no significant differences between ICT-1 and 
ICT-2 areas, both in periodontitis and peri-implantitis sites (method validation). 

 

Figure 24. Micrograph representing the outlined ROIs (left). Bar graphs: total areas 
of ICT-1 and ICT-2 in periodontitis and peri-implantitis sites (right). Mean and 95% 
CI. 

Statistically significant intra-group differences in cellular densities for all markers 
were found between the ICT-1 and the ICT-2 in both periodontitis and peri-
implantitis sites. Overall, the ICT demonstrated a gradient of the cellular infiltrate 
towards the pocket epithelium, with ICT-1 exhibiting about 1.5–3 times higher 
cellular densities than the ICT-2.  

 

Figure 25. Bar graphs: density of positive cells observed in ICT-1 and ICT-2 of 
periodontitis (right) and peri-implantitis sites (left). Mean and 95% CI. 
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The proportion of smokers (27.5%) was equally distributed between periodontitis 
and peri-implantitis groups. No significant differences in cellular densities 
between smokers and non-smokers were observed for any of the markers in 
periodontitis and peri-implantitis lesions. 

 

Figure 26. Bar graphs: density of positive cells in the different patient groups divided 
by ROI. Mean and 95% CI. 

RESULTS 

 71 

Periodontitis lesions in smokers and non-smokers 
(Study II) 

No differences in ICT areas were detected between non-smokers and current 
smokers. 

 

Figure 27. Micrographs representing the outlined ROIs (sides). Bar graphs: ICT 
areas (mm2) in non-smokers and current smokers. Mean and 95% CI. 

In the ICT, non-smokers showed significantly higher densities and area 
proportions of DNMT1-, AcH3-, iNOS-, and NOX2-positive cells than current 
smokers. The largest difference in cellular densities between the two groups was 
noted for the DNMT1- and NOX2-markers. The total number of DNMT1- and 
NOX2-positive cells were significantly higher in specimens from non-smokers 
than from current smokers.  

Figure 28. Bar graphs: 
density of positive cells 
observed in the ICT of 
current smokers and non-
smokers. Mean and 95% CI. 
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by ROI. Mean and 95% CI. 
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Periodontitis lesions in smokers and non-smokers 
(Study II) 

No differences in ICT areas were detected between non-smokers and current 
smokers. 

 

Figure 27. Micrographs representing the outlined ROIs (sides). Bar graphs: ICT 
areas (mm2) in non-smokers and current smokers. Mean and 95% CI. 

In the ICT, non-smokers showed significantly higher densities and area 
proportions of DNMT1-, AcH3-, iNOS-, and NOX2-positive cells than current 
smokers. The largest difference in cellular densities between the two groups was 
noted for the DNMT1- and NOX2-markers. The total number of DNMT1- and 
NOX2-positive cells were significantly higher in specimens from non-smokers 
than from current smokers.  

Figure 28. Bar graphs: 
density of positive cells 
observed in the ICT of 
current smokers and non-
smokers. Mean and 95% CI. 
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Titanium micro-particles in peri-implant tissues 
(Study III) 

 

Localization and quantification  
 
In the “entire specimen” ROI, areas and volumes of the soft tissue biopsies 
were significantly larger in peri-implantitis than in reference implant sites (Table 
2, manuscript of Study III). However, no differences were found in terms of 
number of Ti micro-particles, percentage area occupied by Ti micro-particles or 
volumetric densities of Ti micro-particles between samples with or without peri-
implantitis.  
 

 
 

Figure 29. Outlined ROI (left). Strip plots: volumetric densities of titanium micro-
particles in the “entire specimen” ROI of peri-implantitis and reference implant sites. 
Each dot represents one implant and paired implants from the same patient are 
connected by lines. 

 

In the ROIs “zone 1” and “zone 2”, no differences in volumetric densities of Ti 
micro-particles were found between sites with or without peri-implantitis.  
In the “zone 3” ROI, although differences were small in magnitude, the 
percentage area occupied by Ti micro-particles was statistically lower in reference 
implant samples than in peri-implantitis specimens (0.06% ±0.10 vs 0.10% ±0.12, 
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respectively; p<0.05). However, no differences in volumetric densities were 
observed in “zone 3” between sites with or without peri-implantitis.  

 

 
Figure 30. Outlined ROIs (left). Strip plots: volumetric densities of titanium micro-
particles in “zone 3”,” zone 2” and “zone 1” in peri-implantitis and reference implant 
sites. Each dot represents one implant and paired implants from the same patient are 
connected by lines. 

 
 

 

Comparisons between the ROIs “zone with inflammation” and “zone without 
inflammation” did not demonstrate any significant difference in volumetric 
densities of Ti micro-particles, both in peri-implantitis and in reference implant 
sites. 

 
 

Figure 31. Outlined ROIs (left). Strip plots: volumetric densities of titanium micro-
particles in “zone with inflammation” & “zone without inflammation” in peri-
implantitis and reference implant sites. Each dot represents one implant. 
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Among the implant-related characteristics, the “implant system” variable 
significantly influenced the density of Ti particles in the “zone 1” ROI. As the 
different implant systems were not equally represented among the 18 patients, the 
least represented systems were collectively merged into a new category named 
“Others”. Thus, Astra OsseoSpeed implants demonstrated significantly lower 
volumetric densities of Ti micro-particles when compared to Nobel TiUnite and 
“Others” implant systems in the “zone 1” ROI (p = 0.024 and 0.047, respectively). 

