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SUMMARY 
 
 
Titanium dental implants represent a valid treatment option for replacing missing 

teeth. However, plaque-induced peri-implantitis constitutes a common complication, 
that could lead to implant failure. Non-surgical therapies have been demonstrated to 

elicit limited effects and a surgical access is frequently required for its treatment. A 
crucial step is represented by the implant surface decontamination. Various protocols 

have been proposed, including mechanical debridement and the use of antiseptics. 
However, there is no consensus on which is the best approach and each method 
presents potential shortcomings.  

Rotary burs could affect the integrity of dental implants when used for implantoplasty 
during the surgical treatment of peri-implantitis. Therefore, in this cumulative Habili-

tation thesis, sonic diamond tips were tested and found to be more conservative in 
terms of structure loss. 

Furthermore, chlorhexidine (CHX) has been widely used in the prevention, treatment 
and maintenance phase of peri-implant diseases. However, its usage has been asso-

ciated with several side effects. To overcome these drawbacks, low-concentration 
CHX mouthwashes have been introduced. CHX at low concentration in combination 

with cetylpyridinium chloride as adjunctive proved antimicrobial activity in vitro and 

exhibited reduced cytotoxic effect on both fibroblasts and osteoblast-like cells com-
pared to CHX at higher concentration. 

Zirconia implants are emerging as promising alternatives to conventional titanium im-
plants. A two-year prospective study was previously conducted by our group. Con-
sidering the lack of long-term data, a retrospective 9-year follow-up study was per-

formed and data included in the present Habilitation thesis. An overall stability of the 
results between 2 and 9 years of follow-up was observed, with only one implant failure 

in this time lapse and no additional case of peri-implantitis, despite numerous me-
chanical and technical complications. 
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ZUSAMMENFASSUNG 
 
 
Titan-Implantate stellen eine valide Behandlungsoption für den Ersatz fehlender 

Zähne dar. Plaque-induzierte Periimplantitis ist jedoch eine häufige Komplikation, die 
zum Verlust des Implantats führen kann. Nicht-chirurgische Therapien haben nach-

weislich nur eine begrenzte Wirkung, und zur Behandlung ist häufig ein chirurgischer 
Zugang erforderlich. Ein entscheidender Schritt ist die Dekontamination der Implan-

tatoberfläche. Es wurden verschiedene Protokolle vorgeschlagen, darunter mechani-
sche Reinigung und die Verwendung von Antiseptika. Es besteht jedoch kein Konsens 
darüber, welche Methode die beste ist, und jede Methode weist potenzielle Mängel 

auf. 
Rotierende Bohrer könnten die Unversehrtheit von Implantaten beeinträchtigen, wenn 

sie bei der chirurgischen Behandlung von Periimplantitis für Implantatplastik verwen-
det werden. Daher wurden in dieser kumulativen Habilitationsarbeit Schalldiamant-

spitzen getestet, die sich in Bezug auf den Strukturverlust als konservativer erwiesen. 
Darüber hinaus wurde Chlorhexidin (CHX) in der Vorbeugung, Behandlung und Erhal-

tungsphase von periimplantären Erkrankungen häufig eingesetzt. Die Verwendung 
von CHX wurde jedoch mit verschiedenen Nebenwirkungen in Verbindung gebracht. 

Um diese Nachteile zu überwinden, wurden niedrig konzentrierte CHX-Mundspülun-
gen eingeführt. CHX in niedriger Konzentration in Kombination mit Cetylpyridinium-

chlorid als Zusatzstoff erwies sich in vitro als antimikrobiell wirksam und zeigte im 

Vergleich zu CHX in höherer Konzentration eine geringere zytotoxische Wirkung so-
wohl auf Fibroblasten als auch auf osteoblastenartige Zellen. 
Zirkoniumdioxid-Implantate entwickeln sich zu einer vielversprechenden Alternative 

zu herkömmlichen Titan-Implantaten. Eine zweijährige prospektive Studie wurde zu-
vor von unserer Gruppe durchgeführt. In Anbetracht des Mangels an Langzeitdaten 

wurde eine retrospektive 9-Jahres-Follow-up-Studie durchgeführt, deren Daten in die 
vorliegende Habilitationsschrift einfließen. Es wurde eine allgemeine Stabilität der Er-

gebnisse zwischen zwei und neun Jahren Nachuntersuchung beobachtet, mit nur ei-
nem Implantatverlust in diesem Zeitraum und keinem weiteren Fall von Periimplantitis, 

trotz zahlreicher mechanischer und technischer Komplikationen.  
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INTRODUCTION 
 
