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Abstract
In dentistry, dental implants have become a standard treatment for single tooth 
loss and partial and total edentulism since their introduction by P-I Brånemark in 
the 1960s. Long-term follow-up studies have shown that dental implantation is a 
predictable treatment, with an overall implant survival over ninety-five percent. 
Mucositis and peri-implantitis are types of inflammation in the peri-implant soft 
tissue, and the latter occurs with the simultaneous loss of supporting bone. The 
pathogenesis of mucositis and peri-implantitis is considered a microbial infection 
in the peri-implant tissue that causes bone loss induced by inflammation. 
Immune and resident cells are activated by bacterial products and toxins, which 
induce the release of a cascade of proinflammatory cytokines and chemokines 
that can activate osteoclasts and cause further bone resorption. Noninfection-
induced inflammatory reactions caused by wear particles from an orthopedic 
implant leading to loss of the prosthesis is a well-known condition in orthopedics. 
This immune response induced by metal particles has been shown to act by the 
assembly of a protein complex, i.e., an inflammasome, in macrophages, leading 
to the release of proinflammatory cytokines, e.g., interleukin 1 beta (IL-1β). 
Whether metal particles from a dental implant are associated in the pathogenesis 
of peri-implantitis has not yet been investigated thoroughly. Although titanium 
dioxide (TiO2) nanoparticles are known to induce a proinflammatory response, 
the relation between titanium (Ti) and peri-implantitis is not known.

The overall aim of this thesis was to gain knowledge of the proinflammatory 
capacity of Ti and its potential association with the pathogenesis of peri-
implantitis. The null hypothesis in this thesis is that Ti has no proinflammatory 
effect.

To investigate the proinflammatory capacity of Ti, we exposed macrophages 
derived from a human cell line and monocytes isolated from human blood to 
Ti. We identified the activation and release of the proinflammatory cytokine IL-
1β after the exposure of human macrophages to Ti ions, indicating activation 
of the inflammasome complex. A five-fold increase in the release of IL-β was 
found when cells were primed with bacterial products, e.g., Escherichia coli 
lipopolysaccharide (E. coli LPS) prior to exposure to Ti in culture medium. 
The proinflammatory effect of Ti was shown to be mediated by metal-protein 
aggregates formed in the medium and phagocytosed by macrophages. 

The exposure of macrophages to E. coli LPS mediates the production of 
intracellular pro-IL-1β, and a second stimulus is needed to cleave the proform 
of the cytokine, resulting in active IL-1β. Caspase-1, an intracellular protein, is 
activated through the assembly of the inflammasome complex and is needed for 
the activation of pro-IL-1β into its active form. Our findings indicate that the Ti-
induced activation and release of IL-1β is mediated through the inflammasome 
complex, as the effect was reduced in the presence of a caspase-1 inhibitor. Peri-
implantitis and periodontitis soft tissue samples were investigated chemically and 
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microscopically, and a high content of Ti could be identified in the peri-implantitis 
tissue samples. The Ti particles identified in the peri-implantitis soft tissue might 
aggravate the inflammatory response and jeopardize the peri-implant treatment 
outcome. Transmission electron microscopy (TEM) was used to visualize the 
formed Ti-protein aggregates, and we discovered that the morphology of the 
aggregates differed in the presence of cobalt (Co). By microscopy, we could show 
the uptake of Ti-protein aggregates into macrophage phagolysosomes and that 
the location of these aggregates differed when Co was present. The origin of the 
Ti particles found in peri-implantitis soft tissue is unknown, but we could show 
that Ti is abraded from the implant during insertion into the bone. This abrasion 
of Ti from the implant surface into the bone is more prominent from an implant 
with a rough surface than with a smooth surface. 

We can conclude that Ti can act as a secondary stimulus to macrophages 
and activate the release of active IL-1β via inflammasome complex assembly. 
Additionally, Ti forms metal-protein aggregates with a proinflammatory effect 
that can be inhibited by the presence of Co. Peri-implantitis soft tissue samples 
contained high concentrations of Ti and metal fragments. Lastly, Ti particles 
are abraded from the implant during insertion into the bone in amounts that 
could be proinflammatory. The proinflammatory effect induced by Ti can act 
in synergy with infection-induced inflammation and cause an imbalance in the 
host response, leading to the progression of peri-implantitis. The null hypothesis 
could be rejected. 
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Abbreviations
Ac-YVAD-CMK Caspase-1 inhibitor (Ac-Tyr-Val-Ala-Asp-Chloromethylketone, 

N-Acetyl-L-tyrosyl-L-valyl-N-[(1S)-1-(carboxymethyl)-3-chloro-2-
oxopropyl]-L-alaninamide, N-acetyl-tyrosyl-valyl-alanyl-aspartyl 
chloromethyl ketone)

A.D. Anno Domini

AG Aktiengesellschaft (German)

aJE Apical point of the junctional epithelium

ANOVA Analysis of variance

ASC Apoptosis-associated speck-like protein containing C-terminal 
caspase recruitment domain

Au Gold

B.C. Before Christ

BM Bone margin

BoP Bleeding on probation

BW Biological width

C Carbon

Ca Calcium

CAL Clinical attachment level

CASP1 Caspase-1

cBL Crestal bone loss

CCD Charge-coupled device

CI Confidence interval

cJE Coronal point of the junctional epithelium

Co Cobalt

c.p. Ti Commercially pure titanium

Cr Chromium

CTC Connective tissue contact

DAMPs Danger-associated molecular patterns

ELISA Enzyme-linked immunosorbent assay

EDS Energy-dispersive X-ray spectroscopy

e.g. Exempli gratia (Latin)

EM Electron microscopy

FBGC Foreign body-type giant cells

Fe Iron

fBIC First bone-to-implant contact

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

gr. Grade

GM Gingival margin

GM-CSF Granulocyte–macrophage colony-stimulating factor
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HCl Hydrochloric acid

HF Hydrofluoric acid

HNO3 Nitric acid

H2S Hydrogen sulfide

FBS Fetal bovine serum

ICP-AES Inductively coupled atomic emission spectroscopy

ICP-MS Inductively coupled plasma mass spectrometry

IFN-γ Interferon gamma

IL-1β Interleukin 1 beta

IL-6 Interleukin 6

Inc. Incorporation

JE Junctional epithelium

LM Light microscopy

LPS Lipopolysaccharide

Mo Molybdenum 

MQ Milli-Q®

NF-κB Nuclear factor kappa beta

NLRP3 NACHT, LRR and PYD domains-containing protein 3

NRU Neutral red uptake

O Oxygen

P Phosphorus

PAMPs Pathogen-associated molecular patterns

PBS Phosphate-buffered saline

PD Probing depth

pH Potential of hydrogen

PICF Peri-implant crevicular fluid

PIGFs Peri-implant granulation tissue fibroblasts

PMA Phorbol 12-myristate 13-acetate

qPCR Quantitative polymerase chain reaction

RANKL Receptor activator of nuclear factor kappa beta ligand

RP Regular platform

RPMI 1640 Roswell Park Memorial Institute 1640

Ra Average roughness

SD Sulcus depth

SEM Scanning electron microscopy

Sa Arithmetical mean height

Sdr Developed interfacial area ratio

Si Silicon

TEM Transmission electron microscopy
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THP-1 Human acute monocytic leukemia cell line

Ti Titanium

TiO2 Titanium dioxide

TLRs Toll-like receptors

TNF-α Tumor necrosis factor alpha

x̄ Mean, sample statistic
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Populärvetenskaplig sammanfattning på 
svenska
Behandling med titanimplantat är idag ett standardförfarande inom tandvården 
för att ersätta förlorade tänder. Implantat installeras genom en operation i 
käkbenet och efter läkning kan en konstgjord tand fästas till implantatet. För att 
implantatet skall accepteras av kroppen måste materialet var biokompatibelt. 
Implantat gjorda av titan uppvisar god biokompabilitet och en förmåga att växa 
fast i benvävnad, en så kallad osseointegrering. Detta fenomen upptäcktes av 
svensken Per-Ingvar Brånemark på 1960-talet. I dagsläget installeras mellan 
15–20 miljoner implantat per år i världen för att ersätta förlorade tänder. 
Under det senaste decenniet har forskare och tandläkare börjat rapportera om 
ökande problem med inflammation runt tandimplantat. Problemen delas upp 
i två kategorier; inflammation i tandköttet runt ett implantat utan förlust av 
benfäste (mucosit) samt inflammation med förlust av benfäste för implantatet 
(periimplantit). Stora likheter finns mellan förlust av stödjevävnad runt ett 
implantat och tandlossning runt en egen tand, parodontit, men det uppvisar även 
en del olikheter. 

Forskning har försökt att finna orsaken till varför vissa individer drabbas av dessa 
inflammatoriska problem och andra inte. Den rådande teorin är att en bakteriell 
infektion runt ett implantat leder till inflammation i mjukvävnaden genom 
frisättning av signalmolekyler. Kroppen svarar på dessa signalmolekyler genom 
en lokal aktivering som leder till förlust av ben och bindväv runt implantatet. 

Främmande kroppsreaktion är en inflammatorisk process och slutstadiet i 
läkningen efter en vävnadsskada som sker då ett främmande material implanteras 
i kroppen. Under senare år har det föreslagits att benresorptionen runt implantat 
kan vara orsakad av en främmande kroppsreaktion. Makrofager och jätteceller 
är fagocyterande (cellätande) celler som försöker att bryta ner det främmande 
föremålet. Med ett material som är biokompatibelt uppnås en balans mellan 
frisättning av anti- och inflammatoriska signalmolekyler och den inflammatoriska 
processen avtar. Om detta inte sker kommer en kronisk inflammation uppstå 
runt det främmande föremålet där det kapslas in eller stöts bort. 

Inom ortopedin har det sedan 1970-talet varit känt att kroppen kan svara med 
inflammation mot partiklar som nötts bort från ortopediska implantat (höftleder, 
knäleder etc.) genom frisättning av inflammatoriska signalmolekyler (cytokiner) 
från makrofager. Frisatta cytokiner (ex. interleukin(IL)-1 beta(ß)) kan i sin tur 
aktivera benresorberande celler (osteoklaster).

I studierna som ingår i denna avhandling har vi undersökt om materialet ifrån 
implantat kan påverka immunförsvaret och därmed vara en del av orsaken till 
inflammatoriska problem runt tandimplantat. Först utfördes laboratorieförsök 
på mänskliga celler för att se om immunceller (makrofager) svarar med frisättning 
av inflammatoriska signalmolekyler då de exponeras för joner från metaller som 
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ingår i implantat (titan) och överkonstruktionen (kobolt, krom och molybden) 
i kombination med bakteriella produkter. I försöken exponerades makrofager 
för metallerna i jonform och resultaten visade att när titanjoner tillsätts i 
fysiologisk lösning bildar dessa partikelkomplex som tas upp av immunceller och 
aktiverar frisättning av inflammatoriska signalmolekyler. En synergistisk effekt 
av det immunologiska svaret kunde påvisas då makrofager exponeras för Ti och 
bakteriella produkter i kombination, jämfört med var för sig. Det immunologiska 
svaret, genom mätning av frisättningen av aktiv IL-1 β följde en dosresponskurva. 
Inom det koncentrationsintervall där Ti uppvisade högst inflammatorisk effekt 
skedde ingen påverkan på cellernas överlevnad (viabilitet). Det övriga metaller 
som testades uppvisade inte samma förmåga att aktivera ett inflammatoriskt 
svar hos makrofager. Däremot var molybden kraftigt cytotoxiskt för cellerna med 
omfattande celldöd som resultat. 

Vid undersökning av mängden titan i vävnaden runt implantat som är drabbade 
av en kraftig inflammation och benförlust (periimplantit) kunde vi påvisa höga 
halter av titan. Mängden titan i vävnaden analyserades på kemisk väg samt kunde 
även påvisas mikroskopiskt. Samma undersökningar utfördes på vävnad runt 
tänder som var drabbade av tandlossning (parodontit) som kontroll. Små mängder 
av titan kunde detekteras med den kemiska analysen även vid parodontit, men 
inga metallpartiklar kunde identifieras mikroskopiskt. 

Vidare studier kunde visa att titan bildar aggregat tillsammans med proteiner 
samt att dessa tas upp i ett membranbundet hålrum (fagosom) där cellen försöker 
bryta ner dem. Det är tidigare visat att metaller kan frisättas från både implantat 
och överkonstruktion, varför celler även exponerades för kombinationer av olika 
metallösningar. När celler exponeras för en lösning bestående av både titan 
och kobolt förändras det proteinaggregat som bildas och den inflammatoriska 
påverkan på cellerna försvann. Vid mikroskopiska undersökning av celler som 
exponerats för både titan och kobolt i kombination sågs en förändring i lokalisation 
av dessa aggregat efter upptag i cellen, till att ses fritt i cellens cytoplasma. En 
förklaring till denna effekt kunde vi se genom att studera cellernas inre struktur 
i elektronmikroskop. Med denna undersökningsmetod kunde konstateras att 
vid närvaro av kobolt i titanlösningar kunde ingen tydlig membraninneslutning 
runt dessa metall-proteinaggregat i cytoplasman ses. Frisättningen av de 
inflammatoriska signalmolekyler från immuncellerna som ses vid samtidig 
exponering för titan och bakteriella produkter uteblev vid samtidig exponering 
för kobolt. 

En materialstudie utfördes slutligen, där tandimplantat med olika ytor (slät och 
ytförstorad) och diameter installerades i benblock från gris. Undersökningen 
visade att titan frisätts från ytan under installationen i halter som ger ett 
inflammatoriskt svar då celler exponeras för dessa nivåer. Ett samband mellan 
mängden frisatt titan vid installationen och ytstrukturen kunde även påvisas, där 
ett implantat med en slät (maskinbearbetad) yta uppvisade lägre frisättning av 
titan jämfört med en skrovlig (ytförstorad).
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Sammanfattningsvis visar denna avhandling att immunceller (makrofager) som 
exponeras för titan tar upp titanpartiklar och aktiverar ett inflammatoriskt svar 
i synergi med en samtidig exponering för bakteriella produkter. Titan uppvisar 
aktivering och frisättning av inflammatoriska signalmolekyler på likartat sätt 
som vissa virulensfaktorer (ex. toxiner) från bakterier påverkar immunceller. 
Höga halter av titan kunde hittas i vävnaden runt implantat som behandlas för 
avancerad periimplantit. Slutligen, det inflammatoriska svaret som orsakas när 
immunceller tar upp titan-protein-aggregaten försvinner vid samtidig exponering 
för kobolt. Vid installation frisätts halter av titan som ger ett inflammatoriskt 
svar vid exponering av celler i kombination med bakteriella produkter i 
laboratorieförsök. Fynden i denna avhandling stödjer teorin om att frisatt titan 
från tandimplantat kan vara en del i sjukdomsmekanismen hos individer som 
drabbas av periimplantit.
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Introduction
The loss of teeth due to caries and periodontal disease has been a long-standing 
problem for mankind. As early as 400 before Christ (B.C.), the importance of 
having good oral health and maintaining teeth was described: “People who are 
long-lived have more teeth” (Hippokrates and Smith, 1994). Throughout history, 
people have used the prosthetic replacement of lost teeth to recover esthetics 
and masticatory function. The first recorded use of prosthetics is the retention 
of lost incisors in the maxilla with gold (Au) ligature wires by the Egyptians 
in approximately 2500 B.C. (Figure 1) (Renan, 1864-1874). Different organic 
materials and metals have been used in prostheses and implants to replace 
lost teeth. The first recorded evidence of endosseous implants is attributed to 
the Mayan culture in approximately 600 anno Domini (A.D.); pieces of shells 
were used to replace mandibular teeth (Bobbio, 1972). Modern implants were 
introduced in 1977 as a two-stage root-shaped device made of commercially 
pure (c.p) titanium (Ti) (Branemark et al., 1977). Today, the usage of implants 
to replace lost or missing teeth is a standard treatment, with an estimated 15–20 
million implants placed annually worldwide (Chrcanovic, 2017). As materials 
for endosseous implants, c.p. Ti and Ti alloys dominate the current market. 
However, there is ongoing research into other materials, e.g., zirconia and PEEK 
(polyetheretherketone), for usage in dental implants. 

Over the last decade, concerns among dentists and researchers regarding 
inflammatory problems in the soft tissue (mucositis) and the loss of supporting 
bone (peri-implantitis) around dental implants have emerged. The current 
consensus is that these problems are caused by an immunological response 
against a microbial biofilm on the implant surface (Heitz-Mayfield and Lang, 
2010). Some researchers have questioned the relevance of this microbial 
exposure to the pathogenesis of peri-implantitis and have suggested that the loss 
of supporting bone is due to a foreign-body response against the implant material 
(Albrektsson et al., 2016). The diversity of opinions among researchers about the 
pathogenesis of peri-implantitis indicates that there is a need for more research 
on the inflammatory response to Ti.

Figure 1. Retention of maxillary incisors by ligatures of gold wire. Adapted from Renan, 1864-1874 
with permission from Bibliothèque nationale de France.
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Osseointegration

Definition and discovery

The term osseointegration was used for the first time in a publication in 1977 
(Branemark et al., 1977) but was not defined until some years later (Albrektsson 
et al., 1981). Over the years, many definitions of osseointegration have emerged. 
The first published definition was, “a direct – on the light microscopic level - 
contact between living bone and implant” (Albrektsson et al., 1981)�, and was 
later defined as, “a direct structural and functional connection between ordered, 
living bone and the surface of a load-carrying implant” (Branemark et al., 1985). 
In a recent publication, a new definition of osseointegration was suggested: 
“Osseointegration is a foreign body reaction where interfacial bone is formed as 
a defense reaction to shield off the implant from the tissues” (Albrektsson et al., 
2017). 

To establish and maintain osseointegration between a foreign material and 
living bone, knowledge of the healing, repair and remodeling capacity of the 
tissue is crucial. Osseointegration was first discovered by Per-Ingvar Brånemark 
during his microscopy studies in rabbits, which began in 1952. He implanted 
vital microscopic chambers made of Ti into the bone to visualize microcirculation 
and healing in situ. During the termination of the experiments, he noticed that 
the chambers could not be removed from the bone after healing (Branemark et 
al., 1985). Animal experiments with a focus on osseointegration continued in 
the early 1960s, and as an outcome of his research, the first dental implant as a 
prosthetic anchorage was placed in a human in 1965 (Branemark et al., 1969). 
Previous implants used in dentistry had been made of metals other than Ti or 
had used the soft tissue for anchorage. The treatment outcome of these implants 
was poor, with only one implant system, the Small transosteal staple, showing a 
success rate greater than 90% for >10 years (Albrektsson et al., 1986). Yet, when 
Brånemark introduced the implants in Sweden, he was initially not well received. 
Not until 1977, when a long-term follow-up study was presented, was he well 
recognized for his work on dental implants (Branemark et al., 1977). 

The ability to achieve osseointegration of Ti has led to the development of 
implants for the anchorage of dental, facial and orthopedic prostheses. Today, 
the usage of dental implants is a standard treatment and widely used for the 
treatment of partial or complete edentulism in dentistry.

Peri-implant mucosa and bone tissue 

A natural root is attached to the bone by the Sharpey’s fibers in the periodontal 
ligament, while the surface of a dental implant has direct contact with the bone. 
Peri-implant mucosa is the term for the soft tissue surrounding a dental implant 
(Lindhe et al., 2008a). 
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Peri-implant mucosa is composed of connective tissues covered with a sulcular 
and junctional epithelium (JE) against the implant and well-keratinized oral 
epithelium. In comparison with a tooth, the junctional epithelium in the peri-
implant mucosa is very thin. Connective tissue beneath the sulcus is more weakly 
attached to the Ti surface than to the cementum of a natural tooth (Berglundh et 
al., 1991). The dimensions of the attachment apparatus of a natural tooth were 
described in the 1960s, providing information of the distance from the base of 
the sulcus to the bone crest (x̄ = 2.04 mm) with an epithelial attachment (x̄ = 
0.97 mm) and attachment of the connective tissue (x̄= 1.07 mm) (Gargiulo et 
al., 1961). Knowledge of the biological width (BW) of natural teeth is based on 
cadaver studies, while information of that around implants is mainly based on 
animal studies. The BW of an implant is described as the summary of the sulcus 
depth (SD), the JE and the connective tissue contact (CTC) (Figure 2) (Cochran 
et al., 1997). These measurements can be further divided as follows: SD, distance 
between the gingival margin (GM) and the most coronal point of the junctional 
epithelium (cJE)); JE, distance between the cJE and the most apical point of the 
junctional epithelium (aJE); CTC, distance between the aJE and the first bone-
implant contact (fBIC). The most coronal part of the bone is termed the bone 
margin (BM), and crestal bone loss (cBL) is defined as the distance between the 
BM and fBIC (Cochran et al., 1997). 

GM

BM
fBIC

aJE
cJE

SD
JE
CTC

BW

Figure 2. Schematic illustration of biological width (BW) around a dental implant. BW is the sum-
mary of sulcus depth (SD), junctional epithelium (JE) and connective tissue contact (CTC). SD is the 
measurement between gingival margin (GM) and the most coronal point of the junctional epithelium 
(cJE). JE is the distance between cJE and the most apical point of the junctional epithelium (aJE) 
CTC is the distance between aJE and the first bone - to - implant contact.
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Upon implantation, the first phase of osseointegration occurs through interac-
tion between protein components in the blood and the surface. Protein absorp-
tion to the surface is a complex process involving electrostatic forces, van der 
Waals interactions, hydrogen bonds and hydrophobic interactions (Rabe et al., 
2011). The rate of protein spreading on the surface is dependent of the surface 
chemistry, with faster spreading on hydrophobic than hydrophilic surfaces (Rabe 
et al., 2011). Thus, retention of the initial blood clot is more favorable on a hydro-
phobic surface. Fibrinogen and fibronectin in the blood clot are important com-
ponents for cell adhesion and further for the recruitment and attachment of mes-
enchymal stem cells differentiating into osteoblasts (Albrektsson and Johansson, 
2001). After this initial phase of bone formation, growth factors are released as 
a part of the inflammatory response triggered by the injury as part of the healing 
process. These growth factors stimulate revascularization, which is essential for 
bone formation. During osteoconduction, osteoblasts secrete a noncollagenous 
cement on the implant surface, which is followed by the formation of a collage-
nous matrix (Davies, 1998). Finally, the matrix will mineralize and transform into 
bone tissue. 