 
 
 
No titanium micro-particles were observed in the connective tissue of negative 
controls from periodontitis affected sites in patients with no dental implants. Few 
isolated Ti micro-particles were observed in the pocket epithelium. 

  

Figure 32. Predicted volumetric 
densities of Ti micro-particles in 
the “zone 1” ROI by implant 
system. 
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Characterization  

A total of 1228 and 663 Ti micro-particles were characterized in peri-implantitis 
and reference implant sites, respectively. No differences in particle-related 
characteristics (area, diameter, Feret caliper diameters, circularity) could be 
observed between samples with or without peri-implantitis. In both groups, 
approximately 60-65% of the Ti micro-particles presented with a diameter ≤15 
µm and with a circularity value >0.6.  

 

Figure 33. Distribution of diameter (small: ≤15µm; large: >15µm) and circularity 
(range 0-1) of titanium micro-particles in peri-implantitis and reference implant 
sites. 

 

Results from the linear measurements showed similar horizontal (from 
implant/tissue interface) and vertical (from mucosal margin) distributions of Ti 
micro-particles between samples with and without peri-implantitis. 

 

Figure 34. Linear measurements (left). Scatterplots: absolute horizontal and vertical 
distances of micro-particles in peri-implantitis and reference implant sites. Each dot 
represents one Ti micro-particle. 
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Comparison between the distribution of small (diameter ≤15 µm) and large 
(diameter >15 µm) Ti particles did not demonstrate any significant difference, 
both in peri-implantitis and in reference implant samples. 

 

Sporadic metal-like particles could be observed in TEM sections and exclusively 
in peri-implantitis samples. All the observed metal-like particles were located in 
the extracellular compartment. Sections from peri-implantitis sites exhibited 
evident signs of tissue degradation and elevated numbers of inflammatory cells. 
Well-oriented collagen fibers, numerous fibroblasts and occasional cells of the 
host response were found in sections obtained from reference implant sites.  

 
 

Figure 35. Boxplots: 
distribution of  small and 
large particles at peri-
implantitis and reference 
implant sites.  

Median and IQR. Circles 
represent outliers. 

 

 

Figure 36. Representative 
TEM images illustrating 
sections from peri-implantitis 
and reference implant sites. 
Plasma cell (P); B-cell (B); 
fibroblast (F), collagen fibers 
(C). Red arrows indicate 
metal-like particles. 
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Influence on gene expression  

A total of 9 peri-implantitis samples were analyzed with RNA-sequencing to 
investigate if Ti micro-particles influenced gene expression profiles. 
 
The Supplementary Fig 1 in the manuscript of Study III displays the volume  of 
the ROI “zone with inflammation” and the volumetric density of Ti micro-
particles in the 9 FFPE samples corresponding to the “Ti-high” (n=3) and “Ti-
low” (n=6) groups. 
 
The RNA-seq analysis showed that, among a total of 36623 entries, only 16 
significantly differentially expressed genes (DEGs) were identified between the 
two groups (adjusted p values <0.05). One up-regulated and one down-regulated 
DEGs were putative genes not registered with any specific gene ID. 

Table 11. Differentially expressed genes between the two groups (Ti-high versus Ti-low). 

 

Three significantly up-regulated and 11 significantly down-regulated genes were 
found when comparing the Ti-high group to the Ti-low group. Among these 
DEGs, five genes (RASGRP2, C4BPA, NLRP2, ARG1 and ALOX12) were 
further investigated with gene-set enrichment analyses. Biological pathways 
related to “regulation of immune response”, “complement activation” and “skin 
development” were found to be the most abundantly enriched in the Gene 
Ontology (GO) analysis.  
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Table 12. Gene Ontology enrichment analysis (Ti-high versus Ti-low). 

 

Reactome analysis revealed that the most significant differences between the two 
groups regarded the “regulation of complement cascade”, “platelet activation”, 
“platelet signalling” and “keratinization” pathways. 
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Table 13. Reactome enrichment analysis (Ti-high versus Ti-low). 

 

The IHC analysis showed that, in the ICT, the Ti-high group presented with 
significantly higher cellular densities of RASGRP2-positive cells compared to the 
Ti-low group (p=0.0253). In addition, although the difference was not statistically 
significant, the density of C4PBA-positive was higher in the Ti-high than in the 
Ti-low group (p=0.0526).  

 

 

 

Figure 37. Boxplots: density of positive 
cells in Ti-low and Ti-high groups.  

Median and IQR.  
*p<0.05, Mann-Whitney U test. 
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Gene expression profiles in human peri-implant lesions 
(Study IV) 

Spatial transcriptomics 
It was demonstrated that oral/pocket epithelium and infiltrated connective tissue 
areas presented with higher gene activity (number of transcript/spot) compared 
to non-infiltrated connective tissue portions in both peri-implantitis and reference 
implant sites. In addition, peri-implantitis samples showed overall higher degrees 
of gene activity when compared to reference implant specimens.  

 

Figure 38. Spatial transcriptomic results. From left to right: H&E-stained sections of 
one pair of samples (Magnification 5x); visualization of gene activity; gene clusters; 
cell populations identified in peri-implantitis and reference implant samples. The 
implant/tissue interface is found on the right side of the samples. 