 
Titanium dental implants represent a valid treatment choice for replacing missing 

teeth. The aging of the population and of the related dental disorders, such as eden-
tulism, as well as the growing request for predictable and aesthetic solutions are 

deemed to be responsible for the expansion of the global dental implant market. In 
particular, in 2021 the European dental implant market was worth USD 1.4 billion and 
its size is estimated to reach USD 2.5 billion by 2028, exhibiting a compound annual 

growth rate (CAGR) of 8.4% (BlueWeave Consulting 2022). 
Several strategies have been developed over the years to improve dental implant os-

seointegration. Both subtractive (e.g. sand blasting, acid etching) and additive meth-
ods (e.g. anodization, plasma-spraying) have been applied to modify implant surface, 

aiming at increasing the roughness, improving the corrosion resistance, altering the 
surface energy and/or the surface chemical composition (Matos 2021). 

Daily oral care at home and professional supportive care are fundamental contributors 
to oral health, as well as they play a crucial role in the long-term success of dental 

implant treatments. Indeed, there is evidence that poor plaque control and absence 
of regular maintenance therapy are associated with higher peri-implantitis suscepti-

bility (Berglundh, Armitage et al. 2018). 
Plaque-induced peri-implantitis constitutes one of the most common complications 

in implant dentistry (Derks and Tomasi 2015). It is characterized by a progressive peri-
implant bone loss and could lead to implant failure. Despite positive clinical results 

have been obtained with moderately rough implant surfaces in terms of osseointegra-
tion, these may facilitate the accumulation of plaque when exposed to the oral cavity, 

thus affecting the progression of peri-implantitis. 
In case of peri-implantitis, a surgical approach is frequently needed and can be ac-
companied by the modification of the morphology of the exposed part of the implant 

by means of implantoplasty, in order to favour the resolution of the inflammation and 
to reduce the risk of recurrence (Khoury, Keeve et al. 2019). 

Chemical products have also been proposed for the prevention, treatment and 
maintenance of peri-implant diseases. Among these, CHX-based products are com-

monly used, despite numerous related side effects have been reported (James, 
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Worthington et al. 2017). To overcome these drawbacks, new formulations character-

ized by low-concentration of CHX, alone or with other adjunctive agents, have been 
introduced. However, data on the antimicrobial efficacy and safety of these products 

are lacking. Indeed, since the antimicrobial activity is usually associated with the dis-
rupt cell membranes, toxicity for different oral cells could also be a concern.  

Zirconia dental implants are emerging as promising alternatives to conventional tita-
nium implants, which have been dominating the market in the last decades. It has 

been postulated that zirconia implants might perform better, owing to reduced plaque 
accumulation and subsequent reduced risk of peri-implantitis. However, long-term 
data are lacking and it is not possible at the moment to conclusively draw conclusions 

regarding this complex phenomenon (Thiem, Stephan et al. 2022).  
 

Aims of this cumulative Habilitation thesis were: 
- to assess in vitro a new method for performing implantoplasty on titanium im-

plants (i.e. diamond sonic tips followed by finishing Arkansas burs) and to com-

pare it to conventional implantoplasty using a sequence of tungsten carbide 
egg-shaped burs and Arkansas burs, in terms of treatment time, weight loss, 

surface roughness, implant wear, and fracture resistance; 
- to test in vitro the antibacterial activity of different commercially available 

mouthwashes containing CHX at different concentrations, alone or in combi-
nation with CPC, against in situ collected biofilm grown on different substrates, 

i.e. hydroxyapatite and micro-rough titanium disks, representative of teeth and 

implants surfaces, respectively; 
- to investigate in vitro the impact of various commercially available mouth-

washes containing CHX at different concentrations, alone or in combination 

with cetylpyridinium chloride (CPC), on osteoblast-like cells and fibroblasts in 
terms of cell viability, cytotoxicity and apoptosis; 

- to retrospectively evaluate the clinical outcomes after 9 years of follow-up of 
two-piece zirconia implants inserted in the posterior jaws and restored with 
full-ceramic single crowns. 
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STATE OF THE ART 
 
 
 
Titanium dental implants  
 
 
Titanium dental implants and peri-implant diseases 

Modern implant dentistry started in the 1960s thanks to the contribution of Professor 

P.I. Brånemark from the University of Gothenburg, who firstly discovered in rabbit 
studies that titanium was structurally integrated into living bone. This phenomenon 

characterized by the direct bone-to-implant contact was called osseointegration, and 
was demonstrated for the first time in nondecalcified histologic sections by the other 

pioneer of implant dentistry, Professor A. Schroeder from the University of Bern 
(Buser, Sennerby et al. 2017). 