A system for classifying the shape (A-E) and quality (1–4) of the bone was pro-
posed in 1985 (Lekholm and Zarb, 1985). This classification system is based on 
the jaw anatomy of the edentulous area and is often used as a reference in implant 
treatment. The bone density, quality and shape are parameters useful in treat-
ment planning, but it is not always easy to evaluate the effect of these param-
eters on the treatment outcome. In a long-term follow-up study of Brånemark 
implants, the mean of the initial marginal bone loss during the first year was 1.5 
mm (Adell et al., 1981). In a proposal for implant success in 1986, one of the suc-
cess criteria was “that vertical bone loss be less than 0.2 mm annually following 
the implant’s first year of service” (Albrektsson et al., 1986).

Dental implants

Indications and treatment outcomes

Initially, the implants introduced by Brånemark were used to anchor full-arch 
prostheses in patients with mandibular edentulism (Branemark et al., 1969, 
Branemark et al., 1977, Albrektsson et al., 1981). Today, it is considered a standard 
treatment for single tooth loss, as well as partial and total edentulism (Newman, 
1999, Adell et al., 1990). The treatment is most reliable for restoring edentulism, 
with reported survival rates of more than ninety percent at the implant level 
(Adell et al., 1990, Lindquist et al., 1996). 

During the last twenty years, many new dental implant systems have been 
introduced to the market, with various designs and surface modifications and 
with alloyed Ti. 
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When modern dental implants were introduced, they were made from c.p. Ti 
with a machined surface anchoring a prosthesis with a framework consisting of a 
Au alloy. In the beginning of modern implant dentistry, implants were installed 
in a full edentulous mandible in patients using a complete denture. It was a 
two-stage procedure in which the implants were installed and covered under 
the mucosa during the healing time. Many changes have been made from the 
original treatment protocol, including the following: implants can be installed in 
both jaws; one-stage and guided surgeries can be performed, as well as single and 
partial restorations. Some implant prostheses are now being removable; implants 
can have a variety of characteristics and dimensions and undergo various surface 
treatments; alveolar bone can be reconstructed with autologous bone, allografts, 
alloplastic grafts, xenografts, growth factors, and dentin grafts. Implants can be 
installed in extraction sockets or undergo early or direct loading; membrane and 
soft tissue grafts can be used; abutment-free and cemented restorations can be 
performed; and a variety of prosthetic materials can be used. These factors have 
developed implant dentistry such that it can cover most indications and restore 
edentulism in patients with highly satisfactory outcomes. 

However, due to that so many different factors are involved, comparisons between 
different cohorts can be difficult to make. It is crucial that complications reported 
should be standardized; otherwise, it is very hard to compare the treatment 
outcomes and complications in different published papers. Additionally, many 
studies report implant successes in terms of implant survival and the absence of 
peri-implant disease and radiographic bone loss, but prosthetic complications and 
patient satisfaction are often not included. Even with an implant survival greater 
than 90%, the rate of technical and biological complications has been reported 
to be as much as 33.6% (Pjetursson et al., 2012). Treatment complications can 
be categorized as biological, technical and esthetic. Although the incidence of 
esthetic complications has decreased in recent years, biological and technical 
complications remain frequent (Pjetursson et al., 2014). It is questionable how 
much the survival rate of the implant indicates, as it does not indicate anything 
about success of the treatment, just whether the implant is still in use or lost. 
However, implant survival rates facilitate the comparison of long-term results 
from different cohorts. To evaluate the long-term success of an implant treatment, 
both the implant survival and complication rates should be evaluated to provide a 
broader perspective on the treatment outcome. 

Five factors associated with early (within the first year) implant failure were 
identified in a recent study of 9582 implants inserted at a referral clinic (Jemt, 
2017a). These five factors were as follows, in order of descending risk: patient 
not treated by a surgeon; prosthetics not prepared at a referral clinic; both jaws 
treated; bone resorption (A-E) according to the shape classification (Lekholm 
and Zarb, 1985); and number of implants (an increased risk per number of placed 
implants). 
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The overall implant failure risk was 7.0% when these five factors were summarized, 
and the risk decreased to 0.1% if none of the factors were present. This study 
clarifies that the involvement of an experienced surgeon and prosthodontist 
reduces the risk of early implant failure. 

From anchorage prostheses made of acrylic to restore edentulism, implants 
have progressed such that they can now restore not only masticatory function but 
also esthetics. In recent years, much focus has been directed toward achieving 
improved esthetic outcomes in implant therapy. Today, esthetic parameters 
and outcomes are essential to consider in treatment success. Different esthetic 
parameters have been introduced, both objective parameters, such as the pink 
esthetic score and the implant crown esthetic index (Furhauser et al., 2005, 
Meijer et al., 2005), and patient satisfaction. From patient questionnaires, a high 
level of satisfaction (~90%) has been reported for the masticatory and esthetic 
results of implant treatments, despite a high incidence of technical and biological 
complications (Pjetursson et al., 2005, Simonis et al., 2010, Derks et al., 2015). 

Implant characteristics and surface topography

A careful surgical technique was identified early as an important factor for the 
successful outcome of treatment with dental implants (Adell et al., 1985). Among 
other important factors is the implant morphology, such as its surface topography 
and overall geometry. The modern implant has a geometry with a root-shaped 
form in various designs. Currently, there are 221 implant manufactures and 
thousands of implant designs with different geometries registered at http://
osseosource.com/ (Yakir and Yakir). The number of dental implants placed 
annually in different countries is shown in Figure 3.

Figure 3. Demographic distribution of implants placed per 10,000 people in different countries. 
Values obtained from Dental Implant Prosthetics (Misch, 2015).
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Two main geometric implant designs are the screw and cylinder, with straight, 
conical, ovoid or trapezoidal walls. Additionally, the implant body and apical 
part can vary from a straight body to a tapered apex. The implant body features 
can also be threaded or nonthreaded, with v-shaped, square, buttress or reverse-
buttress threads. The main implant abutment connectors can be internal or 
external, which can also be divided into a variety of platform designs. Example of 
two different geometrical designs and abutment connections are shown in Figure 
4. This massive number of geometric designs makes it difficult for the users to 
decide which implant is the best to use. A systematic review showed no evidence 
that a particular implant design had any superior influence on the treatment 
outcome (Esposito et al., 2014). Many of the implants available on the market 
have not been evaluated scientifically; this does not mean that the implant does 
not work but that it should be used carefully by therapists.

a b

Figure 4. Micrographs captured with SEM, illustrating two different geometrical implant designs, 
with an external- (a) (Nobel Brånemark® MkIII machined RP) and internal abutment connection (b) 
(Nobel Active® TiUnite® NP). Magnification 30 X (a) and 25 X (b). Abbreviations; scanning electron 
microscopy (SEM); mark (Mk); regular platform (RP); and narrow platform (NP).

Alteration of the implant surface topography has been suggested to improve 
the anchorage in the bone and reduce the time before it can be loaded with 
the suprastructure, due to the increased primary stability (Klokkevold et al., 
2001, Aljateeli and Wang, 2013). Surface modifications are based on additive 
or subtractive techniques, such as blasting, etching or anodizing. The two main 
characteristics altered via a surface modification are the surface roughness and 
wettability (Rupp et al., 2018). 
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The importance of the surface properties and the possible role in the biological 
response was identified in the early 1980s (Albrektsson et al., 1981)µ , and today, 
almost every implant available on the market has a surface modification. Acid 
etching, grit blasting, electrochemical anodic oxidation and calcium-phosphate 
coating, or a combination of these techniques, have been used to treat surfaces 
(Rupp et al., 2018). Scanning electron microscopy (SEM) micrographs of a 
machined and anodized implant surface are shown in Figure 5. The surface 
roughness can be measured in both two and three dimensions. The average 
roughness (Ra) and arithmetical mean height (Sa value) are most commonly used 
for dental implants, and the latter is the preferred parameter (Wennerberg and 
Albrektsson, 2000). The developed interfacial area ratio (Sdr) is a hybrid surface 
roughness parameter that expresses the additional surface area as a percentage 
by summing the area contributed by the texture versus a perfectly flat, smooth 
surface (Sdr = 0%) (Leach and SpringerLink (Online service), 2013). In other words, 
the Sdr expresses information regarding the surface enlargement (Wennerberg 
and Albrektsson, 2010). A positive correlation between osseointegration and 
increasing surface roughness has been reported, and the best bone response 
occurs with an Sa of approximately 1.5 µm and Sdr of 50% (Wennerberg et al., 
1996, Wennerberg et al., 1995, Albrektsson and Wennerberg, 2004). Additionally, 
it has been shown that an implant with a moderately rough surface (Ra = 1–2 
µm) is superior for osteoblast differentiation compared to a smoother or rougher 
surface (Andrukhov et al., 2016).

a b c d

Figure 5. Micrographs of two different implant surface structures captured with SEM (a, c) Nobel 
Brånemark® MkIII machined and (b, d) the anodized Nobel Active® TiUnite®. Magnification; (a, b) 
200X; and (c, d) 10 kX.
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In the last decade, more focus has been directed toward the wettability of the 
surface rather than the surface roughness. Acid-etched and grit-blasted implants 
with a rough surface are more hydrophobic with a poorer wettability, leading 
to inferior performance. Much research has investigated the relation between 
hydrophilicity and nanotopography to achieve good wettability in the zone 
between the implant and tissue (Rupp et al., 2018). Contamination of a more 
hydrophilic surface during production and storage before use is one problem 
that has to be controlled. Strict control over the manufacturing process and 
decontamination of superhydrophilic implant surfaces are crucial to achieve 
the expected performance of the material. Different methods to achieve a more 
hydrophilic surface have been used, including the ultraviolet A (UVA; wavelength, 
315–400 nm) activation of photocatalytic films, UVC (wavelength, 100–280 nm) 
treatments, plasma treatments, polyelectrolyte modifications, conservation of the 
activated surface state, and alkaline treatments (Rupp et al., 2018). Irradiation 
with UV light has been used as a decontamination method, and the photocatalytic 
effect also leads to a hydrophilic surface. It has been shown that such plasma 
and UVC treatments can change a Ti surface from hydrophobic to hydrophilic 
by reducing hydrocarbon contamination and decreasing negative surface 
charges, both of which improve osteoblast attachment, albumin absorption 
and cytoskeleton development (Choi et al., 2016). The SLActive® surface from 
Straumann (Straumann Holding AG, Basel, Switzerland) is one example of an 
implant surface that shows superhydrophilic properties (Wennerberg et al., 
2013). 

There is ongoing research showing promising results for implant materials 
other than Ti, e.g., zirconia and PEEK (Sivaraman et al., 2018, Johansson et al., 
2016). The development of advanced surface designs for biomaterials to improve 
tissue integration and osseointegration by affecting protein conditions and cell 
interactions will grow in a near future, leading to development of implants of new 
materials and structural designs (Rupp et al., 2018). 

Increased friction and insertion torque during placement into the bone are 
disadvantages of a surface-treated implant. These parameters are dependent on 
the geometry, thread form and surface morphology of the implant (Dos Santos 
et al., 2011). Regarding surface structure, in implant research, much focus has 
been placed on the implant-bone interaction, with much less focus on the surface 
structure of the abutment and the crown. Surface designs for the abutment and 
crown material should be further investigated for the possibility of enhancing the 
cellular-level interactions between the materials and the soft tissue and reducing 
the possibility of biofilm formation. 
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Titanium and base alloys

Materials in the framework of the suprastructure vary from different metal alloys 
to zirconia. The most commonly used alloys for these structures are Ti- and 
cobalt-chromium (Co-Cr) alloys, but zirconia has become more common. Au is 
not commonly used anymore due to the cost and the different technique used in 
the production of the framework. 

Titanium

Ti is a chemical element with the atomic number 22 in the periodic system. It 
is categorized as a shiny transition metal with a close-packed hexagonal crystal 
structure. It is the ninth most common element in the crust of the earth (Lütjering 
and Williams, 2003).

Ti was discovered in 1791 by the geologist William Gregor, who discovered 
the new element in a magnetic black sand (von Crell, 1791). However, not until 
1910 was Ti purified to 99.9% by metallurgist Matthew Hunter (Hunter, 1910). 
During the second half of the twentieth century, the metal became widely used 
commercially. Since the 1950s, its applications have greatly increased, and today, 
it is used in such items as aircrafts, gas turbine engines, bicycles and golf clubs. 
Ti is also used in various medical appliances, such as dental and orthopedic 
implants, metal-ceramic reconstructions, removable partial dentures, needles, 
pacemaker leads, sutures, ligature clips, orthodontic appliances and eyeglasses 
frames. This wide range of applications is due to the material’s combination 
of strength, unique density and corrosion resistance (Lütjering and Williams, 
2003). These characteristics of the metal give Ti an advantage over competing 
materials, such as steel, aluminum and high-performance alloys. Compared to 
steel- or nickel-base superalloys, the density of Ti is approximately 60%. Alloyed 
Ti shows better tensile strength than austenitic and ferritic stainless steel and 
strength comparable to that of martensitic stainless steel (Donachie, 2000). 

According to the American Society for Testing and Materials (ASTM), c.p. Ti 
is classified in five grades (gr.; 1–4 and 7) based on the concentration of oxygen 
(O; 0.18–0.40 wt.%) and iron (Fe; 0.2–0.5 wt.%) content. Ti impurities include 
nitrogen (N; 0.03–0.05 wt.%), carbon (C; 0.1 wt.%) and hydrogen (H) (0.015 
wt.%) (Anusavice and Phillips, 2003). High-purity Ti is un-alloyed Ti with a 
purity of 99.999% that is used in semiconductor sputtering targets. Among 
c.p. Ti grades, gr. 1 is the purest and softest form, with a tensile strength of 240 
MPa. The hardness increases by gr., and gr. 4 has a tensile strength of 515 MPa; 
gr. 2 is the most commonly used in industrial services because it offers a good 
combination of high corrosion and erosion resistance, good cold formability and 
excellent weldability (Donachie, 2000). 

The first commercially available dental implant, the Brånemark System (Nobel 
Pharma, Gothenburg, Sweden), was made of c.p. gr. 2 Ti. Today, most dental 
implants are made of gr. 4 Ti due to its higher tensile strength. 
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Ti is considered to be the most biocompatible metal used for dental restorations 
because of its corrosion resistance and high compatibility with living tissue 
(Darvell, 2009). 

Oxide layer and bonding forces
Ti is very reactive, and a thin titanium dioxide (TiO2) layer (~3–5 nm) covers 
Ti surfaces when exposed to air (Branemark et al., 1985). This oxide layer on 
the surface pacifies the metal and makes it very corrosion resistant. The instant 
formation of an oxide layer on the implant surface signifies that there is no direct 
interaction between biomolecules and the metal. Various types of bonding can 
occur between biomolecules and the oxide layers, as follows, from the weakest 
to the strongest: van der Waals bonding, < 4.184 kJ/mol; hydrogen bonding, 
~ 4.184–41.84 kJ/mol; and covalent and ionic bonding, 41.84–418.4 kJ/mol 
(Kasemo and Lausmaa, 1985). Due to its reactivity, Ti must be cast in an inert 
gas, often argon (Ar), in order to control the oxide layer formation. This makes Ti 
techniques sensitive and more suitable for industrial production than customized 
production at a dental laboratory.

Titanium corrosion
Good corrosion resistance is one of the properties that makes Ti suitable as an 
implant material (Lütjering and Williams, 2003). However, if the thin protective 
oxide layer on the Ti surface is damaged or affected by chemicals, corrosion will 
occur. It is well known that Ti exposure to fluoride in an environment with a 
low potential of hydrogen (pH) affects the corrosion resistance and should be 
avoided (Noguti et al., 2012). Additionally, the effect of fluoride differs depending 
on the material in the supraconstruction; implants coupled with all-ceramic 
crowns show the highest corrosion resistance compared to those with different 
metal ceramics (Anwar et al., 2011). Thus, in edentulous patients with implant 
reconstruction, there is no need for the usage of fluoride-containing toothpastes, 
which could only be seen as a risk factor. 

Hydrogen sulfide (H2S), methanethiol (CH3SH), and dimethyl sulfide ((CH3)2S) 
produced by periodontal pathogens are other chemicals that can corrode Ti (Basic 
and Dahlen, 2015, Harada et al., 2016). This chemical influence can be further 
enhanced in combination with wear, called tribocorrosion. Tribocorrosion can 
alter a material via a combined mechanical (wear), chemical and electrochemical 
(corrosion) effect. Bio-tribocorrosion occurs when a material is affected by 
tribocorrosion in a biological environment (Cruz et al., 2011). A synergistic 
corrosive effect has been shown upon exposure of Ti to tribocorrosion at pH 6 
(Mathew et al., 2012). This effect occurs because the oxide layer will not reform 
on the surface, and tribocorrosion products will be sheared off easily. In saliva, 
other chemicals (e.g., lactic acid, citric acid, hydrogen peroxide and chlorides) 
that are known to be corrosive to Ti can be found (Mabilleau et al., 2006). 
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In addition, LPS has been shown to affect the corrosion behavior of Ti, with 
an inhibition of corrosion at pH 2 and promotion at pH 4–7 (Yu et al., 2015). 
A well-known periodontal pathogen, Porphyromonas gingivalis, can affect the 
protective oxide layer by corrosion and promote increased bacterial attachment 
(Barao et al., 2014). Corrosion products from Ti implants will accumulate in the 
peri-implant mucosa and might increase the inflammatory response of immune 
cells.

Base alloys

An alloy is defined as a metal consisting of two or more elements in which the 
main substance is a metal. Base metal is the generic term for metals that easily 
oxidize. One of the most commonly used base alloys in dentistry and medicine 
is Co-Cr, due to its good corrosion resistance and light weight (Anusavice et al., 
2013). Vitallium, discovered by Albert W. Merrick in 1932, is an alloy with a 
mixture of 60% Co, 20% Cr, 5% molybdenum (Mo) and traces of other elements. 
This alloy has been used in removable dentures and artificial joints for decades. 

It is a strong alloy with a high fracture strength and light weight and is known to 
be corrosion resistant. Co-Cr alloys have a good tensile strength, ranging from 
650–800 MPa, similar to class IV gold alloys (Darvell, 2009). 

The composition of a widely used dental Co-Cr alloy, Wirobond®C (BEGO 
Bremer Goldschlägerei Wilh. Herbst GmbH & Co, Bremen, Germany), is Co 
(61%), Cr (26%), Mo (6%), tungsten (W; 5%), silicon (Si; 1%), Fe (0.5%), Cerium 
(Ce; 0.5%), and C (max 0.02%). The Cr content, ranging between 16 and 20 wt.%, 
provides hardness, resilience and increases the corrosion resistance. W in the 
alloy reduces the formation of Cr-depleted zones and increases the corrosion 
resistance (Darvell, 2009). Mo is a component in many base alloys and has been 
shown to be substantially cytotoxic to osteoblast-like cells (Li et al., 2010). The 
usage of Mo in dental casts and Ti alloys for dental implants should be limited due 
to its cytotoxicity. Nickel (Ni)-Cr alloys are also used in dentistry, even though 
nickel has a known toxic and allergic effect (Garner, 2004, Klaassen et al., 2010, 
Grimaudo, 2001). However, Ni-Cr alloys have good metallic properties for usage 
in prosthetic reconstructions (Darvell, 2009).

Base alloys have a high melting point, making them hard to cast, and in order to 
decrease the melting point and increase the ease of casting, beryllium has been 
added to the alloys (Darvell, 2009). Beryllium is a known toxic and carcinogenic 
element (Gordon and Bowser, 2003). Today, most of the base alloys used in 
dentistry are beryllium free.

Before 1994, the only metals allowed for use in Sweden in fixed prosthodontics 
were high noble gold alloys (more than 75% Au) or c.p. Ti. Since 1994, the 
usage of nonprecious metals has accelerated, and today, most fixed prosthetic 
reconstructions of metal-fused porcelain are made of nonprecious metals, i.e., the 
above Co-Cr alloys. In recent years, the usage of ceramic materials in prosthetic 
constructions, e.g., zirconia, has increased. 
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Periodontal disease
Periodontal disease referrers to an inflammatory condition caused by pathogenic 
microorganisms in the periodontal tissue around a natural tooth (Pihlstrom et al., 
2005). Gingivitis is the mildest form of periodontal disease, with inflammation in 
the soft tissue without the concurrent loss of alveolar bone. With effective plaque 
control, gingivitis is reversible. Gingivitis is very common and has been reported 
to affect 50–90% of the global population (Pihlstrom et al., 2005, Loe et al., 1965). 
Periodontitis is the more advanced form of periodontal disease. It is an infection-
induced inflammatory disease in which the inflammation infiltrates deeper into 
the soft tissue, degrading the connective tissue and alveolar bone supporting 
the tooth (Pihlstrom et al., 2005). In population-based surveillance studies of 
periodontitis, the prevalence is based on clinical case definitions of the disease: 
none or mild; moderate; and severe (Page and Eke, 2007). Moderate and severe 
periodontitis are defined as follows: two or more teeth with ≥ 2 interproximal 
sites with a clinical attachment level (CAL) ≥ 6 mm and ≥ 1 interproximal site 
with a probing depth (PD) ≥ 5 mm; and two or more teeth with ≥ 2 interproximal 
sites with a CAL ≥ 4 mm or ≥ 2 interproximal sites with a PD ≥ 5 mm, respectively 
(Page and Eke, 2007). Patients who do not meet these criteria are defined as 
having none or mild periodontitis. In a population surveillance study performed 
from 2009–2012 in the USA, the overall prevalence of periodontitis was 45.9% 
(Eke et al., 2015). Severe periodontitis has been reported to affect 8.9% of the 
population. The results from a German population study showed an even higher 
prevalence, reporting numbers of up to 29.8% of the population affected by 
severe periodontitis in one cohort (Zhan et al., 2014). A Swedish population study 
showed a significantly increase in oral hygiene and periodontal health over 30 
years (Hugoson et al., 2008).