Twelve distinct clusters of differentially expressed genes (DEGs) were identified 
and a clear association between clusters and specific regions in the tissues was 
observed. Thus, clusters 2, 5, 7 and 12 were distinctly located within the ICT 
compartment; clusters 6, 8, 10 and 11 matched oral epithelial tissues; clusters 0 
and 9 were confined to NCT areas. No specific tissue areas were identified for 
clusters 1, 3 and 4. Stronger gene expression patterns were noticed in peri-
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implantitis samples for all clusters except for cluster 9 when compared to 
reference implant specimens. 
 

 
Figure 39. The 12 clusters identified in peri-implantitis and reference implant sites (in 
patient 1) by spatial transcriptomic analysis. 

 
 
In total, the spatial transcriptomic analysis identified 3949 significantly down-
regulated, and 349 significantly up-regulated genes when comparing peri-
implantitis to reference implant specimens.  

The analysis of the 4 clusters specific for the ICT areas identified a total of 188 
up-regulated and 1247 down-regulated DEGs when comparing peri-implantitis 
specimens to samples from reference implant sites. Several DEGs were consistent 
among the 4 clusters.  
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Table 14. The most highly up-regulated and most highly down-regulated DEGs found when 
comparing peri-implantitis to reference implant sites in the 4 clusters specific for ICT areas 
(Log2FC ≤2 or ≥2 and p adjusted <0.05) by spatial transcriptomics. 

 

Biological processes associated with ICT-specific DEGs were explored by gene 
ontology (GO) enrichment analysis. Pathways related to “B cell receptor 
signaling”, “epidermal cell differentiation”, “response to LPS”, “humoral immune 
response” and “neutrophil chemotaxis” were found to be up-regulated in peri-
implantitis specimens when compared to reference implant samples. On the 
contrary, pathways associated with “wound healing”, “regulation of 
angiogenesis”, “extracellular matrix organization”, “connective tissue 
development”, “collagen fibril organization” and “regulation of 
epithelial/endothelial cell apoptotic process” were found to be down-regulated. 
 
Cell populations were identified by utilizing public transcriptomic datasets of pure 
cell types. Plasma cells and B cells were the most abundant cell types found in the 
ICT in both peri-implantitis and reference implant sites. Larger proportions of 
plasma cells, B cells, neutrophils, epithelial and endothelial cells were found in 
samples from peri-implantitis sites than in specimens from reference implant 
sites. 
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RNA-sequencing 

Results from the RNA-sequencing analysis showed that 2878 significantly up-
regulated and 2263 down-regulated genes were found when comparing peri-
implantitis specimens to reference implant samples. 
 

 
Figure 40. Volcano plot (on the left) illustrating the most dysregulated DEGs 
(orange color) found by using RNA-sequencing. Strip plots (on the right) illustrating 
the top 20 DEGs in peri-implantitis and reference implant specimens. 

Table 15. The 10 most up-regulated and the 10 most down-regulated DEGs found when 
comparing peri-implantitis to reference implant sites by using RNA-sequencing. 
 

 



CARLOTTA DIONIGI  

 82 

Table 14. The most highly up-regulated and most highly down-regulated DEGs found when 
comparing peri-implantitis to reference implant sites in the 4 clusters specific for ICT areas 
(Log2FC ≤2 or ≥2 and p adjusted <0.05) by spatial transcriptomics. 

 

Biological processes associated with ICT-specific DEGs were explored by gene 
ontology (GO) enrichment analysis. Pathways related to “B cell receptor 
signaling”, “epidermal cell differentiation”, “response to LPS”, “humoral immune 
response” and “neutrophil chemotaxis” were found to be up-regulated in peri-
implantitis specimens when compared to reference implant samples. On the 
contrary, pathways associated with “wound healing”, “regulation of 
angiogenesis”, “extracellular matrix organization”, “connective tissue 
development”, “collagen fibril organization” and “regulation of 
epithelial/endothelial cell apoptotic process” were found to be down-regulated. 
 
Cell populations were identified by utilizing public transcriptomic datasets of pure 
cell types. Plasma cells and B cells were the most abundant cell types found in the 
ICT in both peri-implantitis and reference implant sites. Larger proportions of 
plasma cells, B cells, neutrophils, epithelial and endothelial cells were found in 
samples from peri-implantitis sites than in specimens from reference implant 
sites. 

RESULTS 

 83 

RNA-sequencing 

Results from the RNA-sequencing analysis showed that 2878 significantly up-
regulated and 2263 down-regulated genes were found when comparing peri-
implantitis specimens to reference implant samples. 
 

 
Figure 40. Volcano plot (on the left) illustrating the most dysregulated DEGs 
(orange color) found by using RNA-sequencing. Strip plots (on the right) illustrating 
the top 20 DEGs in peri-implantitis and reference implant specimens. 

Table 15. The 10 most up-regulated and the 10 most down-regulated DEGs found when 
comparing peri-implantitis to reference implant sites by using RNA-sequencing. 
 

 



CARLOTTA DIONIGI  

 84 

Gene-set enrichment analyses were performed to explore the biological functions 
involved. Pathways associated with “immune response regulating-signaling”, 
“histone modification”, “activation of immune response” and “neutrophil 
degranulation” were found to be up-regulated in peri-implantitis samples when 
compared to reference implant samples.  