Since their introduction in the 1960s and 1970s, dental implants and their insertion 
protocols have undergone a progressive evolution and have completely revolution-

ised the rehabilitation of fully and partially edentulous patients. They are now consid-
ered a highly predictable option for replacing missing teeth, with numerous clinical 

studies reporting a 10-year survival rate above 90% (Moraschini, Poubel et al. 2015, 
Buser, Sennerby et al. 2017, Howe, Keys et al. 2019). 

However, implant-supported restorations are not free from complications. Consider-
ing the increasing in the demand for dental implants, the complication rate may raise 

in the future. Two main types of complications can be distinguished: biological and 
mechanical/technical complications. The first are associated with inflammatory/infec-
tious lesions affecting peri-implant tissues, while mechanical/technical complications 

include implant fracture, screw or abutment fracture, occlusal screw loosening, chip-
ping or fracture of the restoration, as well as loss of retention of the prosthesis 

(Pjetursson, Asgeirsson et al. 2014, Berglundh, Armitage et al. 2018, Heitz-Mayfield 
and Salvi 2018). Aesthetic outcomes and complications have also been taken into 

account in several studies (Pjetursson, Asgeirsson et al. 2014). 
Major attention is here dedicated to biological complications, in particular peri-implant 

mucositis and peri-implantitis. Peri-implant mucositis is described as a plaque-asso-
ciated reversible inflammatory lesion confined to the peri-implant soft tissues in the 
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absence of loss of supporting bone or continuing marginal bone loss (Heitz-Mayfield 

and Salvi 2018). Peri-implantitis, instead, is defined as a pathological condition oc-
curring in peri-implant tissues, characterised by inflammation of the peri-implant mu-

cosa and progressive loss of the supporting bone, that could lead to the failure of the 
implant (Schwarz, Derks et al. 2018) (Figure 1).  

 

   
Figure 1: Representative case of peri-implantitis diagnosed 12 years after implant placement, as 
confirmed by increased probing depth (7 mm), suppuration (left) and radiological evidence of bone 
loss (right). (Own illustrations) 
 
As regards the prevalence of peri-implant diseases, there is a great variability among 

the studies, owing to the wide variety of disease definitions and different study pop-
ulation selection (Salvi, Cosgarea et al. 2017). Meta-analysis estimated weighted 

mean prevalence of peri-implant mucositis of 29.48% (95% Confidence Interval, CI: 
22.65–36.32]) and 46.83% (CI: 38.30–55.36) at implant and patient level, respectively. 

Lower values were reported for peri-implantitis, with weighted mean prevalence of 
9.25% (CI: 7.57–10.93) at implant level and 19.83% (CI: 15.38–24.27) at patient level 

(Lee, Huang et al. 2017). 
Bone loss represents the principal parameter to differentiate peri-implant mucositis 

from peri-implantitis, whose diagnosis requires not only a clinical examination but also 
a radiologic investigation. Ideally, in order to make a correct diagnosis of peri-implan-

titis, it is recommended to take baseline radiographs and probing values at the end of 
the prosthetic rehabilitation. Furthermore, x-rays should also be taken after a certain 

time from the prosthetic loading in order to have bone level reference following the 
physiological bone remodelling process (Berglundh, Armitage et al. 2018).  
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It is assumed that peri-implant mucositis precedes peri-implantitis, hence its early 

detection and treatment are fundamental to prevent the development of peri-implan-
titis. However, the clinical and histopathological conditions underlying the evolution 

from one pathology to the other are not yet fully understood (Berglundh, Armitage et 
al. 2018). 