Among the hundreds of bacterial species present in the oral cavity, 
Porphyromonas gingivalis, Tannerella forsythensis, Treponema denticola 
and Aggregatibacter actinomycetemcomitans have been shown to be highly 
associated with periodontitis (Lindhe et al., 2008a). An inflammatory response is 
induced in the periodontal soft tissue by pathogens. This inflammatory response 
is, in most cases, beneficial for the patient in order to keep the infection in a steady 
state. If the inflammatory response is affected by virulence factors released by the 
pathogens, an imbalance might occur, which can induce biological degenerative 
processes in the tissue. 

Aggressive periodontitis occurs when the disease affects younger individuals, 
with a rapid progression. In this form of periodontitis, the bacteria A. 
actinomycetemcomitans is often found in high concentrations (Aberg et al., 
2015). This pathogen has an important virulence factor, a leukotoxin, which 
exerts a proinflammatory effect on macrophages in addition to killing leukocytes 
(Kelk et al., 2011). The proinflammatory activation is induced by activation of the 
inflammasome complex, similar to particle-induced activation. 



 14

Periodontally healthy individuals infected with highly leukotoxic A. 
actinomycetemcomitans have a > 15 x increased risk of periodontal attachment 
loss compared to individuals without the presence of this pathogen (Haubek et 
al., 2008). Genetic factors of the host have also been shown to affect the severity 
of the disease (Kornman et al., 1997, Engebretson et al., 1999, Michalowicz et 
al., 2000). The main factors that determines the progression of periodontal 
disease are poor oral hygiene, genetic factors and tobacco smoking (Michalowicz 
et al., 2000, Bergstrom, 2004). Smoking has also been shown to have a negative 
effect on periodontal treatment outcomes (Bergstrom, 2004). Many molecular 
mechanisms in immune cells are affected by tobacco smoke. One of the known 
effects is a reduction in intracellular NF-κB inhibitors (Goncalves et al., 2011). 
Whether this effect will aggravate a particle-induced inflammatory response in 
combination with infectious stimuli is unknown. 

Peri-implant mucositis and peri-implantitis

Definition, etiology and epidemiology

During the last decades, concerns among researchers and therapists about 
inflammatory reactions in the mucosa around osseointegrated implants have 
emerged. These reactions resemble the inflammatory process around a natural 
tooth, gingivitis and periodontitis (Mombelli and Lang, 1998, Lindhe et al., 
2008b). Peri-implant mucositis is defined as a reversible inflammatory process 
in the peri-implant mucosa without a concurrent loss of supporting bone 
(Lindhe et al., 2008a). Peri-implantitis is an inflammatory process around an 
osseointegrated dental implant, leading to inflammation in the peri-implant 
tissue and the loss of supporting bone (Albrektsson and Isidor, 1994). It was 
initially introduced to describe an infectious pathological condition in the peri-
implant tissue (Levignac, 1965). 

The current consensus among researchers is that peri-implantitis is an 
infectious disease caused by a microbial biofilm on the implant surface, leading 
to inflammation in the peri-implant soft tissue and the loss of supporting bone 
(Lindhe et al., 2008b, Lang and Berglundh, 2011, Mombelli et al., 2012). Criteria 
for the diagnosis of peri-implantitis are based on clinical and radiographic findings 
(Mombelli and Lang, 1998). Probing with a periodontal probe has been shown to 
be the most reliable clinical tool for detecting peri-implant disease and can reveal 
bleeding and purulent exudate as a sign of inflammation and migration of the 
epithelial barrier, as well as bone loss around the implant (Mombelli and Lang, 
1998). However, probation around an implant is not always easily performed, and 
to obtain a reliable result, the prosthetic supraconstruction should be removed 
for clear access to the peri-implant pocket. Unlike bone destruction around a 
natural tooth, peri-implantitis shows a circumferential crater-shaped destruction 
of the bone around the implant in radiographs. 
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Comparison over time via these clinical tools is required to be able to 
identify the aggressiveness of the disease progression. Initial radiographs after 
osseointegration are essential to be able to identify the progression of bone loss 
rapidly. The lack of these radiographs might delay the diagnosis of peri-implantitis 
and impair the prognosis of the implant. The prevalence of peri-implantitis has 
been reported to range widely among different studies, from 12,9–28% at the 
patient level (Schuldt Filho et al., 2014, Daubert et al., 2015, Aguirre-Zorzano 
et al., 2015, Konstantinidis et al., 2015, Derks and Tomasi, 2015, Gurgel et al., 
2017, Rokn et al., 2017, Schwarz et al., 2017a). Peri-implant mucositis has been 
proposed as a precursor to peri-implantitis and been reported with a concerningly 
high prevalence, ranging from 24.7–64.5% for individuals and 12.8–57% for 
implants (Schuldt Filho et al., 2014, Daubert et al., 2015, Aguirre-Zorzano et al., 
2015, Konstantinidis et al., 2015, Gurgel et al., 2017, Rokn et al., 2017, Schwarz 
et al., 2017a).

The risk of implant failure and the prevalence of peri-implantitis surgery were 
evaluated for 9582 implants installed at a referral clinic over 8 years (Jemt, 
2017b). Three factors showed an association with late implant failure: lower jaw 
treatment; bone resorption according to the shape classification (A-E) (Lekholm 
and Zarb, 1985); and the number of implants (an increased risk per number of 
placed implants). The need for peri-implantitis surgery was associated with an 
increased risk for each implant placed. It can be concluded that the literature 
is inconclusive regarding the prevalence of peri-implantitis and that one of the 
involved factors is the varying case selection for the disease. 

Comparisons of the characteristics for gingivitis vs. peri-implant mucositis and 
periodontitis vs. peri-implantitis have been summarized in two reviews (Lang et 
al., 2011, Berglundh et al., 2011). Gingivitis and peri-implant mucositis show the 
same host response against bacterial challenge, and the clinical signs do not differ, 
although the extent of inflammatory cell infiltration and the size of the lesions 
seem to be greater in peri-implantitis. In both periodontitis and peri-implantitis, 
histology shows high numbers of lymphocytes and plasma cells, but neutrophil 
and macrophage infiltration are more pronounced in peri-implantitis, as is the 
apical extension of the inflammatory cell infiltrate. The immunopathological 
events seen in peri-implantitis resemble those of periodontitis, yet they are 
considerably more pronounced (Belibasakis, 2014). 

Attempts have been made to identify the microbiota in peri-implantitis, but the 
current conclusion is that as in periodontitis, it is a polymicrobial opportunistic 
infection (Shimizu et al., 2006). A healthy implant exhibits colonization of an 
aerobic microbiota, while an implant with peri-implantitis exhibits colonization 
of an anaerobic microbiota.

In a recent study, the term peri-implantitis was opposed as a defined disease, 
and the prevalence was contended to be highly overestimated due to misdiagnosis 
because of a lack of baseline radiographs and ongoing bone loss measurements 
(Albrektsson et al., 2016). 
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These contentions were also supported in another study, which showed that less 
than one-third of patients previously reported with progressive bone loss had 
additional bone loss or implant failure at follow-up over an average of 9 years 
(Jemt et al., 2015). Additionally, bone loss might occur because of implants being 
placed too deeply or too close to each other (Hammerle et al., 1996, Tarnow et 
al., 2000). These conditions should not be diagnosed as a peri-implantitis but as 
normal bone remodeling, and if they not are distinguished and excluded in studies, 
it could lead to false predictions of peri-implantitis prevalence and incidence. 
Using the same methodological and epidemiological methods to define cases 
is crucial, and not doing so may reflect the wide prevalence range reported for 
peri-implantitis (Salvi et al., 2017). Many contributing factors to peri-implantitis, 
such as poor oral hygiene, systemic disease, medications, tobacco smoking, and 
previous history of periodontitis, have been investigated. A review article indicated 
that a previous history of periodontitis is associated with a higher prevalence of 
peri-implantitis (Safii et al., 2010), which was later confirmed in other studies 
(Stacchi et al., 2016, Aguirre-Zorzano et al., 2015, Dalago et al., 2017, Daubert et 
al., 2015). Additionally, smoking seems to be a contributing factor of significance 
to a higher prevalence, especially in combination with several other risk factors 
(Rinke et al., 2011, Roos-Jansaker et al., 2006). 

Histopathology

Soft tissue biopsies from peri-implantitis lesions have demonstrated extensive 
inflammatory cell infiltration dominated by plasma cells and lymphocytes 
(Berglundh et al., 2004). The infiltration of neutrophil granulocytes and 
macrophages is observed in larger proportions in the mucosa in peri-implantitis 
than in periodontitis (Berglundh et al., 2011). Peri-implantitis lesions show 
ulceration in the pocket epithelium and a larger proportion of the connective 
tissue infiltrated by inflammatory cells compared to periodontitis lesions, which 
exhibit an intact pocket epithelium. This high infiltration of inflammatory cells 
indicates that the immune response is more potent in peri-implantitis. A faster 
progression and more destructive tissue damages are seen in peri-implantitis 
lesions compared to periodontitis. An inferior ability to encapsulate the infection,  
due to the lower content of fibroblasts in peri-implant mucosa, allows the infection 
to infiltrate deeper into the connective tissue and reach closer to the bone crest 
(Carcuac et al., 2013). Also, an increased numbers of osteoclasts are seen in peri-
implantitis lesions (Carcuac et al., 2013). These differences could explain the 
faster progression of bone loss around an implant than a natural tooth. 

Treatment of peri-implantitis

A biofilm of microbiota is manifested on the implant surface in peri-implantitis 
(Lindhe et al., 2008a). The treatment of peri-implantitis aims to decontaminate 
the implant by biofilm and calculus debridement and reestablish a healthy 
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epithelial barrier. This is performed by nonsurgical debridement, surgical removal 
of granulation tissue and decontamination of the implant surface using chemicals 
(e.g. saline, chlorhexidine), antibiotics or laser therapy, and in some cases, a 
combination of therapies (Esposito et al., 2012a). The bacterial decontamination 
process on an implant is a difficult task to perform, especially with modern 
surface-treated implants. The surface enlargement and increased wettability of 
implants utilized to gain superior bone remodeling might be disadvantages if the 
surface is colonized with microbes. However, there is no evidence that the surface 
structure of an implant will affect the initiation of peri-implantitis (Renvert et 
al., 2011). Additionally, re-osseointegration after decontamination of the implant 
surface seems to be easier to achieve for an implant with a moderately rough 
surface than a smooth surface (Renvert et al., 2009). However, it has also been 
suggested that the implant surface characteristics affect the peri-implantitis 
treatment outcome (Albouy et al., 2011). Unfortunately, no techniques can 
facilitate re-osseointegration of the entire previously decontaminated implant 
surface independent of the surface characteristics. Therefore, implants with a 
moderately rough surface seem to be superior for regaining osseointegration 
and re-establishing a soft tissue seal. This superiority might be due to the greater 
wettability of the implant surface and its ability to maintain a blood clot after 
surgery. It has also been shown that different nanostructured Ti surface designs 
can reduce bacterial adhesion and promote bone formation (Puckett et al., 2010).

Currently, no evidence-based treatments with superior effects over others 
have been presented (Esposito et al., 2012a). Regrettably, even though some 
treatments have shown promising results, the prognosis of peri-implantitis with 
extensive bone loss is poor. However, in a recent study it was shown that surgical 
treatment of peri-implantitis was effective, with a better outcome at implant 
with a non-modified surface (Berglundh et al., 2018). Many different techniques 
have been used to achieve therapeutic decontamination. Calculus is removed 
by manual debridement, such as scaling (conventional or ultrasonic). Recently 
gained knowledge has shown raised levels of Ti in subgingival plaque samples 
from peri-implantitis patients and revealed that Ti particles released by scaling 
can induce bone resorption (Safioti et al., 2017, Eger et al., 2017). Different media, 
e.g., saline, citric acid, chlorhexidine and antibiotics, have been suggested for the 
decontamination of the implant surface. However, no evidence of any additional 
benefits with the use of a medium other than saline has been shown (Esposito 
et al., 2012b). In some studies, manual debridement and the application of local 
antibiotics or resorbable bone substitutes, such as Bio-Oss® (Geistlich Pharma 
North America Inc., NJ, USA), have shown some promising results, but there is a 
lack of explicit evidence (Esposito et al., 2012b). 

Implantoplasty has been proposed as a possible treatment for peri-implantitis 
with favorable outcomes (Schwarz et al., 2017b). This technique involves the 
mechanical removal of implant threads and smoothening of the implant surface. 
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By removing the threads and gaining a smoother surface, microbial 
decontamination will be easier to perform. A downside of implantoplasty is 
that metal particles from the implant will spread all over the soft tissue during 
surgery. How these loosened particles affect the peri-implant mucosa over time 
is not known. 

Another very interesting technique is decontamination of the implant surface 
via the photocatalytic effect of irradiation by UV light. Irradiation of a salivary 
pellicle with UV light has a bactericidal effect (Wu et al., 2016). It is also known 
that UV light exerts an antibacterial effect on TiO2 surfaces. Thus, UV irradiation 
might be a suitable method for decontaminating an implant surface during peri-
implant surgery and should be further investigated.

Platform switching

The initial implants introduced by Brånemark had an external platform with a 
width matched to the abutment (Branemark et al., 1977). Today, many implant 
systems have an internal connection with different widths for the implant and the 
abutment, called platform switching. The hypothesis is that the soft tissue will 
attach more cervically and closer to the axis of the implant, further away from the 
bone, than with a platform-matched implant (Lazzara and Porter, 2006). This 
will increase the gap between the implant shoulder and the bone, which might 
reduce the risk for initial bone loss and establishment of a biofilm on the implant 
surface (Figure 6). 

Additionally, a reduced risk for the corrosion of Ti from the implant surface 
has been shown for platform-switched implants compared to platform-matched 
implants (Alrabeah et al., 2016). In a recent review, a reduction in marginal 
bone loss was achieved with platform switching, with an increasing difference 
over time observed between the groups (Chrcanovic et al., 2015). However, the 
authors suggested that the results should be interpreted with caution due to the 
uncontrolled confounding factors in the included studies. The concept of platform 
switching is interesting, and further studies with longer follow-up times are 
needed in order to show explicit evidence that marginal bone loss can be reduced.

Figure 6. Schematic illustration of a platform matched (left) and a platform switched (right)  
abutment connection.
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Orthopedic implants and osteolysis

Orthopedic implants show many similarities with dental implants but also 
some differences. One of the major differences is that orthopedic prostheses are 
embedded in a sterile compartment, while dental implants are exposed to the 
oral environment through the peri-implant mucosa. Additionally, orthopedic 
prostheses are much larger and exposed to movement, which induces much more 
extensive particle abrasion from the surface than that from the surface of dental 
implants. Inflammatory reactions similar to those observed in peri-implantitis 
occur around orthopedic implants. Implant revisions contribute to these 
inflammatory problems, which might lead to loss of the prosthesis (Harris, 1995). 

Osteolysis caused by wear debris from an orthopedic implant is a well-known 
complication and was first introduced as aseptic loosening in the 1970s (Harris 
et al., 1976). This particle-induced osteolysis is caused by the activation and 
secretion of proinflammatory cytokines (e.g., interleukin (IL)-1β, IL-6, tumor 
necrosis factor (TNF)-α, and prostaglandin E2 (PGE2)) (Jacobs et al., 2001, 
Purdue et al., 2007, Hallab and Jacobs, 2009). Release of these cytokines will 
induce inflammation in the tissue adjacent to the implant, and by activating the 
receptor activator of nuclear factor kappa beta ligand (RANKL), induce bone 
resorption by osteoclasts. Very little is known regarding whether this particle-
induced inflammation could be part of the pathogenesis of peri-implantitis. 

Degradation products from dental implants

The main consensus is that peri-implantitis is infection-induced inflammation 
leading to bone loss around a dental implant (Mombelli et al., 2012). In dentistry, 
particle-induced inflammation around dental implants has not been extensively 
investigated, although osteolysis around orthopedic implants caused by wear 
debris is a well-known condition. It has been suggested that marginal bone loss 
around dental implants is an imbalance in the foreign-body response to the 
implant (Albrektsson et al., 2014). 

A foreign-body reaction will occur during the healing phase after implant 
placement, and to achieve a successful outcome, foreign-body equilibrium 
has to be established. This equilibrium can be disturbed by various patient-
dependent factors, cement particles, unsuitable implants, and poor surgical 
techniques, leading to chronic inflammation, which might in turn lead to failed 
osseointegration (early failure), marginal bone loss, and eventually implant loss 
(late failure) (Albrektsson et al., 2014). 

Recent publications have shown that degradation products from an implant are 
released during placement and by corrosion, tribocorrosion and abrasion during 
mechanical cleaning of the implant and abutments (Franchi et al., 2004, Cruz 
et al., 2011). These released particles accumulate in the peri-implant mucosa 
and act as foreign bodies, triggering the immune system to release inflammatory 
mediators associated with bone resorption (Purdue et al., 2007). 
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Additionally, it was concluded in a recent review that Ti particles and corrosion 
products from dental implants can have adverse effects on biological tissue 
(Noronha Oliveira et al., 2018). 

It has been shown that Ti particles released during scaling induce inflammation 
that contributes to osteolysis, which could aggravate peri-implantitis (Eger et al., 
2017). Available techniques for the treatment of peri-implantitis use mechanical 
debridement of the implant and abutments. Implantoplasty releases extensive 
quantities of metal particles into the peri-implant mucosa, and the effect of this 
release is unknown. Metal particles released into the peri-implant mucosa during 
peri-implantitis treatment might contribute to the inflammatory response, and 
in the worst case, aggravate the condition. Other, gentler techniques for biofilm 
removal and implant surface decontamination are needed.

Immune system

Resistance to infections is mediated through a collection of molecules, cells, 
and tissues called the immune system. The immune response is a coordinated 
reaction of these cells and molecules to infectious microbes or noninfectious 
biomolecules. The immune system is essential for the prevention and eradication 
of infections (Abbas et al., 2016). A failure or reduced capacity to coordinate an 
immune response against an infection will cause disease in the host, which might 
be life threatening. The main physiological functions of the immune system 
are to serve as a protective barrier not only against infections but also against 
tumors, which can be recognized by the immune system and initiate an immune 
response to eradicate the defective cells (Abbas et al., 2016). Another important 
role played by the immune system is the repair of tissue and clearance of dead 
cells. However, many inflammatory diseases, such as rheumatoid arthritis, are 
caused by an abnormal immune response (Abbas et al., 2016). 

The immune system is divided in two main types of immunity, innate and adaptive 
immunity. The innate immune system, also called the nonspecific immune 
system, is present in all healthy individuals to immediately eliminate an infection. 
It consists of epithelial cells as the first barrier, and if microbes pass through this 
barrier, dendritic cells, mast cells, natural killer (NK) cells, phagocytes, serum 
proteins and complement factors are the first to be activated (innate immunity) 
(Abbas et al., 2016). Phagocytes and dendritic cells are antigen-presenting cells 
that can activate the more specialized and powerful adaptive immune system, 
which consists of lymphocytes and antibodies and is acquired through exposure 
to infectious or noninfectious substances. Lymphocytes and antibodies can 
recognize a much wider variety of molecules, including both pathogen-associated 
molecular patterns (PAMPs) from microbes and damage-associated molecular 
patterns (DAMPs) from noninfectious substances (Tang et al., 2012). These types 
of substances are called antigens, which activate an adaptive immune response 
through attachment to cell receptors or antibodies. 
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This response can also be activated by an antigen-presenting innate immune cell 
(Abbas et al., 2016).

Inflammation

During infection or tissue damage, plasma proteins leak from the blood vessels 
and blood leukocytes are recruited to the infected area in a process called 
inflammation (Abbas et al., 2016). The function of inflammation is to destroy 
microbes and initiate repair of the damaged tissue. Inflammation is characterized 
by the following symptoms in the affected area: warmth (calor); pain (dolor); 
redness (rubor); and swelling (tumor) (Larsen and Henson, 1983). These classical 
symptoms are caused by mediators released from macrophages and mast cells, 
which cause an increase in blood flow, the release of plasma proteins and the 
triggering of nerve endings.

Blood leukocytes (e.g., monocytes and neutrophils) are normally circulating in 
the blood stream and only present in small numbers in healthy tissue. Neutrophil 
granulocytes, are early responders that not only eradicate bacteria by phagocytosis 
and but are also recruited for the clearance of damaged tissue (Abbas et al., 
2016). Among phagocytes circulating in the blood stream, neutrophils are the 
most common. Monocytes also circulate in the blood, and they differentiate into 
macrophages when recruited to extravascular tissue by inflammation. Dendritic 
cells, macrophages and mast cells detect microbes that breach the first defense 
barrier, the epithelium (Abbas et al., 2016). 

Proinflammatory cytokines, e.g., IL-1 and TNF-α, are released from phagocytes 
and are essential in the recruitment of inflammatory cells to the infected area. The 
release of these cytokines causes the endothelium to express adhesion molecules 
directed toward leukocytes in the blood stream(Chong et al., 2018). Chemokines 
produced by endothelial cells and macrophages will render the endothelium more 
permeable to adhered leukocytes and allow them to extravasate and migrate to 
the infected tissue (Abbas et al., 2016). Acute inflammation and fever are induced 
by IL-1 (Dinarello, 2011). The production of IL-12 by macrophages is initiated 
by the phagocytosis of microbes. This cytokine will activate the production of 
interferon gamma (IFN-γ) by NK cells; IFN-γ will then activate the macrophages 
to kill phagocytosed microbes (Abbas et al., 2016). 