 

Figure 41. Gene Ontology (GO) and Reactome enrichment analyses from RNA-
sequencing data. On top: up-regulated pathways. On the bottom: down-regulated 
pathways. 
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In total, 1124 genes were found to be consistent between spatial transcriptomic 
and RNA-sequencing datasets. While all 1124 genes were differentially expressed  
(adjusted p values <0.05) in the spatial transcriptomic dataset, only 290 genes 
(25.8%) displayed significantly dysregulated levels in the RNA-sequencing dataset.  
The comparison of the 290 shared DEGs showed that the overall level of 
agreement between the two methods was high. However, RNA-sequencing 
showed higher levels of agreement for up-regulated genes (98%) than for down-
regulated genes (66%) when compared to spatial transcriptomics. 

 

Figure 42. Alluvial plot illustrating the agreement between RNA-sequencing (RNA-
seq) and spatial transcriptomics (ST) on the 290 shared DEGs. In parenthesis: 
number of DEGs in each category. 

 

True positive: ST&RNA-seq up-regulated DEGs (98%).  
True negative: ST&RNA-seq down-regulated DEGs (66%).  
False positive: DEGs down-regulated in ST but up-regulated in RNA-seq.  
False negative: DEGs up-regulated in ST but down-regulated in RNA-seq.   

Down-regulated (150)

Up-regulated (140)

Down-regulated (225)

Up-regulated (65)

False Negative (1)

False Positive (76)

True Negative (149)

True Positive (64)

RNA-seq ST Agreement
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Main findings 
Study I: 

- Peri-implantitis lesions were significantly larger and presented with significantly higher 
densities of CD68-, MPO-, and iNOS-positive cells than periodontitis lesions.  

- Cellular densities were higher in the inner zone of the lesion lateral to the pocket 
epithelium than in the outer compartment in both types of samples.  

- The non-infiltrated connective tissue in peri-implantitis specimens comprised significantly 
higher densities of g-H2AX-, NOX2-, iNOS-, MPO- and PAD4/MPO-positive cells than 
that in periodontitis specimens.  
 
Study II: 

- Although periodontitis lesions did not differ in size in current smokers and non-smokers, 
differences in cellular functions were observed.  

- Periodontitis lesions in current smokers presented with significantly lower densities of 
DNMT1-, ACH3-, iNOS-, and NOX2-positive cells than lesions in non-smokers.  
 
Study III: 

- Volumetric densities of titanium micro-particles varied across patients but not between 
dental implant sites with and without peri-implantitis within the same individual.  

- The titanium micro-particles had similar size and morphology and were mainly located in 
a 2-mm wide tissue zone close to the implant in samples with and without peri-implantitis.  

- Out of >36000 analyzed genes, only 14 were differentially expressed when comparing 
peri-implantitis samples with high and low densities of titanium micro-particles.  
 
Study IV: 

- Peri-implantitis samples showed overall higher levels of gene activity than reference 
implant specimens.  

- A clear association was observed between 12 distinct gene clusters and specific 
compartments in peri-implant tissues.  

- Several pathways specific for the activation of the host response towards bacterial insults 
were clearly dysregulated in peri-implantitis specimens when compared to reference 
implant samples.  
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Concluding remarks 

Methodological considerations 
The field of biological science is characterized by a rapid and remarkable progress 
in laboratory techniques and software development. While advances in methods 
provide exceptional improvements in the precision of analysis of biological 
systems, the demand for enhanced and specific competences in different areas 
requires extensive collaboration between research teams.  In the current series of 
studies, a methodological approach of introducing novel techniques was 
embraced. To achieve this goal, collaborations with research teams in University 
of Gothenburg and with other universities in Sweden were established.  
 
 
Immunohistochemistry and image analysis 

In Studies I & II, the full capacity of an image analysis software for the 
assessment of immunohistochemical sections was investigated. This led to a shift 
from conventional point-counting methods (e.g., Liljenberg et al., 1994; Zitzmann 
et al., 2001) to a semi-automated computer-assisted image analysis process based 
on the creation of specific algorithms for each applied marker. The semi-
automated system was validated in Study I by comparing densities of CD68- and 
MPO-positive cells with findings previously obtained on the same specimens 
analyzed by conventional methods (Carcuac & Berglundh, 2014). In addition to a 
high level of agreement with results obtained from traditional methods, the 
computer-assisted analysis reduced operator-sensitive errors, and inconsistencies 
in qualitative assessment of staining intensities. The new method also provided 
analysis of larger regions of interest and reduced the overall time required for 
analysis. Similar observations were reported in a recent “proof-of-concept” study 
by Seyfang et al. (2022). It was reported that the computer-assisted method 
showed higher objectivity, repeatability levels and time efficiency than the manual 
point-counting procedure.  

Although novel methods on cell-counting procedures were applied in  Studies I 
and II, it should be realized that IHC evaluations are associated with limitations. 
Due to the cross-sectional nature of the analysis, ongoing processes or molecular 
productions may not be captured. Observations of dynamic changes or real-time 
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activities within tissues are not feasible using histological preparations of soft 
tissue samples obtained in humans. Therefore, temporal aspects of cellular 
processes cannot be assessed. Alternative techniques, such as real-time PCR or 
Western blotting, may analyze dynamic changes but do not provide information 
on the spatial localization and arrangement of cells and structures.  

 

Differential gene expression analysis 

In Study III we investigated the role of titanium micro-particles on the host 
response by integrating IHC with RNA-sequencing data. In this way, a more 
holistic perspective was used, as the choice of IHC markers was dictated by the 
evaluation of gene expression profiles of peri-implantitis lesions. At the same 
time, IHC served as a validation tool for gene expression, as the presence of 
targeted proteins in cells was evaluated.  