Plaque accumulation is considered the main etiological factor responsible for both 
periodontal and peri-implant diseases. Despite they share some similarities in terms 

of etiology and corono-apical development, these pathologies exhibited different pro-
gression patterns (Kotsakis and Olmedo 2021). Indeed, data suggests a faster pro-
gression of peri-implantitis than that observed in periodontitis, with a great individual 

variability in the progression rate (Berglundh, Armitage et al. 2018).  
As bacterial colonisation of the peri-implant sulcus is necessary to trigger the pathol-

ogy, it is considered the primary target their therapy. The pathogenic role of individual 
bacterial species is unclear, but it is likely that, as in the case of periodontitis, the mere 

presence of pathogenic species is not sufficient for the onset of the disease. Other 
elements are deemed to play a role, such as the presence of risk factors and the host 

predisposition. History of severe periodontitis, inadequate plaque control, and no reg-
ular maintenance are considered risk indicators for peri‐implantitis, while data on 

smoking habits and diabetes mellitus are inconclusive (Berglundh, Armitage et al. 
2018). The lack of keratinised mucosa around implants may also compromise the 

long-term stability of peri-implant tissues. Although the role of keratinized mucosa as 
risk indicator for peri‐implantitis remains to be determined, its presence seems to be 

advantageous in terms of patient comfort during at-home oral hygiene manoeuvres 
and ease of plaque removal (Berglundh, Armitage et al. 2018). Submucosal cement 

remnants and implant placement in a position that impedes correct oral hygiene pro-
cedures and maintenance may also represent potential risk factors for peri‐implantitis 

(Schwarz, Derks et al. 2018). As regards occlusal overload, its impact on peri-implant 
bone loss is still controversial (Di Fiore, Montagner et al. 2022). Finally, recent studies 
have investigated the potential influence of metal particle release on peri-implant bone 

loss, since these particles are suspected to induce and maintain tissue inflammation. 
To what extent the release of metal particles and ions in the surrounding tissues can 

trigger peri-implant inflammation is a current issue of debate (Kotsakis and Olmedo 
2021).  
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Treatment of peri-implantitis 

The aim of the treatment of peri-implantitis is to arrest the progressive peri-implant 

bone loss by controlling the bacterial infection responsible for tissue destruction. An 
effective treatment should lead to the decrease or resolution of the bleeding on prob-

ing (BOP) at the affected sites, as well as to a reduction of the pocket depth (Sanz 
and Chapple 2012).  

Both non-surgical and surgical methods have been proposed, mostly derived or mod-
ified from procedures already validated in periodontology (Renvert and Polyzois 

2015). Non-surgical approaches represent the first choice for the treatment of peri-
implantitis; however, a surgical treatment becomes frequently indicated in case of 

recurrence of bleeding and suppuration (Khoury, Keeve et al. 2019). 
Non-surgical approaches aim to eliminate the bacterial biofilm in a minimally invasive 

way, without the elevation of a flap, and to intervene on the risk factors, such as im-
proving the patient adherence to oral hygiene regimens or correcting the design of 

the prostheses to enable optimal cleaning (Renvert, Hirooka et al. 2019). Despite it 
represents an indispensable preliminary phase and may enable the complete resolu-
tion even of advance lesions, such as after the successful removal of gross residues 

of cements (Wilson, Valderrama et al. 2015, Dalago, Schuldt Filho et al. 2017), in the 
majority of the cases a subsequent surgical therapy is required.  

In the most recent version of the German guidelines for the treatment of peri-implant 
infections at dental implants (AWMF 2022), the success and the clinical stability of the 

results (> 6 months) after non-surgical therapy were classified as prognostically unfa-
vourable, especially in case of initial probing depth (PD) values above 7 mm (Schwarz, 

Sculean et al. 2005, Schwarz, Bieling et al. 2006, Sahm, Becker et al. 2011, John, 
Sahm et al. 2015). Therefore, a re-evaluation of the treatment success after non-sur-

gical therapy of peri-implantitis was recommended after 6 months at the latest (AWMF 
2022).  

Independently of the selected surgical approach, due to the biofilm-associated etiol-
ogy of peri-implantitis, the success of the therapy largely relies in the effective removal 

of the biofilm from the implant surface (Baima, Citterio et al. 2022). Surface decon-
tamination and conditioning are critical steps to render the implant surface compatible 
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with tissue healing and possible re-osseointegration. As stated in the report devel-

oped by the working group 4 during the World Dental Federation (FDI) consensus 
meeting in 2019 (Khoury, Keeve et al. 2019), no decontamination protocol resulted to 

be superior over the others based on the existing evidence, that also failed to show 
the impact of a particular protocol on surgical therapy. Even though there is no stand-

ardized protocol for peri-implantitis treatment, a broad range of surface decontami-
nation methods have been proposed, and can be classified into mechanical, chemical 

or physical methods (Rakašević and Gabrić 2021). These methods can be used alone 
or in combination among each other. 
The mechanical removal of the granulation tissue, for instance with titanium curettes, 

as well as the mechanical decontamination of the implant surface are frequently de-
scribed. Decontamination can be performed mechanically with plastic, carbon or ti-

tanium curettes, ultrasonic or sonic scalers, titanium brushes, as well as air-powder 
abrasive systems (Louropoulou, Slot et al. 2014). Ideally these mechanical methods 

should be able to effectively remove the biofilm, without altering the characteristics of 
the implant surface, except when explicitly required, such as in case of implantoplasty 