There are two ways to activate macrophages, by the classic and alternative 
pathways. In the classic pathway, macrophages (M1) are activated through the 
Toll-like receptor (TLR) pathway or by IFN-γ, causing acute inflammation to 
destroy microbes. In the alternative pathway, macrophages (M2) are activated by 
the cytokines IL-4 and IL-13 (Abbas et al., 2016). These macrophages act against 
M1 anti-inflammatory activity, and the activation of these M2 macrophages will 
terminate the inflammation and induce tissue repair. This classical polarization of 
macrophages into M1 (kill) and M2 (repair) populations is much more complex, 
with a heterogeneity in their functions, than previously known (Murray, 2017).
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Phagocytosis

Élie Metchnikoff was the first to describe the phenomena of phagocytosis in 
invertebrates (Metchnikoff, 1883). Phagocytosis is the process that occurs when 
macrophages and neutrophils ingest microbes, substances, or apoptotic cells, for 
intracellular elimination (Aderem and Underhill, 1999). 

Extension of the cell membrane around a microbe is initiated by binding of 
the microbe to a PAMP or DAMP receptor (Abbas et al., 2016). This binding is 
followed by closure of the plasma cell membrane around the bound microbe or 
particle, which is then pinched off into a vesicle called a phagosome (Rosales 
and Uribe-Querol, 2017). Lysosomes, containing reactive oxygen species (ROS), 
nitric oxide (NO) and lysosomal proteases, are fused to the phagosome, forming 
a phagolysosome. In the phagolysosome, ROS, NO and lysosomal proteases are 
released to surround the ingested microbe or substance and decompose it (Abbas 
et al., 2016). If the decomposition fails, the membrane of the phagolysosome will 
break, and the toxic lysosomal enzymes and proteases will leak into the cytosol. 
This leakage will activate nucleotide oligomerization domain (NOD) receptors 
in the cytosol, which react to pathological changes in the cytosol to initiate the 
production of IL-1β via the assembly of a protein complex called an inflammasome 
(Guo et al., 2015). The name inflammasome is derived from the ability of the 
complex to trigger both inflammation and cell death through apoptosis and 
pyroptosis (Zou et al., 1999, Fink and Cookson, 2005).

NLRP3 inflammasome 

Inflammasomes are molecular platforms activated upon cellular infection or 
stress triggering the maturation of proinflammatory cytokines, such as IL-1β, for 
immune defenses (Schroder and Tschopp, 2010). Its catalytic activity is tightly 
regulated by signal-dependent autoactivation within multiprotein complexes 
called inflammasomes that mediate the CASP1-dependent processing of 
cytokines, such as IL-1 (Martinon et al., 2009). Caspases are cysteine proteases 
that initiate or execute cellular programs, leading to inflammation or cell death. Of 
the proinflammatory caspases, caspase-1 (CASP1) is the most fully characterized 
(Franchi et al., 2009).

The expression of pro-IL-1β is initiated in the nucleus of a macrophage by 
signaling through the TLR pathway. TLRs will be activated by recognition of a 
PAMP, e.g., LPS. The expression of cytokines and endothelial adhesion molecules 
is upregulated by activation of the transcription factor nuclear factor kappa beta 
(NF-κB) through the TLR pathway. To activate pro-IL-1β into its active form and 
facilitate its extracellular release, a secondary signal is needed, and this signal is 
regulated through intracellular NOD-like receptors (NLRs). 
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IL-1β activity is rigorously controlled by its expression, maturation, and secretion; 
proinflammatory stimuli induce the expression of the inactive pro-IL-1β, but 
its maturation and release are controlled by inflammasomes (Schroder and 
Tschopp, 2010). NACHT, LRR and PYD domains-containing protein 3 (NLRP3) 
inflammasomes are assembled by the self-oligomerizing scaffold proteins of 
NLRP3, apoptosis-associated speck-like protein containing C-terminal caspase 
recruitment domain (ASC) and the proform of caspase-1 (pro-CASP1). By 
inflammasome assembly, CASP1 will be activated, and pro-IL-1β becomes active 
and is secreted extracellularly. 

The NLRP3 inflammasome can be activated by a variety of signals including: 
bacterial toxins, PAMPs (viral DNA), and different danger signals, e.g., adenosine 
triphosphate (ATP), UV light, skin irritants and large particles, e.g., asbestos, alum, 
silica and uric acid crystals (Martinon et al., 2009). However, TiO2 nanoparticles 
have also been shown to activate the NLRP3 inflammasome (Yazdi et al., 2010). 
Both soluble and particulate debris derived from Co-alloy implants can induce 
monocyte/macrophage activation and the secretion of proinflammatory cytokines 
IL-1β, TNF-α, IL-6, and IL-8 (Caicedo et al., 2009). 

IL-1 consists of a family of three cytokines, IL-1α, IL-1β and IL-1 receptor 
antagonist (IL-1Ra), with the latter as an antagonist to regulate the response 
against these cytotoxic cytokines (Dinarello, 1996). 

Imaging

Since ancient times, glass has been used to bend light for the purpose of making 
small objects appear larger. During the end of the 1500 century, two Dutch 
spectacle makers discovered that multiple lenses arranged in a tube enlarged 
the view of an object at the end of the tube. In 1671, Antonie van Leeuwenhoek 
constructed a microscope and was the first to discover bacteria in 1676 (van 
Leewenhoeck, 1677). He is today addressed as the father of microbiology. 

Light microscopy (LM)

Visible light is used in an optical microscope to magnify small objects through 
lenses. The classic microscope has eyepieces through which the visualized objects 
can be viewed. Today, many light microscopes project the magnified light onto 
a charge-coupled device (CCD) or complementary metal oxide-semiconductor 
(CMOS) sensor to convert the signal into a digitalized image on a computer 
screen. The advantage of LM is that the specimen can be stained in color with a 
plentitude of different dyes to target specific structures. Different dyes are used 
for staining to investigate, e.g., the morphology of the specimen, and fluorescent 
dyes are widely used. Specific antibodies with a fluorescent dye can bind to 
specific biomolecules and be visualized by this technique. 

Within all microscopy in life science, the fixation of living tissue without 
structural alteration of the specimen is a great challenge. 
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The resolution of a microscope using visible light is theoretically half the 
wavelength of the light (violet, 400 nm) according to the Rayleigh diffraction 
limit, giving a maximum resolution of ~200 nm with an oil-immersion lens 
without impurities (Born and Wolf, 1999). However, the development of nearfield 
microscopy (e.g., using hyper- and superlenses) and far-field microscopy, e.g., 
stimulated emission depletion microscopy (STED) and photoactivated localization 
microscopy (PALM)), has breached the diffraction limit, giving resolutions from 
10–50 nm and even down to 1 nm (Sahl et al., 2017, Habuchi, 2014).

Scanning electron microscopy (SEM)

All kinds of materials ranging from metals and ceramics in physical science to 
plants and biological samples in life science can be studied by SEM. An advantage 
of the technique is that minimal sample preparation is required prior to mounting 
in the microscope, depending of the origin of the sample. If the sample is dry and 
conductive, it can be mounted directly on the specimen holder and inserted in 
the microscope. However, if the material is not conductive, a metal- or C-coating 
needs to be applied before mounting. This coating is needed on the sample to 
provide good electrical conductivity, prevent negative charge build up, and 
increase secondary electron emission. Typical coating materials are Au, platinum 
(Pt), Cr, iridium (Ir) and C, which are applied by sputtering or under vacuum 
evaporation (Echlin, 2011). 

Chemical fixation of the sample is needed for “wet” biological samples to cease 
metabolic activity and motion, as well as stabilize and preserve internal structures. 
After chemical fixation, the sample must be dehydrated or dried, which can be 
accomplished by chemical dehydration to replace the water with an organic 
solvent, air drying, or freeze drying. Chemical dehydration creates shrinkage 
and distortion in biological samples because of the changes in the cytoplasmic 
constituents. Air drying is the easiest method for drying but also creates the most 
distortion in the sample and is mostly used for large samples, such as insects. 
Freeze drying is a better technique that creates less distortion in the sample, but 
it is a time-consuming process (Echlin, 2011). Cryofixation is another technique 
used to ultra-rapidly cool the sample to liquid nitrogen temperature without the 
formation of ice crystals. This technique results in less distortion in biological 
samples than chemical fixation and drying.

In SEM, an electron beam is focused on the specimen through condenser and 
objective lenses. During the bombardment of electrons from the electron beam, 
signals from the samples are transmitted and captured with different detectors. 
As SEM analysis is performed under vacuum, the sample needs to be prepared 
to withstand vacuum pressure. When an electron beam is focused on the sample, 
three different outgoing signals are transmitted and captured by the detectors: 
secondary electrons, backscattered electrons, and X-rays. 
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The surface morphology of the sample can be retrieved from secondary electron 
signals, in which brightness is represented by the intensity of the signal and 
contrast as the relative difference between two intensities. Secondary electron 
signals originate from the ejection of weakly bound valence electrons, and 
the ratio of this emission is quantified (Goldstein et al., 2018). Backscattered 
electrons originate from beam electrons escaping the specimen but returning 
to the surface. By the retrieval of these emitted backscattered electron signals, 
information of the specimen characteristics, such as topography, composition, 
and crystallography, can be investigated (Goldstein et al., 2018). 

Electrons orbit the atomic nucleus in electron shells, with the closest called 
the K-shell. If an electron is excited by the electron beam and ejected from the 
K-shell, an electron from an outer shell will replace that missing electron. X-ray 
photons will be transmitted by the energy difference when the electron jumps 
from the higher energy shell to the K-shell with lower energy. Elements present 
in the specimen will produce different X-ray signals, which can be captured and 
used for element identification (Goldstein et al., 2018). Elemental composition 
analysis by the quantification and identification of X-ray signals with SEM is 
called energy-dispersive X-ray spectroscopy (EDS) or X-ray microanalysis.

Transmission electron microscopy (TEM)

SEM uses detectors to capture signals transmitted from the specimen by the 
projection of an electron beam at the sample; TEM systems are built more like a 
light microscope, with electrons used as a source of illumination instead of visible 
light. Higher resolution can be achieved by the usage of electrons as a source 
of illumination instead of visible light in LM, for which the wavelength is the 
limiting factor (Williams and Carter, 2009). 

An electron gun creates a stream of electrons that passes through the specimen, 
creating an interaction with the atoms by signal absorption and scattering. These 
signals can be transformed into an image; then, the energy of the electrons is 
transformed into visible light in a CCD detector, photographic film or fluorescent 
screen, at the bottom of the microscope. By TEM, tomography it is possible by 
projecting the beam at the specimen at different angles to produce a 3D image 
of the object. Backscatter, secondary electron and X-ray signals are transmitted 
when the electron beam is focused on the specimen, as in SEM, but these signals 
are not detected in TEM. In comparison with SEM, which is good for surface 
characterization, TEM can be used to visualize intracellular structures within the 
specimen. Interactions of the electrons with the atoms in the specimen will create 
different levels of brightness and contrast in the image. Electrons reaching the 
detector will form a bright spot, while dark spots result from no electrons reaching 
the detector. The gray scale in the image is formed by the varying intensity of the 
electrons reaching the detector, depending on the atomic number of the elements 
in the specimen. Biological materials usually have a low atomic number, which 
will result in low contrast in the image. 
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Negative staining with heavy metal salts is needed to increase the contrast in 
images of biological samples obtained by conventional TEM. 

One problem with TEM is that biological samples are sensitive to the radiation 
from the electron beam, which easily destroys the samples (Williams and Carter, 
2009). However, the major limitation of TEM is that thin sections are needed  
(< 100 nm), and the necessary preparation will affect the structure and chemistry 
of the specimen (Williams and Carter, 2009). Biological samples are prepared 
through fixation (chemical or high-pressure freezing) and embedment in plastic 
before sectioning. Osmium tetroxide (OsO4) is often used to stain biological 
samples after the first fixation to provide contrast to the cellular membranes. 
With a cryogenic transmission electron microscope, biological samples can 
be investigated without alteration by the fixation and staining procedures. In 
2017, the Nobel Prize in chemistry was awarded to Jacques Dubochet, Joachim 
Frank, and Richard Henderson for the development of cryo-EM. With cryo-EM, 
resolutions down to almost atomic levels can be reached (< 0.4 nm) (Shen, 2018). 
This technique makes it possible to investigate the structures of single molecules. 

Chemical analysis

Chemical analysis of elemental composition with inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) and inductively coupled plasma mass 
spectrometry (ICP-MS) is an easy way to achieve comprehensive information 
regarding a sample from pg/g to mg/g (Houk et al., 1980, Kollander, 2011). 
These two analytical methods are among the most commonly used to obtain total 
elemental compositions by chemical analysis. ICP-MS is more sensitive in lower 
concentration ranges, while ICP-AES is preferred for the elemental analysis of 
samples with a high ionic content in the matrix. To ensure measurement of the 
elements of interest in a predictable way and compensate for the matrix effect, 
these instruments are calibrated with a calibration curve from a standard. These 
standards are analytes with a known element content. 

Nitric acid (HNO3) is the preferred acid for dissolving organic samples. To avoid 
the precipitation or adhesion of elements to the sample tube, the solution is kept 
in an acidic state during preparation and analysis. To be able to dissolve TiO2 into 
free Ti ions, hydrofluoric (HF) acid is added to the solution (Jong et al., 2013). 

Ti exists in five naturally occurring isotopes, 46-50Ti. To avoid interference 
problems with Ca, Cr and vanadium isotopes, only 47Ti (7.3%) and 49Ti (5.5%) 
can be used for quantification by ICP-MS in organic samples (Jong et al., 2013). 
The benefits of chemical elemental analysis are that the elemental concentrations 
can be measured with good precision even at very low concentrations. If the 
quantified Ti is metallic, ionic or TiO2, quantification with ICP-MS or ICP-AES 
is not possible due to the aggressive acids used to dissolve the organic samples. 
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In biological samples, a combination of HNO3 and HF together with microwave 
digestion has been proposed and validated as the best was to dissolve Ti and TiO2 
(Faucher and Lespes, 2015).
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Aims
The overall aim of this thesis was to gain knowledge about the proinflammatory 
capacity of Ti and its potential role in the pathogenesis of peri-implantitis. The 
null hypothesis in this thesis is that Ti has no proinflammatory effect.

I. To analyze whether materials released from dental implants and 
overlaying dental constructions contribute to the inflammatory reactions 
associated with peri-implantitis by stimulating inflammasome activation 
and IL-1b secretion from macrophages (Paper I).

II. To analyze the Ti content of biopsies from patients with severe peri-
implantitis or periodontitis and to examine whether Ti particles can be 
identified in samples from peri-implantitis lesions (Paper II).

III. To investigate whether the Ti-induced activation and release of IL-1b is 
affected by the presence of Co and Cr, whether Co ions affect Ti aggregate 
formation in a physiological solution, whether Co ions affect the uptake 
of Ti-protein aggregates by macrophages, and whether similar aggregates 
can be found in biopsies of human peri-implantitis lesions (Paper III).

IV. To quantify the amount of Ti released during insertion in a model using 
porcine jaw bone, to determine whether more Ti is abraded from an 
implant with a rough surface than a machined implant with a smooth 
surface and whether the diameter of the installed implant has any 
influence, and to examine whether surface damage can be detected after 
insertion into the bone (Paper IV).
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Methods
The papers included in this thesis consist of data from clinical data, in vivo, in 
vitro and ex vivo studies. The methodologies used are briefly described in this 
section. A more detailed description is given in the material and methods section 
within each paper. An overview showing methods used in human studies (Figure 
7), in vitro studies (Figure 8) and ex vivo studies (Figure 9).

Humans

Ethical principles
All experiments involving humans and human materials in this thesis were 
conducted according to the principles described in the declaration of Helsinki 
and in accordance with Swedish law on the Personal Data Act (World Medical, 
2013, Sverige, 2006). 

Authorization for the studies was granted by the Regional Ethical Review 
Board of Umeå University, Sweden, and written consent was obtained from all 
participants included. Authorization numbers for the studies are presented in the 
material and methods section within each paper.
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Figure 7. The content of Ti in soft tissue have been evaluated based on patients with “healthy” 
implants, peri-implantitis and periodontitis. In order to determine the Ti-content, inflammatory 
markers, microbial species and clinical data samples from soft tissue, peri-implant crevicular fluid 
(PICF) and medical records the following methods have been used: medical records, inductively 
coupled plasma mass spectrometry (ICP-MS), light microscopy (LM), transmission electron 
microscopy (TEM), Scanning electron microscopy (SEM) energy-dispersive X-ray spectroscopy 
(EDS), enzyme-linked immunosorbent assay (ELISA) and microbial culturing.

Paper I
Three individuals previously treated with a fixed full-arch implant bridge at the Spe-
cialist Clinic of Prosthetic Dentistry were randomly selected and asked to par-
ticipate in the study. Inclusion and selection criteria are defined in the material 
and methods section of Paper I. The periodontal health of the individuals with 
implants was evaluated via a clinical examination by two experienced specialists 
in Prosthetic Dentistry. Biofilm, peri-implant crevicular fluid (PICF) and tissue 
samples were collected from the peri-implant pocket of two dental implants. 

Peri-implant mucosal samples were obtained under local anesthesia with a 
scalpel and a tweezer. 
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The tissue sample sites were selected during the clinical examination at the 
“healthiest” implant and at an implant showing signs of inflammation. Buffy 
coats (enriched leukocyte fraction) were obtained from heparinized venous blood 
taken from healthy donors at the University Hospital of Umeå blood bank (Umeå, 
Sweden). The collection of blood was performed by staff at the blood bank using 
standardized routines.

Paper II
Twenty-four individuals, 13 of whom had severe peri-implantitis and 11 of whom 
had severe periodontitis, used as controls, were recruited at the Specialist Clinic 
of Periodontology at the University Hospital of Umeå to participate in the study. 
All participants were scheduled for surgical periodontal treatment of the disease. 
Due to the invasiveness of a biopsy, no healthy controls were included. Tissue 
samples for chemical analysis of the Ti content were collected from the mucosa 
around an implant or a tooth during the surgical treatment of the disease under 
local anesthesia. All samples were collected after a mucoperiosteal flap had been 
raised and before any debridement or cleaning of the implant had been performed.

General and clinical patient data were obtained from dental records and are 
described in detail within the materials and methods section in Paper II. Retrieval 
of general patient data was decided after collection of the tissue sample, and 
additional written consent was acquired to retrieve information from medical 
and dental records. Four additional individuals were recruited to the study, two 
with severe peri-implantitis and two with periodontitis, for the retrieval of tissue 
samples. These samples were used for microscopy analysis, but no general or 
clinical data were recorded. The collection of tissue samples for the study did not 
increase the amount of tissue removed during surgery than planned.

Paper III
Two individuals, one with severe peri-implantitis and one with severe 
periodontitis, were included in the study. Peri-implant or periodontal mucosa 
tissue samples were collected during periodontal surgery under local anesthesia 
at the Specialist Clinic of Periodontology for TEM analysis. The collection of 
tissue samples for the study did not increase the amount of tissue removed during 
surgery than planned.

Cell isolation, culture and stimulation

The macrophages tested in this thesis originated from a THP-1 cell line or buffy 
coat from healthy human donors. All culture medium was supplemented with 
penicillin-streptomycin, and incubation was conducted at 37°C under 5% CO2. 
All experiments were repeated three times, and duplicates of each sample were 
used for the analysis. 
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Figure 8. The biological effects of Ti and other dental materials have been evaluated in assays 
based on cell cultures of human macrophages. In order to determine cytotoxicity, inflammatory 
response and cellular up-take, the following methods have been used: Inductively coupled plasma 
atomic emission spectroscopy (ICP-AES), transmission electron microscopy (TEM), enzyme-linked 
immunosorbent assay (ELISA), neutral red uptake assay and quantitative real-time polymerase chain 
reaction (qPCR).

Human macrophages
The THP-1 (ATCC® TIB-202™) human acute monocytic leukemia cell line from 
the American Type Culture Collection (ATCC®; Manassas, VA, USA) was used 
(Tsuchiya et al., 1980). Cells were cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium containing 10% fetal bovine serum (FBS, Sigma-Aldrich, 
St. Louis, MO, USA) (Moore et al., 1967) (Papers I, III). Phorbol 12-myristate 
13-acetate (PMA, Sigma-Aldrich) was added to a concentration of 50 nM, and the 
cells were incubated for 24 h to differentiate the THP-1 cells toward a macrophage 
like phenotype (Papers I, III). Mononuclear lymphocytes were isolated from buffy 
coat with isopycnic centrifugation in Lymphoprep™ (Axis-Shield, Oslo, Norway), 
as previously described (Boyum, 1968). Adherent cells after isolation and culture 
in RPMI 1640 + FBS from buffy coats consisted of approximately 95% monocytes 
(Paper I). Adherent monocytes are named macrophages in the present thesis 
hereinafter.
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Stimulation agents
In all experiments on cells, plasma standard solutions, Specpure, 1000 µg/mL, 
for Ti, Co, Cr and Mo from Alfa Aesar GmbH & Co. (Karlsruhe, Germany) were 
used and will hereinafter be referred as the respective metals. Plasma standards 
have a content of acid to stabilize the metal in an ionic form: 5% HCl for Cr; 5% 
nitric acid (HNO3) for Co; and 5% HNO3/trace (tr.) hydrogen fluoride (HF) for Ti 
and Mo (Paper I). Only Ti, Co and Cr solutions were used in Paper III. Acidity was 
determined with a pH meter (Beckman), and ion solutions of Co, Cr, Ti and Mo 
were adjusted to pH 7.2 with 1 M NaOH. 

Cell stimulation
After the culture and differentiation of THP-1 or human monocytes to macrophages 
in RPMI 1640 + 10% FBS, the cells were primed for 6 h with 100 ng/mL E. coli 
LPS, hereinafter referred to as LPS. Growth medium was then replaced with 
RPMI 1640 + 10% FBS containing the stimulatory agents, Co, Cr, Ti or Mo, at the 
highest concentration (800 µM) and was serially diluted to concentrations of 400, 
200, 100, 50, 25, 12.5, 6.3, 3.1 and 0 µM. Half of the cell stimulation experiments 
in Paper I were performed on cells without any prior priming with LPS. Cells 
without exposure to either metals or LPS were used as negative controls. Cells 
only primed with LPS were used as positive controls for IL-1β secretion without 
any added stimulatory agents. Priming with LPS was performed prior to exposure 
to stimulation agents in all further experiments on THP-1 cells (Paper III).