The application of spatial transcriptomics in Study IV was made possible by 
recent advances in the method applicability (Gracia Villacampa et al., 2021) and 
the collaboration with the SciLife Laboratory - National Genomics Infrastructure 
(Karolinska Institute and Stockholm University, Sweden). While fresh-frozen 
specimens were the most used preparation method in the past, formalin-fixed 
paraffin-embedded (FFPE) sections have emerged as a novel preparation 
technique for spatial transcriptomics. Preliminary tests were made in collaboration 
with the Core Facility – Genomics (Sahlgrenska Academy, University of 
Gothenburg, Sweden) to ascertain the quality of total RNA content obtainable 
from FFPE samples. For this purpose, sections from archive FFPE specimens 
collected in the past were evaluated together with sections from freshly prepared 
FFPE samples. As expected, the RNA quality was found to be time dependent. 
Samples stored for 3, 2 or 1 years demonstrated DV200 values of 40-50%, 58-
63% and >70%, respectively. Thus, spatial transcriptomic analysis of FFPE 
samples was judged as feasible and reliable if samples were collected and prepared 
not more than 1 year prior to analysis. Notably, the quality of the RNA content 
obtained in our tests was in accordance with published data investigating the 
quality of RNA content in FFPE samples when compared to fresh-frozen 
specimens (Wimmer et al., 2018, Gracia Villacampa et al., 2021).  

The Visium CytAssist protocol (CG000518, 10xGenomics) was chosen in Study 
IV not only for the purpose of analyzing FFPE samples, but also because 
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sequencing-based methods are usually recommended in spatial transcriptomics 
for “hypothesis generating” analyses (Williams et al., 2022). The visualization of 
different clusters of gene expression profiles onto intact H&E-stained tissue 
sections represented one of the greatest advantages offered by spatial 
transcriptomics in Study IV. This possibility allowed us, not only to restrict our 
analysis to the clusters of major interest, but also to contextualize gene expression 
profiles in precise locations within tissues.  

An analysis of the agreement levels between results from spatial transcriptomics 
and RNA-sequencing was also performed in Study IV. The two methods 
demonstrated high levels of agreement in identifying genes that were up- or 
down-regulated. Nevertheless, only 26% of the differentially expressed genes 
identified by spatial transcriptomics aligned with DEGs identified by RNA-
sequencing. Variations in number of replicates, specimen size, sample preparation 
or library depth represent potential biological and technical factors that 
contributed to the observed differences. The biggest limitation of employing 
spatial transcriptomics and RNA-sequencing techniques resided in the substantial 
investment of both financial and time resources, which is reflected by the limited 
number of samples analyzed in Study IV.  

 

Metal particles in biological tissue samples 

In Study III, the question on the occurrence of titanium micro-particles in 
histological sections led to the development of an automated system for elemental 
mapping in samples up to several cm2 in size (Nagy et al., 2022). As mentioned in 
the Introduction section, the selection of methods for the assessment of metal 
particles in tissues is of utmost importance. Micro PIXE was chosen for its high 
capacity and precision in detecting and localizing metal particles in intact tissue 
samples. In the past, one of the most frequently used technique for the analysis 
of metal content in peri-implant tissues was SEM-EDX (Table 3, Introduction). 
However, despite being a powerful tool for elemental analysis and imaging, SEM-
EDX is mostly recommended for surface or “near-surface” investigations. In fact, 
SEM-EDX analysis, utilizing an electron beam with energy settings in the KeV 
range, is usually limited to a penetration depth of few micrometers (Mirani et al., 
2021). In addition, biological samples analyzed by SEM-EDX require gold- or 
carbon-coating to avoid tissue charging. On the other hand, the 2 MeV proton 
beam that we used in Study III reaches a depth of approximately 64 micrometers 
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in biological samples (Fig. 43), resulting in a much larger penetration than the one 
offered by SEM-EDX (approximately 10 times more). Since the energy of the 
PIXE beam decreases while it penetrates into the specimen, a sample preparation 
with a maximum thickness of 50 micrometers was preferred in Study III.  
 

 
Figure 43. SRIM (Stopping and Range of Ions in Matter) simulation of a 2 MeV proton beam 
penetrating into the A-150 tissue equivalent plastic. The penetration depth is shown in the 
table, called "projected range" (highlighted in red). 
 
It has to be remarked that other techniques might provide greater spatial 
resolution or penetration depth compared to µ-PIXE. For example, the spatial 
resolution achievable with synchrotron radiation allows the analysis of particles 
down to the nano-size scale (Nelson et al., 2020). The decision to adopt µ-PIXE 
in Study III was ultimately guided by considerations of both temporal and 
financial constraints, as a total of 39 samples (36 from peri-implant sites and 3 
negative controls from periodontitis specimens) needed to be analyzed in their 
entirety.  
 