(Rakašević and Gabrić 2021).  
Surface decontamination can also be performed with chemical methods (Schwarz, 

Schmucker et al. 2015, Rakašević and Gabrić 2021). Several products have been 
tested, including ethylenediaminetetraacetic acid (EDTA) gel, citric acid, local antisep-

tics (e.g. chlorhexidine, hydrogen peroxide, triclosan, taurolidine), and local antibiotics 
(e.g. metronidazole, minocycline, doxycycline). Alternatively, physical methods such 

as diode or Er:YAG (erbium-doped: yttrium, aluminium and garnet) laser or photody-
namic therapy have also been proposed, which, however, were not found to lead to 

clinically superior results (Meyle 2012).  
The decontamination of the surface is a crucial step in all the surgical strategies, 

whose common goal is the elimination of peri-implant pocketing and BOP. The surgi-
cal approaches can be grouped in three main categories, i.e. access flap, resective 
approaches (with or without osseous recontouring), or reconstructive procedures 

(Schwarz, Alcoforado et al. 2021, Karlsson, Trullenque-Eriksson et al. 2022). The se-
lection of the approach is based on the extent and morphology (i.e., supracrestal 

and/or intrabony defects) of the defect, as well as on the location of the affected im-
plant (Schwarz, Alcoforado et al. 2021). 
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Access flap consists in the elevation of a flap allowing the decontamination of the 

implant surfaces, which is then repositioned at the pre-surgical level. This approach 
should be limited to those cases in which the infra-osseous component of the defect 

is minimal and soft tissue quality is adequate. Contrary to access flaps, when re-
sective strategies are applied, the flap is apically repositioned at the end of the surgery 

and sharp edges of the underlying bone can be eliminated to favour flap adaptation 
(Karlsson, Trullenque-Eriksson et al. 2022). Resective surgery is usually preferable in 

case of supercrestal defects. The presence of the prosthetic suprastructure may neg-
atively affect the quality of both access flap and resective surgery and, if possible, it 
is recommended to remove it during the surgery (Khoury, Keeve et al. 2019) (Figure 

2).  

   
Figure 2: Resective surgical treatment of peri-implantitis (left), characterized by bone recontouring 
and implantoplasty performed with diamond bur and subsequent Arkansas polishing bur (right). 
The suprastructure was removed to allow a better access to the implant surface. (Own illustrations) 
 

Regenerative procedures could be indicated to correct peri-implantitis-associated an-
gular bony defects. Reconstructive approaches could require the use of different bi-

omaterials, such as bone substitute materials, barrier membranes, bioactive agents 
or their combination (Karlsson, Trullenque-Eriksson et al. 2022).  

Access flaps and resective approaches were demonstrated to be responsible of a 
more pronounced mucosal recession as compared with reconstructive procedures 

(Schwarz, Alcoforado et al. 2021), which might limit their application in aesthetic ar-
eas.  
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The modification of the macro- and micro-roughness of implant surfaces by means 

of implantoplasty has been proposed in combination with both non-regenerative and 
regenerative treatments (Ramanauskaite, Daugela et al. 2016, Schwarz, Alcoforado et 

al. 2021). It consists in the elimination of the exposed implant threads and in smooth-
ing and polishing the resulting surface. It aims to effectively eliminate the biofilm at-

tached to the exposed implant surface and to hamper bacterial re-colonisation of the 
surface itself, thus reducing the risk of recurrence (Toma, Behets et al. 2018). 

When used in combination with resective surgical therapy, it exhibited significant im-
provement in clinical and radiographic parameters compared to resective therapy 
alone without implantplasty (Romeo, Ghisolfi et al. 2005, Romeo, Lops et al. 2007). 