To determine whether stimulation with the metals activates IL-1β secretion 
through activation of the inflammasome complex, a known CASP1 inhibitor, 
Ac-YVAD-CMK (Merck KgaA, Darmstadt, Germany), was added to the THP-1 
cells, as described in the material and methods section in Paper I. Cells were 
exposed to these agents for 24 h, and then the experiments were terminated. Ti 
at a concentration of 100 µM was used alone or in combination with Cr or Co at 
a concentration of 12.5, 25, 50 or 100 µM as a stimulatory agent for THP-1 cells 
(Paper III). Ti at a concentration of 100 µM in culture medium was used as a 
positive control, and cells only primed with LPS were used as a negative control 
for the analysis of active IL-1β secretion (Paper III). Additionally, THP-1 cells 
exposed to Ti or a combination of Ti-Co at a concentration of 100 µM were lysed 
in 0.1% Triton X-100 after retrieval of the supernatant. The Ti concentration in 
both the supernatant and the lysed cells was analyzed by ICP-AES (Paper III).

Filtration and centrifugation tests
Metals used as stimulation agents were diluted in RPMI 1640 + 10% FBS and 
filtered through a 0.22-µm sterile filter (Merck) to determine whether the metal 
ions formed particles in the growth medium (Paper I). A filtration test through a 
0.22-µm sterile filter was also performed for Ti and Ti-Co at a concentration of 
100 µM in RPMI 1640 + FBS. 
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Three mixtures with Ti a content of 100 µM were prepared: Ti RPMI 1640 ± 10% 
FBS and Ti-Co RPMI1640 + FBS. These mixtures were centrifuged at 12,000 g 
for 10 min at 22°C, and the Ti concentration in the formed pellet and supernatant 
was analyzed by ICP-AES (Paper III).

Cytotoxicity analysis

The in vitro cytotoxicity of the stimulatory agents to THP-1 (Papers I, III) cells and 
primary monocytes (Paper I) at the tested concentrations was measured using the 
neutral red uptake assay, according to a previously described protocol (Repetto 
et al., 2008). The neutral red uptake assay is a simple technique used to quantify 
the proportion of viable cells in culture by the addition of the dye neutral red 
(3-amino-7-dimetylamino-2-methyl-phenazine hydrochloride, Sigma-Aldrich), 
which is incorporated and accumulates in the lysosomes of viable cells. After 24 h 
of THP-1 cell exposure to the stimulants, the supernatant was removed, and the 
neutral red assay was performed. 

The absorbance at a wavelength at 540 nm of the extracted neutral red from the 
challenged cells was read by a spectrophotometer using a blank without cells as 
the reference (Papers I, III). The absorbance (540 nm) in wells containing cells 
cultured in plain medium was considered to represent 100% viability.

Protein detection analysis

The proinflammatory capacity of the stimulatory agents was measured by 
the secretion of active IL-1β from THP-1 cells (Papers I, III) and human 
primary monocytes (Paper I). A commercially available sandwich enzyme-
linked immunosorbent assay (ELISA) was performed in accordance with the 
manufacturer’s protocol (Research and Diagnostic Systems, Inc., Minneapolis, 
MN, USA) using the cell culture supernatant to detect IL-1β secretion by  
THP-1 cells and human primary monocytes after stimulation with and without 
LPS and metals. In Paper III, all protein detection analyses were conducted on 
cells primed with LPS prior to exposure to the test agents. 

Briefly, the methodology of sandwich ELISA involves a plate coated with a 
known concentration of capture antibody specific to the antigen (e.g., IL-1β) to 
which the supernatant of the stimulated cell culture is transferred. The antigen 
binds to the antibody, and excess unbound antigen is washed away. A secondary 
antibody that binds to the antigen is added, and this antibody has a free region 
that can be targeted with an added enzyme-linked antibody specific to the 
secondary antibody. After washing away the excess enzyme-linked antibody, a 
chemical that is converted by the enzyme into a color is added. The absorbance 
of the color can then be detected by a spectrophotometer. A spectrophotometer 
measuring the absorbance at 450 nm was used to quantify the amount of IL-1β 
secreted into the supernatant. 
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A Human Multianalyte ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA) 
was used to screen supernatants from primary human monocyte cultures exposed 
to Ti. Cytokines analyzed in the screening were IL-1α, IL-1β, IL-2, IL-4, IL-6, 
IL-8, IL-10, IL-12, IL-17α, IFN-γ, TNF-α and granulocyte–macrophage colony-
stimulating factor (GM-CSF). 

Gene expression analysis

RNA isolation and cDNA synthesis
Total RNA was extracted from human monocytes after exposure to the stimulation 
agents using an RNeasy Mini Kit (Qiagen, Venlo, the Netherlands), according to 
the manufacturer’s instructions. RNA was reverse transcribed into cDNA using a 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, 
CA, USA). The resulting cDNA was stored at -20°C until further use. 

qPCR analysis
For gene expression analyses, quantitative real-time polymerase chain reaction 
(qPCR) was performed using a StepOnePlus Real-Time PCR System (Applied 
Biosystems). For the amplification reactions, TaqMan Gene Expression Master 
Mix and Gene Expression Assay Kits were used according to the manufacturer’s 
instructions for the human genes NLRP3, ASC, CASP1, IL1β, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The expression levels of the target 
transcripts in each sample were calculated by the comparative cycle threshold 
(Ct) method (2-DCt formula) after normalization to the GAPDH housekeeping gene.

Bone material and implant surgery 

Jaw bone
The release of Ti from dental implants with different surface characteristics, 
surface structures and diameters during placement was investigated in an ex vivo 
model (Paper IV). To perform this material testing in an “in vivo-like” model, 
porcine jaw bone was selected for these experiments due to its similarity to 
human bone in terms of structure, mineral density and mineral concentration 
(Aerssens et al., 1997, Mosekilde et al., 1987). Jaws with the coronoid and 
condylar process removed were obtained from a commercial slaughterhouse. No 
ethical authorization was needed because the mandibles are considered offal. 
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Figure 9. The Ti release and surface damages on dental implants with different surface characteristics 
and dimensions have been evaluated after placement into the bone. In order to determine the Ti 
release and surface damages the following methods have been used: Inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) and scanning electron microscopy (SEM).

Dental implants
Forty-five dental implants were donated by Nobel Biocare (Nobel Biocare 
Services AG, Zürich, Switzerland) for the study; 15 Nobel Brånemark® (Brmk) 
System Mark (Mk)III machined regular platform (RP) implants, 3.75 x 10 mm; 
15 Nobel Brmk System MkIII TiUnite® (TiU) RP implants, 3.75 x 10 mm; and 15 
Nobel Brmk System MkIV TiU RP implants, 4.0 x 10 mm. Implant and surface 
characteristics are shown in Table I. The Nobel Brmk System MkIII machined 
implant is a cylindrical, self-tapping, turned implant of c.p. Ti grade 4. The Nobel 
Brmk System MkIII TiU implant is first turned, and then the turned surface is 
anodized to achieve surface enlargement exhibiting a moderately roughness (Sul 
et al., 2002). The MkIV TiU implant is surface treated in the same way as the 
MkIII TiU but has a one-degree tapered profile compared with the cylindrical 
shape of the MkIII. The diameter of the RP implant is 4.0 mm, and it is marketed 
as an implant for soft bone. The total area for the tested implants was provided by 
the manufacturer (Nobel Biocare). 
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Implant 
System

Nobel Brmk MkIII
Machined RP
3.75 x 10 mm

Nobel Brmk MkIII
TiU RP

3.75 x 10 mm

Nobel Brmk MkIV
TiU RP

4.0 x 10 mm

Implant 
characterstics

Implant surface 
characterstics

Table I. Implant and surface characteristics of the Nobel Brånemark®, MkIII machined RP, MkIII 
TiUnite® RP, and MkIV TiUnite® RP implants. Magnification of SEM micrographs: 30 X (machined) 
and 25 X (TiUnite®). Abbreviations in table: Brånemark® (Brmk); Mark (Mk); Regular platform (RP); 
and TiUnite® (TiU) (Table from Paper IV).

Implant surgery
The ramus mandible region was used as the experimental area for the placement 
of the implants due to the good bone quality and freedom from disturbance with 
any teeth. Two implant sites were prepared, according to the manufacturer’s 
instructions, after exposure of the bone with a conventional mucoperiosteal flap 
on both the buccal and lingual sides. The drill protocols for the implants are 
described in detail in the material and methods section in Paper IV. 

At the first drilled implant site, an implant was inserted according to standard 
procedures, and the second site was left as a control. After insertion into the bone, 
the implant was instantly removed. A micro bone saw was used to cut the test 
area into three bone samples: one each for the implant group (MkIII machined, 
MkIII TiU, and MkIV TiU), the drill control group, and the untreated bone control 
group. The bone samples were collected into 50-mL plastic tubes, one sample in 
each tube, and frozen at -20°C until further analysis.
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Chemical analysis

The chemical analyses performed in this thesis were elemental analyses of culture 
medium, cells, tissue and bone by ICP-MS and ICP-AES (Caroli and Zâaray, 
2012). For the elemental quantification of Ti, the isotope 49Ti was used to avoid 
disruptions from Ca signals in the ICP-MS analysis (Jong et al., 2013). Elemental 
analysis results of the culture medium, cells and soft tissue samples are presented 
in concentration, µg/g, while those of the bone samples are presented in content, 
µg.

Instrument and methodology – Inductively coupled plasma mass spectrometry 
(ICP-MS)
Cell samples were lysed in HNO3 and subjected to microwave digestion in a 
high-pressure reaction vessel with Teflon microsampling inserts (Paper I). Peri-
implantitis and periodontitis tissue samples were lysed in sub-boiled, ultrapure 
HF before microwave digestion (Paper II). The digestion program for the samples 
are described in detail within each paper. 

The elemental analysis was conducted on a 7700 Series ICP-MS system (Agilent 
Technologies; Santa Clara, CA, USA) operated in both the no-gas mode and 
the helium (He) mode using indium (In) as an internal standard added online 
(Paper I). The ICP-MS system used for the Ti analysis of the peri-implantitis and 
periodontitis biopsy samples was a PerkinElmer NexION™ 300 (Waltham, MA, 
USA) ICP-MS instrument with a quadrupole mass filter and both collision cell 
and reaction cell technology (Paper II). The instruments were calibrated with 
Ti standard solutions. Rhodium (Rh) and thallium (Tl) were used as internal 
standards, and 99.999% He was used as the collision gas. Solutions were diluted 
in ultrapure Milli-Q® (MQ) water (Merck). 

Instrument and methodology – Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES)
All elemental measurements of cells and test solutions in Paper III were performed 
on a Spectro Ciros CCD system (Kleve, Germany) equipped with an Ar gas inlet, 
a cyclonic spray chamber, a modified Lichte nebulizer, and a CCD detector. 
The system setting was according to the manufacturer’s recommendations. 
The calibration solutions were diluted from commercial 1000 µg/mL Ti or Co 
stock solutions. Calibrations were performed using an ordinary matrix-matched 
external calibration curve. Test solutions were diluted with MQ water before 
analysis by ICP-AES (Paper III). 

To ensure that the results from the instrument did not differ regarding Ti content, 
Ti diluted to 100 µM was analyzed in different media: phosphate-buffered saline 
(PBS); RPMI 1640; RPMI + 10% FBS; and Ti-Co RPMI 1640 + FBS. 
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Bone samples were placed sub-boiled HNO3, supra-HF in the Teflon digestion 
vessels, and digestion were performed in a Titan MPS™ microwave sample 
preparation system. After digestion, the content was diluted with MQ water and 
centrifuged. The upper phase of the solutions was quantified against an acid-
matched calibration solution by ICP-AES (Paper IV).

Microscopy analysis

All tissue samples for microscopy were fixed with glutaraldehyde in PBS, cut 
into smaller pieces, postfixed in OsO4, dehydrated with ethanol, submerged in 
propylene oxide and embedded in resin, according to standard procedures. After 
fixation and embedment, the cells were sectioned at 1 µm with an ultramicrotome 
for LM and SEM and at 80 nm for TEM. Larger pieces of granulation tissue from 
peri-implantitis and periodontitis lesions were investigated without sectioning by 
SEM and SEM-EDS. 

Light microscopy (LM)

LM was used to image metal particulates in peri-implantitis samples (Paper 
II). Sections were contrasted with toluidine blue and examined with a BX41 
microscope (Olympus Corp., Shinjuku, Tokyo, Japan) at 200x, 400x and 1000x 
magnifications. Micrographs were acquired with an XC30 color CCD camera 
(Olympus Corp.) using cellSens standard software ver. 1.16 (Olympus Corp.). 
Particles visible in sections by LM were further analyzed using Fiji software 
(http://fiji.sc/) (Schindelin et al., 2012).

Electron microscopy (EM)

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDS)
SEM analysis was performed on sections and granulation tissue from peri-
implantitis and periodontitis biopsies (Paper II). Samples were coated with a 
thin layer of C and investigated using a Zeiss Merlin Field-Emission (FE) SEM 
system (Carl Zeiss AG, Oberkochen, Germany) with both in-lens and in-chamber 
(Everhart-Thornley (Everhart and Thornley, 1960)) secondary electron detectors 
at an accelerating voltage of 15 kV and a probe current of 500 pA. Secondary 
electron signals were computed to acquire micrographs of the surface morphology, 
and backscattered electron signals were computed for atomic contrast imaging. 

Elemental composition analysis of the samples was performed using an EDS 
system (Zeiss Merlin FE-SEM-EDS; X-Max 80 mm2, Oxford Instruments, 
Abingdon, Oxfordshire, United Kingdom) (Paper II). Implants were placed onto 
carbon-adhesive tape mounted on an aluminum specimen holder and inserted 
into the microscope. 
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Secondary electron signals from both the machined and TiUnite® implant 
surface were captured by SEM before and after insertion into the bone (Paper 
IV). Micrographs were acquired for investigation of the surface structure using 
commercially available software. 

Transmission electron microscopy (TEM) 
Sections for TEM were contrasted with uranyl acetate and Reynold’s lead citrate 
and examined with a Talos 120C system (FEI, Eindhoven, Netherlands) operating 
at 120 kV. Micrographs were acquired with a Ceta 16M CCD camera (FEI) using 
TEM Image & Analysis software ver. 4.14 (FEI) (Papers II, III). 

Ti and Ti-Co aggregate formation was investigated in RPMI 1640 ± 10% FBS. A 
pellet was acquired by centrifugation of the test solution and after resuspension 
placed at on glow-discharged formvar and carbon-coated nickel (Ni) grids. After 
negative staining with uranyl acetate, the samples were investigated with a Talos 
120C system (FEI) operating at 120 kV (Paper III). Micrographs were acquired 
with a Ceta 16M CCD camera (FEI, Eindhoven, Netherlands) using TEM Image 
& Analysis software ver. 4.14 (FEI). THP-1 cells exposed to Ti or Ti-Co were fixed 
and embedded in Spurr resin (TAAB, Aldermaston, Berks, England) (Spurr, 
1969). The fixation and negative staining processes are described in detail within 
each paper. Sections were examined with a JEM 1230 transmission electron 
microscope (JEOL, Sollentuna, Sweden) operating at 80 kV.

Tissue samples from peri-implantitis and periodontitis mucosa were fixed with 
2.5% glutaraldehyde in 0.1 M PBS, cut into smaller pieces and postfixed in 1% 
OsO4, dehydrated with ethanol, subjected to a final step in propylene oxide, and 
embedded in resin, according to standard procedures. Sections were contrasted 
with uranyl acetate, Reynold’s lead citrate and examined with a Talos 120C 
system (FEI) operating at 120 kV. Micrographs were acquired with a Ceta 16M 
CCD camera (FEI) using TEM Image & Analysis software ver. 4.14 (FEI).

Image analysis

The analyze particles tool in Fiji (http://fiji.sc/) was used to analyze the size 
of particles visible in peri-implantitis tissue by LM. Fiji is a scientific image 
processing application based on ImageJ (https://imagej.nih.gov/ij/) (Schneider 
et al., 2012). 

To quantify the size of metal-protein aggregates formed by Ti or Ti-Co in RPMI 
1640 ± 10% FBS, TEM micrographs were analyzed with the analyze particles 
application in Fiji. A size filter of 2–20,000 nm2 was applied in the application 
during size quantification. A 36-square grid with a size of 6.25 µm2 was applied 
on each image, and the number of protein aggregates in each grid was quantified 
in the test solutions; then, the size distributions of all formed metal-protein 
aggregates were analyzed.
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Statistical analysis

The handling of data and statistical analyses are described in detail within each 
paper. In Paper I, one- and two-way ANOVA were used to analyze the variance 
of cytokine release, viability, filtering effect and gene expression with a Dunn-
Šidák correction test and Dunnett’s test for multiple comparisons between 
tested groups. Ti content in unfiltered solutions was set to 100% percent, and the 
reduction after filtering was calculated as a percentage (Paper I). 

A qualitative description of data from the three randomly selected implant 
patients is included in Paper I. An unpaired t-test with a Welch correction was 
performed to compare Ti found in biopsies of peri-implantitis and periodontitis 
tissue (Paper II). Patient data collected from medical and dental records are 
described descriptively in Paper II, as the number of participants was too low to 
gain sufficient statistical power. 

In Paper III, data from the release of IL-1β and viability of THP-1 cells exposed 
to Ti-Co or Ti-Cr were normalized to that of Ti 100 µM, which was set as 100%. 
One-way ANOVA to analyze the variance of IL-1β release, cell viability and 
number of particles/grid with a Tukey test for multiple comparisons between 
each pair of tested groups (Paper III). The Kruskal–Wallis H test was used to 
analyze the variance of Ti concentrations in the culture medium before and after 
filtration and centrifugation for Ti and Ti-Co solutions, as well as in the cells and 
supernatants, with Dunn’s test for multiple comparisons between tested groups 
(Paper III). An unpaired t-test with a Welch correction was performed to analyze 
the variance of the size of metal-protein aggregates formed in the tested groups 
(Paper III). 

In Paper IV, the Kruskal–Wallis H test was used to analyze the variance of the 
Ti content found by ICP-AES in the bone samples with Dunn’s test for multiple 
comparisons between the tested groups. Linear regression (r2) was used to 
analyze the relations between the amount of Ti released and the evaluated factors: 
the total bone-implant area, surface roughness Sa, and implant diameter (Paper 
IV). A compensation for the total bone-implant area was calculated before the 
regression analysis between the implants with different surface roughnesses but 
the same diameter, as well as for the implants with the same surface roughness 
but different implant diameters.

All statistics were calculated with Prism v7.0c (GraphPad Software, Inc., La 
Jolla. USA). P-values ≤ 0.05 were considered statistically significant.
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Results and discussion
This project started with an entry point to study the biocompatibility of dental Co-
Cr alloys and their effects on human cells. Ti was chosen as the control material 
due to its known biocompatibility and ability to establish osseointegration with 
human bone (Steinemann, 1998). In the initial cell studies of the proinflammatory 
capability of metals used in dental alloys, a different pattern than expected 
occurred. Ti showed the most interesting results, with an ability to induce an 
inflammatory reaction by the release of proinflammatory cytokines, e.g., IL-1β. 
These initial findings modified the setup for the research in this project to focus 
on the proinflammatory capability of Ti and its possible role in the pathogenesis 
of peri-implantitis.

Measurement of active IL-1β as a marker for proinflammatory activation by 
titanium (Paper I)
After reviewing the results of the initial pilot studies, the Ti-induced release of 
active IL-1β from macrophages was evaluated to study the proinflammatory 
capacity of Ti, Co, Cr and Mo in THP-1 cells and human monocytes. Multianalyte 
ELISA was performed to screen the effects of Ti on IL-1α, IL-1β, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-12, IL-17α, IFN-γ, TNF-α, and GM-CSF in human monocytes. 
The metals alone had limited effects on the screened cytokines, while THP-1 cells 
primed with LPS exhibited enhanced secretion of primarily IL-1β, IL-10 and 
IFN-γ. IL-10 is an anti-inflammatory cytokine that inhibits the LPS-mediated 
induction of IL-1β, TNF-α, IL-12 and IFN-γ triggered through TLRs in monocytes 
(Opp et al., 1995, Aste-Amezaga et al., 1998, Varma et al., 2001). Our screening 
test did not show any raised levels of IL-4 in cells exposed to Ti with or without 
LPS priming. IL-4 is known to be important in the formation of foreign body-
type giant cells (FBGCs) (McNally and Anderson, 1995), as well as the repression 
of osteoclastic differentiation (Palmqvist et al., 2006). This screening test put a 
focus on IL-1β, which was selected for further investigation as a proinflammatory 
marker. 

IL-1β is a well-known cytokine that induces an inflammatory response against 
bacteria and other known substances (e.g., asbestos and silica) by macrophage 
phagocytosis (Dinarello, 2018, Dostert et al., 2008). When sandwich ELISA was 
performed to evaluate the secretion of active IL-1β from primary monocytes 
exposed to the stimulation agents, the metals alone produced a limited effect. 
However, after priming with LPS, an increase in the release of IL-1β was found 
from the target cells exposed to the tested metals, with the most prominent 
increase observed in cells exposed to Ti. Ti and Mo were the only metals showing 
a significant increase in the IL-1β release compared to the control monocytes 
exposed to LPS alone. 
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Gene expression analysis of the inflammasome components NLRP3, ASC, 
CASP1, and IL-1β in human monocytes exposed to Ti at a concentration of 5 and 
25 µM ± LPS showed that neither the exposure to the different metals nor priming 
with LPS induced any enhanced expression of NLRP3, ASC or CASP1 genes at 
the tested concentrations. In contrast, the expression of IL1β was enhanced 
after priming with LPS and was further stimulated by exposure to the different 
metals. Further experiments would demonstrate that the concentration used in 
the gene expression analysis was not at the level where Ti showed the highest 
proinflammatory effect. The increase in IL-1β release could be further confirmed 
by the exposure of THP-1 cells, which also showed a limited effect upon exposure 
to the metals alone. A dose-response relation between the release of active IL-
1β and the Ti concentration was found up to 100 µM after LPS priming, with a 
five-fold increase in the release of IL-1β and preserved cell viability. At higher 
concentrations, Ti became cytotoxic, and the viability started to decrease. Mo also 
resulted in an increase in the release of IL-1β, but the viability pattern differed 
significantly from that of Ti; Mo demonstrated a strong effect on the viability, with 
extensive cell death (20% viable cells at 50 µM and total cell death at 100 µM). 
This result shows that the release of IL-1β from cells exposed to Mo might not 
occur via inflammasome activation, but rather via cell death and lysis, resulting 
in the enhanced levels of IL-1β. Co and Cr did not result in any increase in IL-1β 
release or exert any effect on the cell viability at the tested concentrations. 