It could be argued that other metals may occur in peri-implant tissues, as modern 
dental implants are not made only of commercially pure titanium (CP-Ti). The 
two most frequently used alloys in dental implants are Ti-6Al-4V and Ti-6Al-7Nb, 
which contain 6% aluminum together with either 4% vanadium or 7% niobium 
(Brunette et al., 2001). Taken together, 88–99.5% nominal weight of the dental 
implant composition is still made of titanium. The focus of our analysis was 
therefore to localize, characterize and quantify titanium micro-particles in peri-
implant tissues.  
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Transmission electron microscopy (TEM) was used in Study III to evaluate the 
localization of metal-like particles at the single-cell level. Although TEM is a 
powerful technique for studying structures at a nanometer-scale resolution, very 
thin samples (70-nm-thick) are required (Nagashima et al., 2011). The likelihood 
of identifying metal particles within sections is thereby limited. In addition, TEM 
is primarily a morphological and ultra-structural imaging system and does not 
provide valuable information on the chemical composition of the particles. For 
these reasons, a very small number of metal-like particles was observed in the 
sections analyzed by TEM and only a descriptive characterization of the tissues 
was performed.  
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Findings  

Periodontitis and peri-implantitis lesions 

In Study I it was demonstrated that the ICT of peri-implantitis specimens 
contained significantly larger densities of macrophages (CD68), neutrophils 
(MPO) and iNOS-positive cells than the ICT of periodontitis samples. These 
results were in agreement with findings from other studies that compared human 
peri-implantitis and periodontitis lesions (Galindo-Moreno et al., 2017; Ghighi et 
al., 2018; Fretwurst et al., 2020).  
 
In addition, the NCT area in peri-implantitis comprised significantly larger 
densities of γ-H2AX-, NOX2-, MPO-, iNOS-, and MPO/PAD4-positive cells 
when compared to periodontitis. By definition, the NCT area was selected as a 
reference region that was clearly separated from the ICT. A reverse difference was 
found for the cellular densities of 8-OHdG-positive cells that were significantly 
more expressed in the PE of periodontitis than peri-implantitis sites. These 
findings were in contrast with data presented by Kasnak et al. (2018) who reported 
on similar levels of 8-OHdG-positive cells in peri-implantitis and periodontitis 
specimens. The difference between our results and those presented by Kasnak et 
al. (2018) may be explained by the fact that we quantified the expression of cellular 
markers in the entirety of the regions of interest and not only in smaller selected 
areas, as done by Kasnak and co-workers.  
 
A gradient-like distribution of the inflammatory infiltrate in the ICT towards the 
pocket area was also noted, with overall higher cellular densities in the inner ICT 
zone lateral of the PE (ICT- 1) than in the outer, deeply located ICT compartment 
(ICT-2).  
 
Taken together, peri-implantitis lesions demonstrated elevated densities of 
inflammatory markers in the NCT, higher densities of CD68-, MPO- and iNOS-
positive cells in the ICT, and decreased levels of 8-OHdG-positive cells in the PE 
compared to periodontitis sites. These findings further corroborate previous 
observations on the destructive nature of lesions in peri-implantitis when 
compared to those in periodontitis. These results were partly explained by 
enhanced secretions of antimicrobial enzymes in the uncovered apical portion of 
the ICT that faced the biofilm-coated implant surface.  
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Periodontitis lesions in smokers and non-smokers 

In Study II it was demonstrated that, although the ICT of smokers and non-
smokers did not differ in size, current smokers presented with significantly lower 
densities of DNMT1- and AcH3-positive cells. On the other hand, evaluations of 
markers for DNA damage (y-H2AX), oxidative stress (8-OHdG), DNA de-
methylation (TET2) and histone deacetylation (HDAC1/HDAC2) did not show 
any difference between the two groups.  
 
The observation of decreased DNA-methylation levels (DNMT1-positive cells) 
in smokers with periodontitis was in accordance with data from other studies that 
investigated periodontitis samples from smokers and non-smokers (Richter et al., 
2019; Cho et al., 2017). The results on cellular densities of γ-H2AX- and 8-
OHdG-positive cells indicated that oxidative stress is a typical characteristic of 
periodontal inflammation, irrespective of the smoking status of the patient. This 
finding was in agreement with results from another study that compared salivary 
8-OHdG levels in smokers and non-smokers with periodontitis (Hendek et al., 
2015). While both groups of patients demonstrated a significant reduction in 
salivary levels of the marker after non-surgical periodontal therapy, no differences 
were observed between smokers and non-smokers at any time point. 
 
Another interesting finding in Study II was that periodontitis lesions of smokers 
exhibited a suppressed antimicrobial capacity when compared to periodontitis 
lesions of non-smokers, as indicated by the lower densities of iNOS- and NOX2-
positive cells.  This observation seems to be partly in contrast with data presented 
in another study on healthy gingival and gingivitis samples (Ozdemir et al., 2016). 
It was reported that smokers presented with higher levels of iNOS-positive cells 
when compared to non-smokers. The difference between studies may be 
explained by the variation in tissue samples under exam.  

Thus, taken together, Study II demonstrated that tobacco smoking induces an 
impairment of important components of the host response in periodontitis 
lesions.  
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Titanium particles in peri-implant tissues 

In Study III it was demonstrated that titanium micro-particles were consistent 
findings in soft tissues surrounding dental implants. The density of titanium 
micro-particles varied between patients but not between samples obtained from 
diseased and reference peri-implant tissues in the same subject. The majority of 
titanium micro-particles were located in a 2-mm wide tissue portion from the 
implant/tissue interface, while a gradual decrease in density of micro-particles was 
observed in the deeper portions (>2 mm) of the samples. In addition, while most 
of the micro-particles displayed a circular-like appearance with diameters smaller 
than 15 micrometers, shape and size of titanium micro-particles did not differ 
between peri-implantitis and reference implant sites.  