Furthermore, it was demonstrated to be effective also in combination with bone re-
generation (Matarasso, Iorio Siciliano et al. 2014), with good clinical outcomes even 

at a 7-year follow-up (Schwarz, John et al. 2017). 
Surgical treatment of peri-implantitis might require the augmentation of non-mobile 

keratinised mucosa, to facilitate adequate oral hygiene maneuvers, improve aesthet-
ics and/or promote the health and stability of peri-implant soft tissues (Khoury, Keeve 

et al. 2019). To this aim, various techniques have described, including the combination 
of coronally advanced flap and connective tissue graft (Figure 3).  

 

 
Figure 3: Surgical treatment of peri-implantitis treated with implantoplasty, coronally advanced flap 
and connective tissue graft: a) preoperative intraoral radiographic image; b) preoperative clinical 
image; c) flap elevation; d) implantoplasty and harvested connective tissue graft (bottom right im-
age); e) coronally advanced flap; f) clinical image at 9-month follow-up, showing increased kerat-
inized soft tissue width, reduced mucosal recession and PD equal to 3 mm. (Kind courtesy Prof. 
J. Becker) 
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Finally, it is worth noting that, to achieve the long-term stability of the results after the 
treatment of peri-implantitis, the inclusion of the patients in professional hygiene and 

control maintenance recall programs is fundamental (Roccuzzo, Layton et al. 2018, 
Khoury, Keeve et al. 2019). However, the compliance with supportive periodon-

tal/peri-implant therapy is generally unsatisfactory (Amerio, Mainas et al. 2020).   
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Ceramic dental implants 
 
 

Main features and development 

Ceramic implants are becoming an increasingly popular alternative to commonly used 

moderately-rough titanium dental implants. Their market size was estimated at USD 
3,861.34 million in 2022 and it is expected to attain substantial growth in the next few 

years, reaching USD 14,197.20 million by 2030 with a CAGR of 17.67% (Reportlinker 
2023). This trend can be explained by the increasing requests from the patients for 

metal-free solutions, and by the appealing aesthetics due to their tooth like-colour 
(Cionca, Hashim et al. 2017, Roehling, Schlegel et al. 2018, Sanz, Noguerol et al. 

2019, Kohal and Dennison 2020). 
Beside favourable optical properties, zirconia seems to be less prone to bacterial bio-

film formation compared with titanium (Roehling, Schlegel et al. 2018). In addition, a 
stronger mucosal sealing has been observed in presence of zirconia implants (Liñares, 

Grize et al. 2016, Lee, Ryu et al. 2019). These properties could be particularly benefi-
cial at the trasmucosal portion of the implants, where resistance to bacteria adhesion 
and colonization could minimize the risk of the onset and progression of peri-implant 

pathologies. The risk to exacerbate peri-implant inflammation due to the release of 
titanium wear particles is also avoided with zirconia implants. However, the latter con-

tain other metals, especially zirconium and aluminium, whose release has to be further 
investigated (Kotsakis and Olmedo 2021). 

The first ceramic implants were made of aluminium oxide (Al2O3), also known as alu-
mina. Despite they demonstrated good osseointegration, their use was rapidly aban-

doned due to their poor mechanical properties and related load-induced implant frac-
tures (Roehling, Schlegel et al. 2018).  

These first experiences with ceramic implants were not encouraging and led the man-
ufacturers to withdraw them from the market. However, in the 1990s the introduction 

of a new ceramic material, i.e. zirconium dioxide (ZrO2), opened new possibilities in 
implant dentistry. Zirconium dioxide, commonly referred to as zirconia, exhibited 

higher biomechanical properties as compared to other ceramic materials, allowing it 
to resist to oral occlusal forces (Roehling, Schlegel et al. 2018).  
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Nowadays, zirconia represents the material of choice for the production of ceramic 

implants. Although also other zirconia ceramic compositions have been tested in pre-
clinical studies, the materials that have been used in clinical studies are generally yt-

tria-stabilized tetragonal zirconia polycrystal (Y-TZP) and alumina-toughened zirconia 
(ATZ), which present advanced mechanical properties (Kohal and Dennison 2020).  