The release of active IL-1β is mediated through the intracellular activation of 
CASP1 by the inflammasome complex. This multiprotein complex (inflammasome) 
is assembled by the intracellular recognition of DAMPs to initiate inflammation 
against a foreign agent. Intracellular upregulation of the proform of IL-1β 
is mediated through activation of the TLR pathway. This is an intracellular 
protective mechanism in need of two stimuli to activate the release of bioactive 
IL-1β. Various bacterial species can activate CASP1 by acting as secondary stimuli, 
which lead to the activation and extracellular release of bioactive IL-1β. Gram-
negative bacteria Francisella tularensis and Salmonella typhimurium, as well as 
gram-positive Staphylococcus aureus and Listeria monocytogenes, are known 
to be able to act as secondary stimuli and induce IL-1β activation and release 
through CASP1 activation (Mariathasan et al., 2006). 

Notably, the proinflammatory effect of Ti on macrophages is similar to that 
induced by the periodontal pathogen Aggregatibacter actinomycetemcomitans. 
This bacterium is often found in the vicinity of the alveolar bone destruction 
seen in aggressive forms of periodontitis, and its major virulence factor is a 
leukotoxin (Aberg et al., 2015). Leukotoxins, in line with Ti (Paper I), can activate 
inflammasome assembly and initiate the rapid release of bioactive IL-1β from 
the exposed macrophages (Kelk et al., 2011). A. actinomycetemcomitans is a 
gram-negative bacterium with the capacity to induce both the expression (LPS) 
and release (leukotoxin) of IL-1β (Kelk et al., 2008), while Ti can only act as a 
secondary stimulus and induce release of the cytokine (Paper I). 
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Efficient activation of a proinflammatory response from exposed macrophages 
requires a primary stimulus to act in synergy with a secondary stimulus 
(Mariathasan et al., 2006). Taken together, these facts indicate that the presence 
of Ti alone is rather harmless, while in combination with infection-induced 
inflammation, it can act as a well-known virulence factor (leukotoxin) associated 
with rapid bone destruction. 

When a known CASP1 inhibitor (Ac-YVAD-CMK) was added to the cells exposed 
to the tested metals, the release of active IL-1β induced by Ti at 100 µM was 
significantly reduced, while the effects of the other tested metals persisted. These 
experiments demonstrate that Ti can function as a secondary stimulus and activate 
the assembly of the NLRP3 inflammasome complex, as indicated by the activation 
and release of IL-1β. Gene expression analysis was conducted on cells exposed to 
the test agents for 24 h to determine the assembly of the inflammasome complex 
and release of IL-1β as early responses to a tissue-damaging agent. If the gene 
expression analysis had been conducted on cells exposed to the tested metals for 
1–4 h, a different pattern might have been observed. It is possible that expression 
of the inflammasome component genes might have been downregulated by self-
regulation in the cells due to the increasing levels of IL-1β in the supernatant. 

The Ti-induced release of active IL-1β disappeared after filtering the Ti solution 
through a 0.22-µm sterile filter before cell exposure; however, cytotoxicity was 
not affected by filtering. This test proved that Ti forms proinflammatory particles 
and that metal cytotoxicity is caused by ions, which cannot be filtered out. 
Chemical analysis by ICP-MS showed that the Ti content in RPMI 1640 + FBS 
was reduced by 86% when filtered for 10 min and 94% when filtered for 24 h, 
respectively. These cell studies proved a synergistic effect on the release of IL-1β 
upon exposure to both Ti and LPS. 

Human biopsies analyzed by ICP-MS showed a concentration of Ti between 7.3 
to 38.9 µM. These findings are in line with those of other studies, demonstrating 
raised levels of Ti in close vicinity to dental implants (Fretwurst et al., 2016). 
Only three patients were included in the study due to the invasiveness of a 
biopsy around a “healthy” implant. This small amount of material could show 
that the Ti levels are within the range that causes a proinflammatory response in 
macrophages primed with LPS in vitro. No correlations could be drawn between 
PICF, clinical data, microbial samples and Ti concentration due to the low number 
of participants. PICF, clinical and microbial data collected are only described 
descriptively. Raised levels of IL-1β in PICF have previously been associated 
with inflammation in the peri-implant mucosa in nonsmokers (Ataoglu et al., 
2002). Whether smoking had any effect on our results from the PICF samples is 
unknown because this study was found after our investigation was finished and 
smoking was not used as an exclusion criterion. Even though few patients were 
included in this study, the tissue sample analysis demonstrated that a measurable 
Ti content could be found in the peri-implant mucosa.
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Macrophages are known to be present at a greater extent in peri-implantitis 
mucosa than in periodontitis mucosa (Carcuac and Berglundh, 2014). It is 
not possible to disregard that Ti ions released from dental implants might be 
involved in the pathogenesis of peri-implantitis by acting as secondary stimuli 
on inflammatory cells and aggravating the inflammatory response. However, the 
uptake of Ti particles by phagocytes in the peri-implant tissue without any prior 
activation from bacterial products should result in limited inflammation. 

Analysis of clinical data and Ti content in peri-implantitis and periodontitis 
tissue (Paper II)
To further investigate the finding of a measurable content of Ti in peri-implant 
mucosa (Paper I), it was decided to investigate the content of Ti in peri-implant 
mucosa from patients with severe peri-implantitis. To evaluate the biological 
content of Ti in human gingival tissue without any prior exposure to Ti from 
implants or prosthetic constructions, patients with periodontal disease scheduled 
for surgical treatment were selected for inclusion. Due to its invasiveness, soft 
tissue sample collection from healthy gingiva with or without implants was 
considered unethical, as no further information would be gained than from the 
periodontitis tissue samples. 

The peri-implantitis patients included in the study represented an equal 
gender distribution, with seven men and six women. Due to the low number of 
participants, data regarding demographics, prosthetic and implant characteristics, 
periodontal status, implant outcomes and prosthetic supraconstruction were only 
described descriptively. Patient-related data will only be described briefly, and a 
more detailed description can be found within the results section of Paper II. An 
interesting finding regarding the demographic characteristics was that both groups 
showed a preponderance in patients with a previous periodontal history and the 
usage of one or more medications. This is in accordance with previous studies 
about risk factors predisposing individuals to peri-implantitis (Chrcanovic, 2017, 
Stacchi et al., 2016). It is known that antidepressants and proton pump inhibitors 
are associated with an increased risk of implant failure (Chrcanovic, 2017). The 
objectives in this paper were not to evaluate predisposing risk factors for peri-
implantitis; thus, medications were only used as a measurement of general 
health. An interesting note is that the majority of the peri-implantitis patients 
were nonsmokers, while the majority of periodontitis patients were smokers. 

Regarding prosthetic characteristics, there was an equal distribution between 
full- and partial-arch constructions, with the majority made of Ti. Most of the 
included patients showed bleeding on probation (BoP) with purulent exudates 
(> 60%) and a PD ≥ 7 mm (>90%) in both groups. In the peri-implantitis group, 
the majority demonstrated bone loss at a level of ≥ 6 threads. These signs of the 
peri-implant and periodontal status led to classification of the disease status as 
severe (Koldsland et al., 2010, Armitage, 1999). 
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All patients included in the study lost one or more implants although they went 
through surgical peri-implant treatment. It was noted that the time from the first 
diagnosis of peri-implant disease until the first treatment was performed showed 
great variation, with a mean of 15 months. To maintain a successful implant 
treatment outcome, early indicators of peri-implant disease and interventions 
are essential (Heitz-Mayfield, 2008). Whether our finding that the prolonged 
time from diagnosis to initial peri-implant treatment is dependent on the dentist 
or the patient is unknown but should be further investigated in larger patient 
groups. 

However, although all patients suffered from severe peri-implantitis disease, 
the functional time of the implant was comparatively long, with a mean of 111 ± 
41 months. Additionally, just one prosthetic supraconstruction was lost among 
the peri-implantitis patients, and the others could be maintained with or without 
prosthetic modification. This finding is in accordance with the high prosthetic 
supraconstruction survival rates previously reported (Pjetursson et al., 2014).

Chemical analysis by ICP-MS of soft tissue samples from peri-implantitis 
mucosa confirmed our previous findings of the presence of Ti in the soft tissue 
around dental implants. We could clearly demonstrate significantly higher Ti 
concentrations in peri-implantitis than periodontitis (P < 0.001). Ti concentrations 
that were cytotoxic in our in vitro studies were found by chemical analysis in the 
peri-implantitis mucosa samples. Our further microscopy analyses of the tissue 
samples could explain the high concentrations of Ti found by chemical analysis 
without the occurrence of extensive cell death. Metallic Ti particles could be 
identified in the samples by LM. These metallic particles and TiO2 are dissolved by 
the aggressive acids used during the preparation of the samples before chemical 
analysis. As such, the total concentration of Ti can be quantified, without any 
distinction between the metallic, oxide and ionic forms. Particles identified by 
LM could be identified as microparticles in the edge of the biopsies connected to 
the implants (Figure 10a). Microparticles are defined as particle ranging in size 
from 0.1–100 µm (Vert et al., 2012). 

Deeper into the tissue, smaller particles in the peri-implantitis samples could 
be identified by TEM (Figure 10b). No similar particles could be identified by LM 
or TEM in the periodontitis samples. Metal particles could be identified in both 
the peri-implantitis and periodontitis samples by SEM (Figure 10c). Subsequent 
elemental composition analysis by SEM-EDS could confirm that the metal 
particles identified in the peri-implantitis mucosa were Ti (Figure 10d), while 
no Ti could be detected in the periodontitis mucosa. Interestingly, these metal 
particles showed signals from Fe, Cr and Ni, which might originate from the base 
alloy in the prosthetic supraconstruction on the teeth of the patient from whom 
the sample was collected.
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Figure 10. Micrographs showing metallic Ti particles in sections from peri-implantitis mucosa (a) 
LM section stained with toluidine blue; (b) TEM micrograph of a Ti particle; (c) SEM micrograph 
from secondary electron signals showing a particle penetrating the surface of the section; and (d) 
EDS map of figure (c), Ti signals are shown in yellow. Abbreviations; titanium (Ti); light microscopy 
(LM); transmission electron microscopy (TEM); scanning electron microscopy (SEM); and energy-
dispersive X-ray spectroscopy (EDS).

Metal particles incorporated in the periodontal tissue were probably abraded 
from the supraconstruction during scaling in the periodontal pocket with 
ultrasonic scalers. All tissue samples were obtained after a mucoperiosteal flap 
had been raised, prior to any debridement of the implant or tooth. Therefore, 
the Ti particles found in peri-implantitis must originate from the placement of 
the implant or the pretreatment of the peri-implantitis. If the Ti was derived 
from corrosion of the implant, no metallic particles would be found. Although 
the chemical analysis cannot differentiate whether the Ti is metallic, oxide or 
ionic, the microscopic analysis strengthens our suggestion that the majority of 
the quantified Ti was metallic or TiO2. 

Non-surgical treatment of peri-implantitis are known to be ineffective (Renvert 
et al., 2008). Our findings of Ti particles in the peri-implant mucosa could 
clarify the poor treatment outcome of non-surgical treatment. This suggestion 
is supported by the finding that scaling Ti surfaces with ultrasonic scalers will 
abrade particles from the surface, which could induce osteolysis (Eger et al., 
2017). 
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In that study, they also found that the amount of abraded Ti was dependent of the 
surface structure, with a more pronounced release from surfaces with a rougher 
structure than a machined surface. As such, it cannot be disregarded that these 
high concentrations of Ti found in peri-implantitis mucosa might aggravate an 
inflammatory response in the presence of microbial products. Whether the Ti 
particles found in the peri-implant mucosa originated from implant placement or 
peri-implantitis treatment is important to investigate. 

An interesting finding is that sulfur (S) was detected equally distributed over 
the surface in both the peri-implantitis and periodontitis samples. Hydrogen 
sulfide (H2S) has recently been shown to inhibit NLRP3 inflammasome 
activation (Castelblanco et al., 2018). H2S is produced at high levels from known 
periodontitis-associated pathogens Fusobacterium spp., Treponema denticola, 
and Prevotella tannerae (Basic et al., 2015). How the Ti-induced release of IL-1β 
is affected by exposure to H2S is unknown and should be further investigated. 

Protein detection, biochemical and microcopy analysis of Ti- and Ti-Co-protein 
aggregate formation (Paper III)
The Ti-induced proinflammatory effect on THP-1 cells was substantially reduced 
by filtering the Ti solutions before exposure to the cells (Paper I). In this paper, 
we further investigated the proinflammatory complexes formed by Ti and 
whether other metals used in dental alloys could affect the formation of these 
proinflammatory complexes. 

Protein detection analysis by ELISA showed that the release of IL-1β was 
neutralized when Co was added to the solution in an equal amount as Ti before 
exposure to the cells. No significant difference could be found compared to the 
negative control only exposed to LPS when Co was added to the Ti solution at 100 
µM (P = 0.1). When Cr was added to the Ti solution, no similar reduction in the 
release of IL-1β could be found in the tested concentration range. No effect on 
cell viability greater than that of Ti at 100 µM alone was found when Co or Cr was 
added to the solutions. 

To further investigate the effect of Co found in the protein detection analysis and 
the proinflammatory complexes formed by Ti in culture medium, a combination 
of biochemical and microscopy analyses was performed. These analyses aimed to 
investigate the complexes formed by Ti, cell uptake and how they were affected 
by Co. Cr was excluded from our further studies because no effect was observed 
in the initial protein detection analysis of IL-1β release. 

An evaluation of the chemical analysis method was performed so that all Ti added 
could be quantified in different media. Different types of medium did not affect 
the Ti content results determined by ICP-AES. No pellet formation was found in 
the absence of serum proteins in the Ti solution after centrifugation. While in the 
presence of serum proteins in the solution, most of the Ti was quantified in the 
formed pellet by the ICP-AES instrument. 
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When Co was added to the Ti solution containing serum proteins, the amount 
of Ti was reduced in the formed pellet, indicating that Ti ions form metal-
protein aggregates in culture medium and that Co affects the formation of these 
proinflammatory aggregates. The following filtration test showed that with the 
presence of Co in the Ti solution, a lower concentration of Ti was found by ICP-
AES, indicating that larger metal-protein aggregates are formed when Co is 
present in the solution than Ti alone. 

We could confirm these finding by TEM and image analyses, which showed that 
in the presence of Co, larger and fewer metal-protein aggregates were formed. 
The morphology of the formed Ti-protein aggregates corresponds with previously 
published micrographs of TiO2 in human serum (Soto-Alvaredo et al., 2014). 
No differences in the Ti quantified by ICP-AES in cells and supernatants were 
found after exposure for 24 with or without Co added in the solution. Apparently, 
although equal amounts of Ti were found in the cells, the change in aggregate 
formation affected the proinflammatory effect on macrophages.

The TEM investigations also showed that the morphology of the formed 
aggregates differed then Co was present compared to Ti alone. One of the main 
differences in the morphology was that “exosome-like” structures could be seen 
along the aggregate structure in the Ti-Co solution. Analysis of the size of the 
formed aggregates showed that the main part of the aggregates was 1–20 nm in 
size in both groups. Further TEM investigations of exposed macrophages also 
showed the presence of metal inside the cells, but the location differed between 
the groups. Metal particles inside membrane-bound lysosomal structures could 
be seen by TEM in sections of macrophages exposed to Ti alone. This finding is 
contrary to previously published data on the cellular uptake of TiO2 by enterocytes 
(Soto-Alvaredo et al., 2014). After cellular uptake in the presence of Co, metal 
particles were located in clusters inside the cytosol, without a visible membrane 
structure, more similar to the appearance in the previously mentioned study 
on enterocytes. We propose that metal aggregates of Ti are phagocytosed by 
macrophages, which work to decompose the aggregate inside a phagolysosome 
(Figure 11a). This process is in line with TEM micrographs of lysosomal uptake 
of TiO2 particles previously shown in endothelial cells (Halamoda Kenzaoui et 
al., 2012). Due to the inability of the cell to decompose these Ti aggregates, a 
disruption in the membrane occurs, leaking lysosomal enzymes and proteases 
into the cytosol and resulting in both inflammasome activation and IL-1β 
release, while the free Ti-Co aggregate clusters in the cytosol do not activate the 
inflammasome complex (Figure 11b).
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Figure 11. Schematic illustration of Ti-induced activation and release of IL-1β from macrophages in 
the absence (a) and presence (b) of Co. LPS priming stimulates the production of pro-IL-1β, which 
is stored intracellularly. Exposure to Ti results in an uptake and storage in phagolysosomes. Release 
of lysosomal enzymes into the lysosome fails to degrade the Ti particles but results in disruption 
of the lysosomal membrane. Release of lysosomal enzymes into the cytosol induces inflammasome 
activation and activation and release of IL-1β. In the presence of Co (b), the metal particles are stored 
in the cytosol, and the pro-IL-1β remains inactive and stored intracellularly. Abbreviations; toll-like 
receptor (TLR); nuclear factor kappa beta (NF-κB); interleukin 1 beta (IL-1β); tumor necrosis factor 
alpha (TNF-α); interleukin-6 (IL-6); NACHT, LRR and PYD domains-containing protein 3 (NLRP3); 
apoptosis-associated speck-like protein containing C-terminal caspase recruitment domain (ASC); 
pro-caspase 1 (pro-CASP1).

The underlying mechanism for the cellular uptake and location of the Ti-Co 
aggregates observed in the cytosol without a clearly visible membrane is unknown, 
but receptor-mediated endocytosis is suggested as a possible pathway. Receptor-
mediated endocytosis has previously been described for cylindrical particles (Gao 
et al., 2005). 

Membrane-bound, high-density structures similar to those observed in vitro 
could also be identified in sections of peri-implantitis mucosa by TEM. In the 
control periodontitis sections, no structures with the same appearance could 
be identified. To the best of our knowledge, the effect of Co on neutralizing 
the particle-induced release of IL-1β from LPS-primed macrophages was not 
previously known. Soluble and particulate Co is known to be cytotoxic at high 
concentrations (Catelas et al., 2003, Allen et al., 1997). Additionally, it has been 
shown that Co can activate the NLRP3 inflammasome and further release of 
active IL-1β (Caicedo et al., 2009). 

Interestingly, a recent study demonstrated the enhanced expression of arginase-1 
promoting M2 macrophage activation in the presence of Co (Kumanto et al., 
2017). Magnesium is known to reduce NF-κB activation and thereby reduce the 
production of IL-6 and TNF-α (Sugimoto et al., 2012). If the activation of NF-κB 
and expression of pro-IL-1β through the TLR pathway is inhibited, activation of 
the inflammasome complex will not result in any activation or release of bioactive 
IL-1β. 
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The intracellular mechanism of the immunoregulatory effect of the formed Ti-Co 
protein aggregates is an interesting topic for further investigation. 

If alterations occurred in aggregate formation in the presence of Co released 
from a dental alloy, the Ti-induced proinflammatory response in the soft tissue 
might be inhibited. Manufacturing a prosthetic supraconstruction in a Co-Cr 
alloy might reduce the risk of a synergistic inflammatory response in the presence 
of Ti and microbial products in the peri-implant mucosa. This is only speculative 
but would be interesting to investigate in future studies.

Ti release from dental implants with different surface characteristics (Paper IV)
In the last paper, we wanted to investigate the possible origin of the Ti found in 
the peri-implantitis mucosa by chemical and microscopy analyses. Our previous 
findings showed that Ti found in the peri-implant mucosa was mainly a metal 
or oxide and probably did not originate from corrosion. One possible origin of 
the found Ti was the abrasive removal of metallic or oxide particles during the 
placement of the implant into the bone. It has previously been shown that Ti 
particles are abraded from dental implants during placement and deposited in the 
implant-bone interface (Schliephake et al., 1993). This deposition of Ti particles 
in the interface between the bone and the implant may serve as a potential initial 
risk factor if infection-induced inflammation occurs in the area. 

The aim of this study was to evaluate the quantity of Ti abraded from the 
surface during the placement of implants with different surface characteristics, 
bone-implant areas and diameters. Chemical analyses of bone samples by ICP-
AES demonstrated that a significantly higher Ti content was found where an 
implant had been placed than in untreated and drill control samples (P < 0.05). 
Additionally, variation related to the structure and size of the implant could be 
shown. Comparison between the tested implants regarding Ti content found in the 
bone samples showed that the implants with a machined surface demonstrated 
the lowest content, while the implants with a moderately rough surface and the 
largest bone-implant area and diameter demonstrated the highest content. Due 
to failure in the chemical analysis, four bone samples in the test groups were not 
analyzed, one from the MKIII machined group and three from the TiU MKIV 
group. 