Comparable results were shown in a study utilizing synchrotron radiation to 
analyze severe peri-implantitis specimens collected in proximity to titanium or 
ceramic dental implants planned for explantation (Nelson et al., 2020). It was 
demonstrated that all samples collected in proximity to titanium implants 
consistently showed presence of titanium particles and that the density of particles 
varied considerably among patients. Notably, the densities of titanium particles 
reported in the study from Nelson et al. was much larger (magnitude of millions 
of particles per mm3) than the one found in our study. Two possible explanations 
can justify such discrepancy in observed densities. First of all, the mathematical 
calculations used to infer particle densities is strongly influenced by the thickness 
of the sections under exam. In the study from Nelson and coworkers 5-µm-thick 
sections were analyzed, while in our study we preferred to analyze sections with a 
thickness of approximately 30 micrometers. On the other hand, the detection 
limit of synchrotron radiation is higher than the one offered by µ-PIXE, as 
particles in the micro- and nano-scale size can be identified by the former 
technique. Another study used SEM-EDX to analyze 36 tissue sections obtained 
from peri-implantitis sites (Wilson et al., 2015). Titanium particles were identified 
only in 7 samples and no quantitative data on occurrence of particles was 
reported. These findings corroborate the concept that SEM-EDX is a technique 
mostly recommended for “near-surface” analysis and, thus, is limited in detecting 
metal particles within tissue sections. 

Another interesting finding in Study III was that “implant system” was the only 
implant-related characteristic that influenced the density of titanium micro-
particles. This observation, however, must be interpreted with care. First of all, 
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the number of samples analyzed in Study III was limited and, thus, an uneven 
distribution of implant systems was found. In addition, the terminology “implant 
system” is not restricted to implant geometry and surface characteristics, but also 
reflects the protocols by which the implants are surgically installed. Not only a 
similar occurrence of titanium micro-particles was found in peri-implant samples 
with or without peri-implantitis, but also time in function of the implants did not 
influence the density of titanium micro-particles. These observations indicate that 
the micro-particles observed in Study III most probably derived from the friction 
between the bony wall and the dental implant that occurred during the installation 
procedure. Nevertheless, it must be realized that our analysis on human biopsies, 
based on a set of 18 paired samples, was not intended to delve deeply into specific 
characteristics and nuances of different implant systems. Experimental pre-
clinical models are often more suitable to explore such differences. Thus, the 
exploration of what underlies variations in release of titanium micro-particles 
among different implants hold promise to future investigations.  

Our research revealed a final interesting finding: the release of titanium micro-
particles did not appear to impact the host response. As mentioned in the 
Introduction section, this topic has been extensively debated in the past 
(Mombelli et al., 2018; Ivanovski et al., 2022), but the majority of the available 
evidence derives from in vitro observations. In our analysis, not only paired 
samples from peri-implantitis and reference implant sites showed similar densities 
of titanium micro-particles, but also a minority of differentially expressed genes 
were observed when comparing tissue samples containing high and low densities 
of titanium micro-particles.  

Taken together, results of Study III indicate that titanium micro-particles appear 
not to be a specific characteristic for peri-implantitis but rather an occurrence in 
peri-implant tissues in general. 
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Another interesting finding in Study III was that “implant system” was the only 
implant-related characteristic that influenced the density of titanium micro-
particles. This observation, however, must be interpreted with care. First of all, 
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the number of samples analyzed in Study III was limited and, thus, an uneven 
distribution of implant systems was found. In addition, the terminology “implant 
system” is not restricted to implant geometry and surface characteristics, but also 
reflects the protocols by which the implants are surgically installed. Not only a 
similar occurrence of titanium micro-particles was found in peri-implant samples 
with or without peri-implantitis, but also time in function of the implants did not 
influence the density of titanium micro-particles. These observations indicate that 
the micro-particles observed in Study III most probably derived from the friction 
between the bony wall and the dental implant that occurred during the installation 
procedure. Nevertheless, it must be realized that our analysis on human biopsies, 
based on a set of 18 paired samples, was not intended to delve deeply into specific 
characteristics and nuances of different implant systems. Experimental pre-
clinical models are often more suitable to explore such differences. Thus, the 
exploration of what underlies variations in release of titanium micro-particles 
among different implants hold promise to future investigations.  

Our research revealed a final interesting finding: the release of titanium micro-
particles did not appear to impact the host response. As mentioned in the 
Introduction section, this topic has been extensively debated in the past 
(Mombelli et al., 2018; Ivanovski et al., 2022), but the majority of the available 
evidence derives from in vitro observations. In our analysis, not only paired 
samples from peri-implantitis and reference implant sites showed similar densities 
of titanium micro-particles, but also a minority of differentially expressed genes 
were observed when comparing tissue samples containing high and low densities 
of titanium micro-particles.  

Taken together, results of Study III indicate that titanium micro-particles appear 
not to be a specific characteristic for peri-implantitis but rather an occurrence in 
peri-implant tissues in general. 
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Gene-expression profiles in peri-implant lesions 

In Study IV, the spatial transcriptomic analysis revealed a clear association 
between distinct gene clusters and specific compartments in peri-implant tissues. 
Among the 1435 differentially expressed genes found in the 4 clusters that were 
specific for ICT areas, genes CHI3L1, IGL7, CXCL13, MMP3 and MMP1 were 
the most up-regulated in peri-implantitis tissues when compared to reference 
implant samples.  