The rapid evolution in the materials and in the production processes has led one side 
to the drastic improvement of zirconia implants, on the other side these continuous 

renewals have a negative impact on the clinical relevance of the investigations (Thiem, 
Stephan et al. 2022). Indeed, the outcomes reported in the literature are largely based 
on zirconia implants not available on the market (Pieralli, Kohal et al. 2017, Roehling, 

Schlegel et al. 2018).  
Interestingly, what emerges from a systematic review on 1,128 zirconia implants and 

741 patients is a higher implant survival rate in case of commercially available (CA) 
implants. As compared to CA implants, the non-commercially available (NCA) ones 

presented a higher percentage of both early (5.8% vs 1.6%) and late (2.6% vs 0.6%) 
failures (Roehling, Schlegel et al. 2018). Considering the similar surface roughness 

between the two groups, the better performances of CA implants cannot be justified 
by quantitative surface roughness. This finding could rather be explained by the higher 

implant fracture rate registered for NCA implants compared with CA ones (3.4% vs 
0.2%). 

Despite a single roughness parameter is not sufficient to adequately characterize the 
complex surface micro-topography, experimental studies have reported comparable 

osseointegration properties between micro-rough sandblasted and acid-etched zir-
conia and titanium implants, with mean areal roughness (Sa) of 0.6-0.7 μm and 1.3 

μm, respectively (Roehling, Schlegel et al. 2018). 
It has to be noted that the first generations of zirconia implants were limited to a one-

piece design, mainly due to major concerns related to the mechanical resistance of 
the material. However, the reduced prosthetic flexibility, the risk for unwanted imme-
diate loading and their limited applicability in some clinical situations, such as in case 

of simultaneous bone regeneration, have pushed the development of two-piece zir-
conia implants (Becker, John et al. 2017, Pieralli, Kohal et al. 2017, Roehling, Schlegel 

et al. 2018) (Figure 4). The introduction of two-piece implants is more recent and, as 
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a consequence, there is still a lack of information on their long-term clinical outcomes 

(Thiem, Stephan et al. 2022). 
 

 
Figure 4: Intraoral radiographs of a one-stage two-piece zirconia implant: a) transmucosal healing; 
b) 6-month after full-ceramic crown fitting; c) 9-year follow-up.  (unpublished images of a patient 
of the zirconia implant clinical trial, Original work 5, kind courtesy Prof. J. Becker) 
 
 
When considering CA zirconia implants, a 1-year survival rate of 98.3% (CI: 97.0–99.6) 

was estimated. Further, meta-regression analysis estimated higher survival rates for 
Y-TZP vs ATZ and for one-piece vs two-piece zirconia implants, despite these differ-

ences were not significant (p > 0.05) (Roehling, Schlegel et al. 2018). 
 

 

Ceramic implants and peri-implant diseases 

Peri-implant infections have been reported not only on titanium implants, but also on 

zirconia implants (AWMF 2022, Thiem, Stephan et al. 2022) (Figure 5).  
 

 
Figure 5: Case of mucositis at a two-piece zirconia implant after 9 years of follow-up: a) intraoral 
radiograph at 1-year follow-up; b) intraoral radiograph at 9-year follow-up where no bone loss 
could be detected; c) intraoral clinical image at 9-year follow-up, documenting the presence of 
BOP in absence of increased PD. (unpublished images of a patient of the zirconia implant clinical 
trial, Original work 5, kind courtesy Prof. J. Becker) 
 

According to the recently published German S3 guideline on the use of dental ceramic 
implants (Thiem, Stephan et al. 2022), there is still limited clinical evidence showing a 
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reduced plaque accumulation and a related reduced risk of peri-implantitis with ce-

ramic implants compared with titanium ones. A recent prospective cohort study com-
prising 16 patients with 32 implants (16 zirconia and 16 titanium) aimed at investigat-

ing host-derived parameters around the two implant types and natural teeth during 
the occurrence of experimental mucositis and subsequent recovery (Clever, Schlegel 

et al. 2019). The cessation of daily oral hygiene measures induced a stronger inflam-
matory response at the soft tissues around titanium as confirmed by interleukin-1β 

levels (Clever, Schlegel et al. 2019). Further, in the same cohort of patients, a signifi-
cantly lower counts of Prevotella intermedia and Tannerella forsythia were found 

around teeth and zirconia implants compared with titanium implants (Clever, Schlegel 
et al. 2019). 

These results were corroborated by a recent randomized clinical trial (RCT) in 42 pa-
tients with two neighbouring missing teeth replaced by one zirconia and one titanium 

implant (Bienz, Hilbe et al. 2021). Under experimental mucositis conditions, lower 
plaque and bleeding scores were found around zirconia implants. BOP significantly 

increased around titanium implants after three weeks of experimental mucositis in-
duction, while values remained constant in the zirconia group. 