In a previous study, no correlations between surface structure and Ti 
concentration could be found (Wennerberg et al., 2004). In that study, it was 
also shown that no Ti could be detected further away in the bone than 250 µm 
from the implant. In our analysis, the total Ti content (µg) was used instead 
of concentrations to avoid errors caused by different sample weights. Most 
studies of Ti release from implants present data in concentrations, which makes 
comparisons with our data difficult. However, in the previously mentioned study, 
ion leakage data are presented in ng/implant, with a low release of Ti ions, i.e., a 
mean of 0.2 µg/implant for both turned and sandblasted surfaces (Wennerberg 
et al., 2004). 
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In a recent study, it was shown that 2.3 µg/g Ti was released from implants 
in lactic acid and 0.9–26.8 µg/g in the mucosa after placement of the tested 
implants (Rykowska et al., 2015). Subsequently, after placement and healing of 
Ti implants, it has been shown that Ti can spread systemically to regional lymph 
nodes, the spleen and lungs (Schliephake et al., 1993). Additionally, soluble 
Ti seems to spread to all organs in vivo, while TiO2 accumulates in the lungs 
(Sarmiento-Gonzalez et al., 2009). 

We found that implants with a machined surface showed a significantly lower 
release of Ti during placement than the other two tested implants with rougher 
surface structures (P < 0.001). Evaluation of correlation of the tested factors 
with Ti content in the bone samples showed a positive correlation for the surface 
roughness by linear regression analysis (r2 = 0.457, P < 0.001). This finding is 
in line with those of previous reports, showing that a rougher surface leads to 
an increased release of particles during implant placement, probably induced 
by greater friction (Martini et al., 2003, Franchi et al., 2004). It is known that 
porous materials induce greater friction during placement into bone than smooth 
materials (Rancourt et al., 1990). Surprisingly, the bone-implant area showed a 
weak correlation (r2 = 0.200, P = 0.020) and the diameter showed no correlation 
(r2 = 0.121, P = 0.076) with the Ti content in the bone samples.

SEM micrographs of the implants acquired before placement showed the 
topography and microstructure of the machined and TiUnite® surfaces, and 
no visible damage to the implant surfaces after placement into the bone could 
clearly be detected. Additionally, SEM micrographs showed that the TiUnite® 
(Nobel Biocare) surface was totally covered with bone material compared to 
the machined surface, which showed much less biological material attachment. 
Previous studies have shown more pronounced visible damage by SEM after 
placement into the bone, with the most surface damage occurring to the rougher 
SLActive® (Straumann) than the TiUnite® (Nobel Biocare) surface (Senna et al., 
2015). In that study, they mathematically calculated the release from the surface 
by the measured volume reduction, showing Ti release values of 0.06 mg for the 
TiUnite® (Nobel Biocare) and 0.54 mg for the SLActive® (Straumann)surface, 
respectively. These values are much higher than those found in our chemical 
analysis of bone samples and might illustrate that both the bone type and the 
surgical technique used affect the resulting surface damage, as well as the amount 
of Ti abraded. 

Combined with previous knowledge, the findings in this thesis indicate that 
the main proportion of the Ti present in tissue during initial healing probably 
originates from the abrasion of particles from the implant surface during 
placement. Implants with a rougher surface showed significantly greater Ti release 
during placement, which might increase the risk of a synergistic inflammatory 
reaction caused by abraded Ti particles in combination with microbial exposure 
during healing. Therefore, it might be beneficial to use a gentle surgical technique 
during implant placement in combination with a two-stage surgery. 
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This approach would make the sensitive area, where Ti particles abraded from 
the surface can accumulate, inaccessible to microbial exposure during the initial 
healing phase.

Main findings and reflections
Knowledge gained in this thesis has shown that Ti can act as a secondary stimulus 
for the release bioactive IL-1β in a synergistic manner from macrophages 
stimulated with LPS. This activation is induced via inflammasome activation 
in the macrophages by aggregates formed by Ti with serum proteins. We could 
confirm that the mucosa from patients with peri-implantitis contained high 
concentrations of Ti. Our microscopy findings demonstrated that metal particles 
could be identified in both peri-implantitis and periodontitis tissue samples, but 
Ti could only be detected in the former. Our microscopy investigation showed 
that metal-protein aggregates could be identified within intracellular lysosomal 
structures. Furthermore, our findings indicate that Co can change the morphology 
of these aggregates, which in turn affects the cellular uptake and resulting 
intracellular response by neutralizing the Ti-induced proinflammatory response. 
Finally, Ti was found to be abraded from dental implants during placement into 
the bone, which was more pronounced for implants with a rougher surface. 

These dethatched metal particles might be a risk factor in combination with 
inflammation induced by an infection. An infection in the peri-implant mucosa 
will promote the activation of macrophages with an M1 phenotype, and the 
inflammatory response might be further enhanced with the presence of Ti in the 
peri-implant mucosa. Interestingly, it has been shown that a hydrophilic, rough 
Ti surface increases the release of the anti-inflammatory cytokines IL-4 and IL-10 
from M2 macrophages, while a smoother machined surface stimulates the release 
of the inflammatory cytokines IL-1β, IL-6 and TNF-α (Hotchkiss et al., 2016). 
Promotion of M2 macrophage activation during the initial healing phase has also 
been supported in a recent study (Trindade et al., 2018). However, the latter study 
found downregulated gene expression of IL-4, which is important for induction 
of tissue healing and also the formation of FBGCs. Macrophage activation shows 
greater diversity and complexity than the classic M1-M2 theory suggests. In 
tissues, macrophages do not form stable subsets of M1 or M2 macrophages, but 
instead comprise a mix of phenotypes formed by complex pathways (Martinez 
and Gordon, 2014). Initial Ti particles seem to contribute to healing and initiate 
bone remodeling, but if they accumulate in the cervical part of the bone (Meyer 
et al., 2006) and in the peri-implant mucosa, they have the potential to aggravate 
the inflammatory response. Most likely, there are differences in the immune 
response if macrophages are exposed to metallic, oxide or ionic Ti. 

Perhaps peri-implantitis should not be defined as one disease, but rather as 
the consequence of multiple factors. Detached Ti particles might aggravate the 
inflammatory response during an infection in the peri-implant mucosa but also 
work as an agent in the formation of FBGCs, inducing a foreign-body response. 
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A combination of these factors might be devastating to the balance of the complex 
biological systems involved in osseointegration. 

From a clinical perspective, it is not easy to draw solid conclusions from separate 
findings. However, the development of advanced implant surfaces providing 
effective biofilm control could reduce the risk of a synergistic inflammatory 
response. We agree with the hypothesis that peri-implantitis is infection-induced 
inflammation in the peri-implant mucosa, which by our findings might be 
aggravated by Ti released from dental implants. Most likely, some individuals 
are more susceptible, with a more aggressive but more ineffective host response 
making them more predisposed to peri-implant disease. To reduce the risk of this 
combined inflammatory effect, an initial surgical protocol with a two-stage surgery 
might be preferable for patients with known risk factors for a predisposition to 
peri-implantitis. This protocol could include the usage of machined surfaces with 
a prolonged healing time for at-risk patients. Additionally, more individualized 
treatment protocols rather than the general recommendations from the 
manufacturer could be beneficial.
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Conclusions
Knowledge gained by the observations in this thesis clearly support that Ti can 
be found in high concentrations in the peri-implantitis mucosa. These levels of Ti 
can have a biological effect in synergy with an infection by acting as a secondary 
stimulus during inflammatory activation. Our findings show that soluble Ti 
forms metal-protein aggregates, which induce a proinflammatory response from 
macrophages with a synergistic effect when combined with bacterial products. New 
insights have been gained about the ability of Ti to form these proinflammatory 
aggregates; these aggregates can be affected by other metals used in prosthetic 
supraconstructions, among which, Co neutralizes the inflammatory effect. 
Additionally, knowledge has been gained about the detachment of Ti particles 
from dental implants during placement; this detachment varies depending on 
the implant surface characteristics. Thus, the null hypothesis could be rejected.

Our observations in this thesis indicate that Ti might aggravate the inflammatory 
response as part of the pathogenesis of peri-implantitis and inhibit favorable 
peri-implantitis treatment outcomes. In summary, our findings supporting the 
following conclusions:

•• Ti ions form particles that act as proinflammatory agents in macrophages 
by inducing a proinflammatory response through assembly of the NLRP3 
inflammasome and release of the cytokine IL-1β. Ti acts as a secondary 
stimulus needed to activate the intracellular protein complex NLRP3 
with a synergistic effect on the release of active IL-1β in the presence of 
E. coli LPS compared to either separately.

•• The peri-implant mucosa from peri-implantitis patients shows a higher 
concentration of Ti than the mucosa from periodontitis patients. 
Investigations of peri-implantitis mucosal samples in this thesis showed 
Ti concentrations eighteen times higher than those capable of inducing a 
proinflammatory response in macrophages in vitro.

•• Ti ions form metal-protein aggregates in physiological solution, and 
these aggregates are phagocytosed by macrophages. If Co ions are 
added in combination with Ti ions, the proinflammatory effect of the 
formed aggregates on the macrophages is neutralized. Additionally, the 
location and structure of the formed metal-protein aggregates differ in 
the presence of Co, with localization in the cytosol instead of inside the 
phagolysosomes, as when only Ti is present.

•• During placement of a dental implant, Ti is released to the surrounding 
bone. The surface structure of the implant is correlated with the amount 
of Ti abraded from the implant during placement into the bone.
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Clinical implications
Osseointegration of a dental implant is a complex biological process that 
can be disturb by several cooperative factors, among which one might be Ti. 
Peri-implantitis is a multifactorial disease with many factors involved in the 
pathogenesis that can lead to serious suffering and costs for patients. While 
the knowledge gained by the findings in this thesis can lead to distinct clinical 
implications, the findings should be interpreted with caution. However, some 
clinical suggestions based on these findings might reduce the risk of bone loss 
around dental implants. 

Patients planning to undergo implant treatment should be thoroughly 
investigated and treated with consideration of known risk factors for developing 
peri-implantitis. Two-stage surgery performed to avoid the initial combined 
exposure of the unhealed peri-implant mucosa and marginal bone to bacteria 
and Ti abraded during installation could minimize the risk of the initial loss of 
marginal bone. Platform switching could also be sufficient to reduce the risk of 
an aggravated inflammatory response induced by Ti particles released during 
implant placement by moving the soft tissue further away from the bone. 
Additionally, in high-risk patients with several known risk factors predisposed 
for peri-implantitis and planning to undergo implant treatment, implants with a 
machined surface and a prolonged healing period might reduce the risk. 

Implants with a moderately rough surface have been shown to have improved 
osseointegration and a reduced risk of early implant loss. These benefits gained 
with the surface could be lost if the implant is exposed to the oral environment 
too early, enabling microbial colonization during the initial healing phase at the 
interference zone between the implant and the bone. To reduce the risk of initial 
marginal bone loss due to the increased release of Ti during the placement of 
implants with a rough surface, two-stage surgery and a prolonged healing period 
are also proposed. Additionally, usage of a Mo-free Co-Cr alloy in the prosthetic 
supraconstruction could potentially reduce the inflammatory response in the 
peri-implant mucosa. 

Debridement of implants with conventional curettes or ultrasonic scalers 
seems to substantially increase the quantity of Ti particles in the peri-implant 
mucosa, which could ultimately worsen the inflammation instead of establishing 
a healthier peri-implant mucosa. Whether conventional curettes and ultrasonic 
scalers should be used on an implant surface or abutments is questionable. 
More cautious methods for the debridement and decontamination of an implant 
surface without the loss of bone due to peri-implantitis are needed.



 58

Acknowledgements
I would like to express my sincere gratitude and thank all of those who have 
helped me to accomplish this work in so many different ways.

Ab imo pectore, thank you 

Margareta Molin Thorén, my supervisor, professor at the Department of 
Odontology, colleague, mentor and friend. For believing in me and this project. 
You are one of the kindest persons I know. I am truly grateful for your support 
in this thesis project, which had not been accomplished without your help.  
I have really enjoyed your company during our travels to present my research. 
You have always been available with a helping hand; regardless of how much 
you have been working. I must also say you have real good taste in music. 
Thank you for being the professor at our department. We could not have a 
better person than you!

Anders Johansson, my co-supervisor, researcher at the Department of 
Odontology, my mentor and friend. For being so smart and optimistic. You 
always have an idea of how to solve scientific problems. You are a person who 
always sees the glass half full. For helping me with the cells when I needed to 
be at the clinic. I have really enjoyed our scientific discussions and without you 
this thesis project would not have been as fun as it has been. Your dedication 
to research is really worth the medal you received!

Jean Pettersson, co-author, senior lecturer at the Department of Chemistry-  
BMC, Uppsala University, for helping me with chemical analysis. For  
giving me knowledge in a research field outside odontology. My time at your  
department has been educational. Everything can be dissolved; the acid just 
has to be strong enough.

Peyman Kelk, co-author, senior lecturer at the Department of Integrative 
Medical Biology, for your help with this thesis project and for being 
the person you are. I have enjoyed our scientific and non-scientific  
discussions. Just one piece of advice: it is better to work during the days than 
the nights! 

Georgios Belibasakis, co-author, professor at the Department of Dental  
Medicine, Karolinska Institute, for your help in this thesis project. It is great 
that you came back to Sweden. 

Dan Bylund, co-author, professor at the Department of Natural Sciences, Mid 
Sweden University, for your help with chemical analysis in this thesis project. 



 59

Berit Ardlin, my examiner, senior lecturer at the Department of Odontology, 
for supporting me in this thesis project.

Per Tidehag, specialist dentist, former operations manager at the Division 
of Prosthetic Dentistry, for recruiting me to Umeå and for giving me the 
opportunity to carry out this thesis project.

Pernilla Lundberg, senior lecturer at the Department of Odontology, for your 
support in this thesis project. For being kind and always having a smile on your 
face.

Py Palmqvist, senior lecturer at the Department of Odontology, for your help 
with biopsy material and support in this thesis project. For being a kind and 
supporting colleague. For reviewing my dissertation. 

Cheng Choo Lee, senior research engineer at the Department of Plant  
Physiology, for your help with scanning electron microscopy. For always being 
so accommodating. It has been a real joy working with you. For opening my 
eyes to the world of electron microscopy. I hope we can continue our work in 
the future.

Sara Henriksson, senior research engineer at the Department of Plant  
Physiology, for your help with transmission electron microscopy. For always 
being available on short notice. You really gave me a nice Easter egg last 
year when you and Cheng Choo Lee performed the first EDS analysis of my  
biopsies. I am grateful that I came in contact with you at the EM facility. 

Carola Höglund Åberg, affiliated as senior dental officer at the Department of 
Odontology, thank you for your help with biopsy materials and support in this 
thesis project.

Rolf Claesson, microbiologist at the Department of Odontology, for the help 
with microbiological analysis.

Björn Tavelin, statistician at the Department of Radiation Sciences, for your 
help with statistics. 

Malin Brundin, senior lecturer at the Department of  Odontology, for being the 
fun and positive person you always have been. For reviewing my dissertation. 
I am grateful to have you as a former classmate during our dental studies and 
as a present colleague.



 60

 Jan Oscarsson, researcher at the Department of Odontology, for reviewing my 
dissertation. 

Jan-Ivan Smedberg, Lars-Erik Moberg and Jan Ekenbäck, specialist 
dentists at the Division of Prosthetic Dentistry, Folktandvården Stockholms 
län AB, for being my supervisors and mentors during my specialist training in 
prosthetic dentistry. For introducing me to science. 

Henrik Nedoh at Nobel Biocare Service AG, for the donation of dental implants 
to support this thesis project.

Rima Sulniute, senior research engineer at the Department of Odontology, for 
your help with my tissue sections and for teaching me microscopy.

All my present and former colleagues at the division of prosthetic dentistry, with 
a special thanks to Johan Gunne, Hans Nilson and Kennet Borg for  
always being positive and interesting conversation.

All the present and former dental nurses at the Division of Prosthetic Dentistry, 
with a special thanks to Britt-Marie Tidehag, Gerd Jacobsson, Karin 
Wing Häggquist and Berit Bäckström Rick, who have always supported 
me during this thesis project.

All my former and present colleagues at the Department of Odontology, with 
a special thanks to Stefan Lundgren and Cecilia Koskinen Holm for 
wise advices during this project. Christopher Appelqvist, I really miss our 
Friday lunches. 

All administrators at the Department of Odontology, with a special thanks to  
Malin Järnskoog for your help with administration during this thesis  
project.

Nicole Winitsky, specialist dentist at the Division of Prosthetic Dentistry, 
Folktandvården Stockholms län AB, for being a good friend and colleague. It is  
always nice to hear you lecture.

Brandon Washburn, specialist dentist, Gothenburg and Jönköping. For being 
a  good friend. I enjoy our talks. You are my only American friend. I miss having 
you at the department.

Svante and Kerstin Holmberg, for being friends and sharing fun moments. 



 61

Mathias Hansson, dentist at Storsjötandläkarna, for being a good friend. For 
living the life we all want to live.

My friends through thick and thin. Claes Lundmark, my oldest friend, it was 
you who came up with the crazy idea of us becoming dentists during our first 
year of high school. I really miss your company. John Ferry, my brother in 
arms, I am so grateful to have you as my friend and wish we could live closer to 
each other. Michael Fagerlund, my dear friend, my heavy metal brother, my 
only friend who is a neurosurgeon. I will always remember the sunny days we 
spent during parental leave. I wish I could spend more time with you.

My family in-law, Mats Sylvan, Hanna Forsberg, Niklas Edling, Jacob 
Forsberg and Mia Forsberg, for being kind and caring.

Imad Khalaf, my good friend, the brother I never had. For your positive attitude 
and good spirit. For being my roommate during travels. For teaching me how 
to cook delicious Lebanese food. For spending all those hours at the gym  
together, they really helped me accomplish this project. 

شكراً لكونك صديقي

Hans Forsberg and Maj-Lis Hörnqvist, my parents-in-law, for being the 
father and mother of the love of my life. For being a helping hand with the  
children, dogs and cats when the days haven’t had enough hours. For making 
the coming summer an enjoyable and relaxing time on the terrace.

Helena Sylvan, my sister, for having you in my life. For enduring our childhood 
with me as you little brother. You have always supported me. Love you!

Sten and Eva Pettersson, my father and mother, for bringing me up and  
letting me see the world. For supporting me through thick and thin. Giving me 
the ability to believe in myself and accomplish what I started. For being the 
best parents I could have. I love you!

Vendela, Gustav, Ebba, Adam and Siri. My most precious treasures in life. 
The list of children is long, so I must be a rich man, maybe not measured in 
money, but you all make my life worth living. I love you to the moon and back.

Linda. My wife. My love. My soulmate. For being the most intelligent and  
beautiful woman I know. For being wise and strong. For being the best  
mother and role model our children could have. Without you my life would not 
be complete. I love you forever!



 62

References
ABBAS, A. K., LICHTMAN, A. H. & PILLAI, S. 2016. Basic immunology : 
functions and disorders of the immune system.

ABERG, C. H., KELK, P. & JOHANSSON, A. 2015. Aggregatibacter 
actinomycetemcomitans: virulence of its leukotoxin and association with 
aggressive periodontitis. Virulence, 6, 188-95.

ADELL, R., ERIKSSON, B., LEKHOLM, U., BRANEMARK, P. I. & JEMT, T. 
1990. Long-term follow-up study of osseointegrated implants in the treatment of 
totally edentulous jaws. Int J Oral Maxillofac Implants, 5, 347-59.

ADELL, R., LEKHOLM, U. & BRÅNEMARK, P.-I. 1985. Surgical procedures. In: 
BRÅNEMARK, P.-I., ZARB, G. & ALBREKTSSON, T. (eds.) Tissue-integrated 
prostheses : osseointegration in clinical dentistry. Chicago: Quintessence Publ. 
Co. Inc.

ADELL, R., LEKHOLM, U., ROCKLER, B. & BRANEMARK, P. I. 1981. A 15-year 
study of osseointegrated implants in the treatment of the edentulous jaw. Int J 
Oral Surg, 10, 387-416.

ADEREM, A. & UNDERHILL, D. M. 1999. Mechanisms of phagocytosis in 
macrophages. Annu Rev Immunol, 17, 593-623.

AERSSENS, J., BOONEN, S., JOLY, J. & DEQUEKER, J. 1997. Variations in 
trabecular bone composition with anatomical site and age: potential implications 
for bone quality assessment. J Endocrinol, 155, 411-21.

AGUIRRE-ZORZANO, L. A., ESTEFANIA-FRESCO, R., TELLETXEA, O. & 
BRAVO, M. 2015. Prevalence of peri-implant inflammatory disease in patients 
with a history of periodontal disease who receive supportive periodontal therapy. 
Clin Oral Implants Res, 26, 1338-44.

ALBOUY, J. P., ABRAHAMSSON, I., PERSSON, L. G. & BERGLUNDH, T. 2011. 
Implant surface characteristics influence the outcome of treatment of peri-
implantitis: an experimental study in dogs. J Clin Periodontol, 38, 58-64.

ALBREKTSSON, T., BRANEMARK, P. I., HANSSON, H. A. & LINDSTROM, J. 
1981. Osseointegrated titanium implants. Requirements for ensuring a long-
lasting, direct bone-to-implant anchorage in man. Acta Orthop Scand, 52, 155-
70. 



 63

ALBREKTSSON, T., CANULLO, L., COCHRAN, D. & DE BRUYN, H. 2016. “Peri-
Implantitis”: A Complication of a Foreign Body or a Man-Made “Disease”. Facts 
and Fiction. Clin Implant Dent Relat Res, 18, 840-9.

ALBREKTSSON, T., CHRCANOVIC, B., JACOBSSON, M. & WENNERBERG, A. 
2017. Osseointegration of Implants :: A Biological and Clinical Overview. Jsm 
Dental Surgery, 2.

ALBREKTSSON, T., DAHLIN, C., JEMT, T., SENNERBY, L., TURRI, A. & 
WENNERBERG, A. 2014. Is marginal bone loss around oral implants the result 
of a provoked foreign body reaction? Clin Implant Dent Relat Res, 16, 155-65.

ALBREKTSSON, T. & ISIDOR, F. 1994. Consensus Report of Session-IV. 
Proceedings of the 1st European Workshop on Periodontology. Carol Stream: 
Quintessence Publ Co Inc.

ALBREKTSSON, T. & JOHANSSON, C. 2001. Osteoinduction, osteoconduction 
and osseointegration. Eur Spine J, 10 Suppl 2, S96-101.