The strategy of using paired specimens obtained from the same patients served 
the purpose of reducing biological and technical variability among samples. The 
same strategy was employed by another recent study that utilized RNA-
sequencing and RT-qPCR to compare samples obtained from peri-implantitis, 
periodontitis and healthy gingival tissues (Oh et al. 2023). The authors identified 
a total of 916 genes that were dysregulated in both diseased sites when compared 
to healthy controls (757 up-regulated and 159 down-regulated). Interestingly, 
several of the shared up-regulated genes between peri-implantitis and 
periodontitis sites (such as CXCL3, OSM, MEFV, A2M, MMP9, MMP13, TH1 
and ICAM1) showed a greater increase in peri-implantitis samples than in 
periodontitis specimens and were correlated with the degree of inflammation 
found in tissues.  In the study by Oh and coworkers (Oh et al., 2023), the gene-
set enrichment analysis revealed that the two conditions showed similar molecular 
and biological pathways. However, the genes that were dysregulated only in peri-
implantitis were mainly related to “receptor binding” and “signaling receptor” 
pathways.  

In our study comparing peri-implant sites with and without peri-implantitis, Gene 
Ontology and Reactome enrichment analyses showed that the up-regulated genes 
in peri-implantitis were mainly associated with biological pathways specific for the 
activation of the host response, such as “B cell receptor signaling”, “response to 
LPS”, “humoral immune response” and “neutrophil chemotaxis”.  

Another study on transcriptome data (Kheder et al., 2023) reported that genes 
IL1B, CDK3, IL27 and CD86 were up-regulated in sites with severe peri-
implantitis (termed “failed implants”) as opposed to healthy gingival tissues at 
teeth. As no comparisons were made on gene expression profiles between peri-
implantitis and reference implant sites, a direct comparison of the results 
presented in the study by Kheder et al. (2023) with data reported in Study IV is 
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not possible. Nevertheless, it is worth mentioning that, when evaluating 
inflammatory responses, an assessment of comparable samples is usually 
recommended. As such, the rationale of comparing inflamed peri-implant sites 
with healthy tissues around teeth is not fully understood. 

The identification of cell populations reported in Study IV showed that plasma 
cells and B cells were the most representative cell types in the ICT of peri-
implantitis lesions. In addition, larger proportions of plasma cells, B cells, 
neutrophils, epithelial and endothelial cells were noted in peri-implantitis sites 
than in specimens from reference implant sites. These results are, overall, strongly 
in agreement with findings from Study I and from previous IHC reports where 
peri-implantitis lesions consistently demonstrated larger proportions of 
inflammatory cells when compared to tissue samples representing peri-implant 
mucositis, healthy peri-implant tissues or periodontitis (Gualini & Berglundh, 
2003; Bullon et al., 2004; Konttinen et al., 2006; Carcuac & Berglundh, 2014; 
Galindo-Moreno et al., 2017; Ghighi et al., 2018; Kasnak et al., 2018; Karatas et 
al., 2020; Fretwurst et al., 2020).  

Interestingly, two of the most up-regulated genes found by spatial transcriptomics 
and RNA-sequencing in Study IV were CXCL13 and CXCL5, respectively. The 
CXCL13 gene is defined as “B lymphocyte chemoattractant” and plays a role in 
B cell activation and organization (Nakajima et al., 2008). The CXCL5 gene is also 
known as “epithelial-derived neutrophil-activating peptide 78” and participates in 
the regulation of neutrophil chemotaxis and in the activation of angiogenesis 
processes (Barros & Offenbacher, 2014). In the study from Nakajima and 
coworkers (2008), gingival biopsies from patients with periodontitis and gingivitis 
were analyzed. It was found that densities of CXCL13-positive cells were 
significantly higher in periodontitis than in gingivitis specimens.  

In regard to the down-regulated DEGs found in Study IV when comparing peri-
implantitis with reference implant sites, several genes were associated with 
keratin-encoding genes. Thus, pathways related to “wound healing”, “regulation 
of angiogenesis”, “extra-cellular matrix organization” and “collagen fibril 
organization” were down-regulated in peri-implantitis. These findings are 
explained by observations of exacerbated levels of tissue degradation found in 
peri-implantitis lesions, as reflected by the up-regulation of the MMP3 and MMP1 
genes found in the ICT-specific clusters. In addition, there is robust evidence 
showing that the apical portion of the ICT in peri-implantitis lesions usually lacks 
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an epithelial lining and is left in direct contact with the bacterial biofilm residing 
on the implant surface (Lindhe et al., 1992; Carcuac et al., 2013, Carcuac & 
Berglundh 2014). In addition, similar results were observed in a study comparing 
soft tissue biopsies from patients with or without periodontitis (Kim et al., 2016). 
The transcriptome analysis revealed that KRT1, KRT2 and KRT27 were three of 
the most down-regulated genes in diseased gingival tissues. Lastly, immune cells, 
fibroblasts, and endothelial cells were reported to express keratin genes as a host 
defense mechanism in inflammation (Traweek et al., 1993; Katagata et al., 2002).  

Taken together, the results of Study IV indicate that several biological pathways 
specific for the activation of the host response towards bacterial insults are clearly 
dysregulated in peri-implantitis when compared to reference implant sites.  

Future studies might be able to reveal the intricate mechanisms that drive disease 
manifestation and susceptibility among individuals by incorporating complex data 
from oral microbiome analyses with findings from refined analyses (possibly at 
the single-cell level) of soft tissues biopsies collected in peri-implantitis sites in 
humans.  
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