ALBREKTSSON, T. & WENNERBERG, A. 2004. Oral implant surfaces: Part 
1--review focusing on topographic and chemical properties of different surfaces 
and in vivo responses to them. Int J Prosthodont, 17, 536-43.

ALBREKTSSON, T., ZARB, G., WORTHINGTON, P. & ERIKSSON, A. R. 1986. 
The long-term efficacy of currently used dental implants: a review and proposed 
criteria of success. Int J Oral Maxillofac Implants, 1, 11-25.

ALJATEELI, M. & WANG, H. L. 2013. Implant microdesigns and their impact on 
osseointegration. Implant Dent, 22, 127-32.

ALLEN, M. J., MYER, B. J., MILLETT, P. J. & RUSHTON, N. 1997. The effects of 
particulate cobalt, chromium and cobalt-chromium alloy on human osteoblast-
like cells in vitro. J Bone Joint Surg Br, 79, 475-82.

ALRABEAH, G. O., KNOWLES, J. C. & PETRIDIS, H. 2016. The effect of platform 
switching on the levels of metal ion release from different implant-abutment 
couples. Int J Oral Sci, 8, 117-25.

ANDRUKHOV, O., HUBER, R., SHI, B., BERNER, S., RAUSCH-FAN, X., 
MORITZ, A., SPENCER, N. D. & SCHEDLE, A. 2016. Proliferation, behavior, 
and differentiation of osteoblasts on surfaces of different microroughness. Dent 
Mater, 32, 1374-1384.



 64

ANUSAVICE, K. J. & PHILLIPS, R. W. 2003. Phillips’ science of dental materials, 
St. Louis, Mo. Saunders.

ANUSAVICE, K. J., PHILLIPS, R. W., SHEN, C. & RAWLS, H. R. 2013. Phillips’ 
science of dental materials, St. Louis, Mo., Elsevier/Saunders.

ANWAR, E. M., KHEIRALLA, L. S. & TAMMAM, R. H. 2011. Effect of fluoride on 
the corrosion behavior of Ti and Ti6Al4V dental implants coupled with different 
superstructures. J Oral Implantol, 37, 309-17.

ARMITAGE, G. C. 1999. Development of a classification system for periodontal 
diseases and conditions. Ann Periodontol, 4, 1-6.

ASTE-AMEZAGA, M., MA, X., SARTORI, A. & TRINCHIERI, G. 1998. Molecular 
mechanisms of the induction of IL-12 and its inhibition by IL-10. J Immunol, 
160, 5936-44.

ATAOGLU, H., ALPTEKIN, N. O., HALILOGLU, S., GURSEL, M., ATAOGLU, 
T., SERPEK, B. & DURMUS, E. 2002. Interleukin-1beta, tumor necrosis factor-
alpha levels and neutrophil elastase activity in peri-implant crevicular fluid. Clin 
Oral Implants Res, 13, 470-6.

BARAO, V. A., YOON, C. J., MATHEW, M. T., YUAN, J. C., WU, C. D. & SUKOTJO, 
C. 2014. Attachment of Porphyromonas gingivalis to corroded commercially pure 
titanium and titanium-aluminum-vanadium alloy. J Periodontol, 85, 1275-82.

BASIC, A., BLOMQVIST, S., CARLEN, A. & DAHLEN, G. 2015. Estimation of 
bacterial hydrogen sulfide production in vitro. J Oral Microbiol, 7, 28166.

BASIC, A. & DAHLEN, G. 2015. Hydrogen sulfide production from subgingival 
plaque samples. Anaerobe, 35, 21-7.

BELIBASAKIS, G. N. 2014. Microbiological and immuno-pathological aspects of 
peri-implant diseases. Arch Oral Biol, 59, 66-72.

BERGLUNDH, T., GISLASON, O., LEKHOLM, U., SENNERBY, L. & LINDHE, 
J. 2004. Histopathological observations of human periimplantitis lesions. J Clin 
Periodontol, 31, 341-7.

BERGLUNDH, T., LINDHE, J., ERICSSON, I., MARINELLO, C. P., LILJENBERG, 
B. & THOMSEN, P. 1991. The soft tissue barrier at implants and teeth. Clin Oral 
Implants Res, 2, 81-90.



 65

BERGLUNDH, T., WENNSTROM, J. L. & LINDHE, J. 2018. Long-term outcome 
of surgical treatment of peri-implantitis. A 2-11-year retrospective study. Clin 
Oral Implants Res, 29, 404-410.

BERGLUNDH, T., ZITZMANN, N. U. & DONATI, M. 2011. Are peri-implantitis 
lesions different from periodontitis lesions? J Clin Periodontol, 38 Suppl 11, 188-
202.

BERGSTROM, J. 2004. Tobacco smoking and chronic destructive periodontal 
disease. Odontology, 92, 1-8.

BOBBIO, A. 1972. The first endosseous alloplastic implant in the history of man. 
Bull Hist Dent, 20, 1-6.

BORN, M. & WOLF, E. 1999. Principles of optics : electromagnetic theory of 
propagation, interference and diffraction of light, Cambridge ; New York, 
Cambridge University Press.

BOYUM, A. 1968. Isolation of mononuclear cells and granulocytes from human 
blood. Isolation of monuclear cells by one centrifugation, and of granulocytes 
by combining centrifugation and sedimentation at 1 g. Scand J Clin Lab Invest 
Suppl, 97, 77-89.

BRANEMARK, P.-I., ZARB, G. A. & ALBREKTSSON, T. 1985. Tissue-integrated 
prostheses : osseointegration in clinical dentistry, Chicago, Quintessence Publ. 
Co. Inc.

BRANEMARK, P. I., ADELL, R., BREINE, U., HANSSON, B. O., LINDSTROM, 
J. & OHLSSON, A. 1969. Intra-osseous anchorage of dental prostheses. I. 
Experimental studies. Scand J Plast Reconstr Surg, 3, 81-100.

BRANEMARK, P. I., HANSSON, B. O., ADELL, R., BREINE, U., LINDSTROM, 
J., HALLEN, O. & OHMAN, A. 1977. Osseointegrated implants in the treatment 
of the edentulous jaw. Experience from a 10-year period. Scand J Plast Reconstr 
Surg Suppl, 16, 1-132.

CAICEDO, M. S., DESAI, R., MCALLISTER, K., REDDY, A., JACOBS, J. J. & 
HALLAB, N. J. 2009. Soluble and particulate Co-Cr-Mo alloy implant metals 
activate the inflammasome danger signaling pathway in human macrophages: a 
novel mechanism for implant debris reactivity. J Orthop Res, 27, 847-54.



 66

CARCUAC, O., ABRAHAMSSON, I., ALBOUY, J. P., LINDER, E., LARSSON, L. & 
BERGLUNDH, T. 2013. Experimental periodontitis and peri-implantitis in dogs. 
Clin Oral Implants Res, 24, 363-71.

CARCUAC, O. & BERGLUNDH, T. 2014. Composition of human peri-implantitis 
and periodontitis lesions. J Dent Res, 93, 1083-8.

CAROLI, S. & ZÂARAY, G. 2012. Analytical techniques for clinical chemistry : 
methods and applications, Hoboken, John Wiley & Sons.

CASTELBLANCO, M., LUGRIN, J., EHIRCHIOU, D., NASI, S., ISHII, I., 
SO, A., MARTINON, F. & BUSSO, N. 2018. Hydrogen sulfide inhibits NLRP3 
inflammasome activation and reduces cytokine production both in vitro and in a 
mouse model of inflammation. J Biol Chem, 293, 2546-2557.

CATELAS, I., PETIT, A., ZUKOR, D. J., ANTONIOU, J. & HUK, O. L. 2003. TNF-
alpha secretion and macrophage mortality induced by cobalt and chromium ions 
in vitro-qualitative analysis of apoptosis. Biomaterials, 24, 383-91.

CHOI, S. H., JEONG, W. S., CHA, J. Y., LEE, J. H., YU, H. S., CHOI, E. H., KIM, K. 
M. & HWANG, C. J. 2016. Time-dependent effects of ultraviolet and nonthermal 
atmospheric pressure plasma on the biological activity of titanium. Sci Rep, 6, 
33421.

CHONG, S. Z., EVRARD, M., GOH, C. C. & NG, L. G. 2018. Illuminating the 
covert mission of mononuclear phagocytes in their regional niches. Curr Opin 
Immunol, 50, 94-101.

CHRCANOVIC, B. 2017. On failure of oral implants, Malmö, Department of 
Prosthodontics, Faculty of Odontology, Malmö University.

CHRCANOVIC, B. R., ALBREKTSSON, T. & WENNERBERG, A. 2015. Platform 
switch and dental implants: A meta-analysis. J Dent, 43, 629-46.

COCHRAN, D. L., HERMANN, J. S., SCHENK, R. K., HIGGINBOTTOM, F. L. & 
BUSER, D. 1997. Biologic width around titanium implants. A histometric analysis 
of the implanto-gingival junction around unloaded and loaded nonsubmerged 
implants in the canine mandible. J Periodontol, 68, 186-98.

CRUZ, H. V., SOUZA, J. C. M., HENRIQUES, M. & ROCHA, L. A. 2011. 
Tribocorrosion and Bio-Tribocorrosion in the Oral Environment: The Case of 
Dental Implants. In: DAVIM, J. P. (ed.) Biomedical Tribology. New York: Nova 
Science Publishers, Inc.



 67

DALAGO, H. R., SCHULDT FILHO, G., RODRIGUES, M. A., RENVERT, S. & 
BIANCHINI, M. A. 2017. Risk indicators for Peri-implantitis. A cross-sectional 
study with 916 implants. Clin Oral Implants Res, 28, 144-150.

DARVELL, B. W. 2009. Materials science for dentistry, Boca Raton, CRC Press.

DAUBERT, D. M., WEINSTEIN, B. F., BORDIN, S., LEROUX, B. G. & FLEMMING, 
T. F. 2015. Prevalence and predictive factors for peri-implant disease and implant 
failure: a cross-sectional analysis. J Periodontol, 86, 337-47.

DAVIES, J. E. 1998. Mechanisms of endosseous integration. Int J Prosthodont, 
11, 391-401.

DERKS, J., HAKANSSON, J., WENNSTROM, J. L., KLINGE, B. & BERGLUNDH, 
T. 2015. Patient-reported outcomes of dental implant therapy in a large randomly 
selected sample. Clin Oral Implants Res, 26, 586-91.

DERKS, J. & TOMASI, C. 2015. Peri-implant health and disease. A systematic 
review of current epidemiology. J Clin Periodontol, 42 Suppl 16, 158-71.

DINARELLO, C. A. 1996. Biologic basis for interleukin-1 in disease. Blood, 87, 
2095-147.

DINARELLO, C. A. 2011. A clinical perspective of IL-1beta as the gatekeeper of 
inflammation. Eur J Immunol, 41, 1203-17.

DINARELLO, C. A. 2018. Overview of the IL-1 family in innate inflammation and 
acquired immunity. Immunol Rev, 281, 8-27.

DONACHIE, M. J. 2000. Titanium : A Technical Guide (2nd Edition), ASM 
International.

DOS SANTOS, M. V., ELIAS, C. N. & CAVALCANTI LIMA, J. H. 2011. The effects 
of superficial roughness and design on the primary stability of dental implants. 
Clin Implant Dent Relat Res, 13, 215-23.

DOSTERT, C., PETRILLI, V., VAN BRUGGEN, R., STEELE, C., MOSSMAN, B. T. 
& TSCHOPP, J. 2008. Innate immune activation through Nalp3 inflammasome 
sensing of asbestos and silica. Science, 320, 674-7.

ECHLIN, P. 2011. Handbook of sample preparation for scanning electron 
microscopy and X-ray microanalysis, Springer Science & Business Media.



 68

EGER, M., STERER, N., LIRON, T., KOHAVI, D. & GABET, Y. 2017. Scaling of 
titanium implants entrains inflammation-induced osteolysis. Sci Rep, 7, 39612.

EKE, P. I., DYE, B. A., WEI, L., SLADE, G. D., THORNTON-EVANS, G. O., 
BORGNAKKE, W. S., TAYLOR, G. W., PAGE, R. C., BECK, J. D. & GENCO, R. 
J. 2015. Update on Prevalence of Periodontitis in Adults in the United States: 
NHANES 2009 to 2012. J Periodontol, 86, 611-22.

ENGEBRETSON, S. P., LAMSTER, I. B., HERRERA-ABREU, M., CELENTI, 
R. S., TIMMS, J. M., CHAUDHARY, A. G., DI GIOVINE, F. S. & KORNMAN, 
K. S. 1999. The influence of interleukin gene polymorphism on expression of 
interleukin-1beta and tumor necrosis factor-alpha in periodontal tissue and 
gingival crevicular fluid. J Periodontol, 70, 567-73.

ESPOSITO, M., ARDEBILI, Y. & WORTHINGTON, H. V. 2014. Interventions for 
replacing missing teeth: different types of dental implants. Cochrane Database 
Syst Rev, CD003815.

ESPOSITO, M., GRUSOVIN MARIA, G. & WORTHINGTON HELEN, V. 2012a. 
Interventions for replacing missing teeth: treatment of peri-implantitis. Cochrane 
Database of Systematic Reviews [Online]. Available: https://www.ncbi.nlm.nih.
gov/pubmed/22258958.

ESPOSITO, M., MAGHAIREH, H., GRUSOVIN, M. G., ZIOUNAS, I. & 
WORTHINGTON, H. V. 2012b. Interventions for replacing missing teeth: 
management of soft tissues for dental implants. Cochrane Database Syst Rev, 
CD006697.

EVERHART, T. E. & THORNLEY, R. F. M. 1960. Wide-Band Detector for Micro-
Microampere Low-Energy Electron Currents. Journal of Scientific Instruments, 
37, 246-248.

FAUCHER, S. & LESPES, G. 2015. Quantification of titanium from TiO2 particles 
in biological tissue. J Trace Elem Med Biol, 32, 40-4.

FINK, S. L. & COOKSON, B. T. 2005. Apoptosis, pyroptosis, and necrosis: 
mechanistic description of dead and dying eukaryotic cells. Infect Immun, 73, 
1907-16.

FRANCHI, L., EIGENBROD, T., MUNOZ-PLANILLO, R. & NUNEZ, G. 2009. The 
inflammasome: a caspase-1-activation platform that regulates immune responses 
and disease pathogenesis. Nat Immunol, 10, 241-7.



 69

FRANCHI, M., BACCHELLI, B., MARTINI, D., PASQUALE, V. D., ORSINI, 
E., OTTANI, V., FINI, M., GIAVARESI, G., GIARDINO, R. & RUGGERI, A. 
2004. Early detachment of titanium particles from various different surfaces of 
endosseous dental implants. Biomaterials, 25, 2239-46.

FRETWURST, T., BUZANICH, G., NAHLES, S., WOELBER, J. P., RIESEMEIER, 
H. & NELSON, K. 2016. Metal elements in tissue with dental peri-implantitis: a 
pilot study. Clin Oral Implants Res, 27, 1178-86.

FURHAUSER, R., FLORESCU, D., BENESCH, T., HAAS, R., MAILATH, G. & 
WATZEK, G. 2005. Evaluation of soft tissue around single-tooth implant crowns: 
the pink esthetic score. Clin Oral Implants Res, 16, 639-44.

GAO, H., SHI, W. & FREUND, L. B. 2005. Mechanics of receptor-mediated 
endocytosis. Proc Natl Acad Sci U S A, 102, 9469-74.

GARGIULO, A. W., WENTZ, F. M. & ORBAN, B. 1961. Dimensions and Relations 
of the Dentogingival Junction in Humans. Journal of Periodontology, 32, 261-
267.

GARNER, L. A. 2004. Contact dermatitis to metals. Dermatol Ther, 17, 321-7.

GOLDSTEIN, J. I., NEWBURY, D. E., MICHAEL, J. R., RITCHIE, N. W. M., 
SCOTT, J. H. J. & JOY, D. C. 2018. Scanning Electron Microscopy and X-Ray 
Microanalysis, New York, NY, Springer New York.

GONCALVES, R. B., COLETTA, R. D., SILVERIO, K. G., BENEVIDES, L., 
CASATI, M. Z., DA SILVA, J. S. & NOCITI, F. H., JR. 2011. Impact of smoking 
on inflammation: overview of molecular mechanisms. Inflamm Res, 60, 409-24.

GORDON, T. & BOWSER, D. 2003. Beryllium: genotoxicity and carcinogenicity. 
Mutat Res, 533, 99-105.

GRIMAUDO, N. J. 2001. Biocompatibility of nickel and cobalt dental alloys. Gen 
Dent, 49, 498-503; quiz 504-5.

GUO, H., CALLAWAY, J. B. & TING, J. P. 2015. Inflammasomes: mechanism of 
action, role in disease, and therapeutics. Nat Med, 21, 677-87.

GURGEL, B. C. V., MONTENEGRO, S. C. L., DANTAS, P. M. C., PASCOAL, A. L. 
B., LIMA, K. C. & CALDERON, P. D. S. 2017. Frequency of peri-implant diseases 
and associated factors. Clin Oral Implants Res, 28, 1211-1217.



 70

HABUCHI, S. 2014. Super-resolution molecular and functional imaging of 
nanoscale architectures in life and materials science. Front Bioeng Biotechnol, 
2, 20.

HALAMODA KENZAOUI, B., CHAPUIS BERNASCONI, C., GUNEY-AYRA, S. 
& JUILLERAT-JEANNERET, L. 2012. Induction of oxidative stress, lysosome 
activation and autophagy by nanoparticles in human brain-derived endothelial 
cells. Biochem J, 441, 813-21.

HALLAB, N. J. & JACOBS, J. J. 2009. Biologic effects of implant debris. Bull 
NYU Hosp Jt Dis, 67, 182-8.

HAMMERLE, C. H., BRAGGER, U., BURGIN, W. & LANG, N. P. 1996. The effect 
of subcrestal placement of the polished surface of ITI implants on marginal soft 
and hard tissues. Clin Oral Implants Res, 7, 111-9.

HARADA, R., TAKEMOTO, S., KINOSHITA, H., YOSHINARI, M. & KAWADA, 
E. 2016. Influence of sulfide concentration on the corrosion behavior of titanium 
in a simulated oral environment. Mater Sci Eng C Mater Biol Appl, 62, 268-73.

HARRIS, W. H. 1995. The Problem Is Osteolysis. Clinical Orthopaedics and 
Related Research, 46-53.

HARRIS, W. H., SCHILLER, A. L., SCHOLLER, J. M., FREIBERG, R. A. & 
SCOTT, R. 1976. Extensive localized bone resorption in the femur following total 
hip replacement. J Bone Joint Surg Am, 58, 612-8.

HAUBEK, D., ENNIBI, O. K., POULSEN, K., VAETH, M., POULSEN, S. & 
KILIAN, M. 2008. Risk of aggressive periodontitis in adolescent carriers of 
the JP2 clone of Aggregatibacter (Actinobacillus) actinomycetemcomitans in 
Morocco: a prospective longitudinal cohort study. Lancet, 371, 237-42.

HEITZ-MAYFIELD, L. J. 2008. Diagnosis and management of peri-implant 
diseases. Aust Dent J, 53 Suppl 1, S43-8.

HEITZ-MAYFIELD, L. J. & LANG, N. P. 2010. Comparative biology of chronic 
and aggressive periodontitis vs. peri-implantitis. Periodontol 2000, 53, 167-81.

HIPPOKRATES & SMITH, W. D. 1994. Hippocrates. Vol. 7, Cambridge, Mass., 
Harvard Univ. Press.



 71

HOTCHKISS, K. M., REDDY, G. B., HYZY, S. L., SCHWARTZ, Z., BOYAN, B. D. 
& OLIVARES-NAVARRETE, R. 2016. Titanium surface characteristics, including 
topography and wettability, alter macrophage activation. Acta Biomater, 31, 425-
434.

HOUK, R. S., FASSEL, V. A., FLESCH, G. D., SVEC, H. J., GRAY, A. L. & 
TAYLOR, C. E. 1980. Inductively Coupled Argon Plasma as an Ion-Source for 
Mass-Spectrometric Determination of Trace-Elements. Analytical Chemistry, 
52, 2283-2289.

HUGOSON, A., SJODIN, B. & NORDERYD, O. 2008. Trends over 30 years, 1973-
2003, in the prevalence and severity of periodontal disease. J Clin Periodontol, 
35, 405-14.

HUNTER, M. A. 1910. Metallic Titanium. Journal of the American Chemical 
Society, 32, 330-336.

JACOBS, J. J., ROEBUCK, K. A., ARCHIBECK, M., HALLAB, N. J. & GLANT, T. 
T. 2001. Osteolysis: basic science. Clin Orthop Relat Res, 71-7.

JEMT, T. 2017a. A retro-prospective effectiveness study on 3448 implant 
operations at one referral clinic: A multifactorial analysis. Part I: Clinical factors 
associated to early implant failures. Clin Implant Dent Relat Res, 19, 980-988.

JEMT, T. 2017b. A retro-prospective effectiveness study on 3448 implant 
operations at one referral clinic: A multifactorial analysis. Part II: Clinical factors 
associated to peri-implantitis surgery and late implant failures. Clin Implant 
Dent Relat Res, 19, 972-979.

JEMT, T., SUNDEN PIKNER, S. & GRONDAHL, K. 2015. Changes of Marginal 
Bone Level in Patients with “Progressive Bone Loss” at Branemark System(R) 
Implants: A Radiographic Follow-Up Study over an Average of 9 Years. Clin 
Implant Dent Relat Res, 17, 619-28.

JOHANSSON, P., JIMBO, R., NAITO, Y., KJELLIN, P., CURRIE, F. & 
WENNERBERG, A. 2016. Polyether ether ketone implants achieve increased 
bone fusion when coated with nano-sized hydroxyapatite: a histomorphometric 
study in rabbit bone. Int J Nanomedicine, 11, 1435-42.



 72

JONG, W. H. D., KRYSTEK, P., NIA, Y., MILLOUR, S., NOËL, L., GUÉRIN, T., 
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