As regards the therapy of peri-implant diseases, protocols derived from the treatment 
of titanium implants are commonly used. However, there is still scarcity of data on the 

success of these procedures when applied to zirconia implants.  
One of the prerequisites of a successful treatment of peri-implantitis is the effective 

decontamination of the expose implant surface, without causing a concomitant detri-
mental effect of its integrity and biocompatibility. A recent systematic review investi-
gated the impact of physical decontamination methods on zirconia implant surfaces 

(Tan, Khan et al. 2021). Results based on 11 included in vitro studies suggested the 

safety of air-abrasive devices with glycine powder, prophylaxis cups, and ultrasonic 
scalers with non-metal tips: By contrast, hand instruments and ultrasonic scalers with 

metal inserts might lead to zirconia surface damage. Diode lasers might also be suit-
able for surface decontamination. 

For the treatment of peri-implant mucositis on zirconia implants, preliminary clinical 
results suggest the effectiveness of mechanical debridement using carbon curettes 

followed by local antiseptic therapy with CHX digluconate (Schwarz, John et al. 2015). 
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Preliminary clinical results suggest that the use of an Er:YAG laser may also be effec-

tive in the reduction of BOP in case of peri-implantitis on zirconia implants (Schwarz, 
John et al. 2015).  

Future clinical studies are needed to investigate the effectiveness of different treat-
ments for peri-implant mucositis and peri-implantitis affecting zirconia implants. Fur-

thermore, specific treatments explicitly addressed to zirconia implants might also be 
developed.    
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PERSONAL WORKS 
 
 
 
Original work 1: Implantoplasty: carbide burs vs diamond sonic tips. 

An in vitro study 
 
 
Background 

Implantoplasty is a common procedure performed during the surgical treatment of 

peri-implantitis consisting in smoothing the exposed contaminated implant surface, 
with the final goal of limiting the progression of peri-implantitis and the risk of recur-

rence. Among several tools, the most frequently reported are diamond or carbide burs 
followed by Arkansas stone or silicone polishers (Ramel, Lüssi et al. 2016, Costa-

Berenguer, García-García et al. 2018, Stavropoulos, Bertl et al. 2019). 
Despite its successful application, implantoplasty is not devoid of biological and me-

chanical complications (Stavropoulos, Bertl et al. 2019). Concerns include the risk of 
overheating, the dispersion of titanium particles that might sustain peri-implant in-

flammation and implant strength decline owing to the reduction of the implant diam-
eter and structure (de Souza Júnior, Oliveira de Souza et al. 2016, Gehrke, Aramburú 

Júnior et al. 2016, Bressan, Ferroni et al. 2019).  
For the successful treatment of peri-implantitis, it is crucial to obtain a smooth and 

less plaque-retentive implant surface. Implantoplasty should favour the reduction of 
implant surface roughness without compromising its biocompatibility. Low arithmeti-

cal mean roughness (Ra) values of 0.32 μm and 0.39 μm have been reached after 
implantoplasty with diamond burs followed by polishing or Arkansas burs, respec-
tively (Ramel, Lüssi et al. 2016). Treatment with diamond burs followed by Arkansas 

was also demonstrated not to affect implant biocompatibility (Schwarz, John et al. 
2017). However, the use of burs has been correlated to a decrease in the mechanical 

properties of the implants (Chan, Oh et al. 2013, Gehrke, Aramburú Júnior et al. 2016).  
As an alternative, the use of ultrasonic instruments with diamond-coated inserts has 

been described for implantoplasty with promising in vitro results (Raoofi, 

Sabzeghabaie et al. 2013). However, to the best of the authors’ knowledge, the use 
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of sonic devices has not been previously investigated to this purpose. It was hypno-

tised that sonic device in combination with diamond-coated tips could represent a 
more conservative approach than rotational burs for implantoplasty, leading to com-

parable final surface roughness. 
Therefore, the aim of this in vitro study was to compare implantoplasty performed with 

two different methods (i.e. with diamond sonic tips versus tungsten carbide egg-
shaped burs, both followed by finishing Arkansas burs) in terms of treatment time, 

weight loss, surface roughness, implant wear, measured by means of micro-com-
puted tomography (micro-CT), and fracture resistance.  

 

Methods 

A total of 18 titanium dental implants (4 mm diameter, 13 mm length) with external 
hexagonal connection and hybrid surface (Machined and Osseotite®, Zimmer Biomet, 
Palm Beach Gardens, FL, USA) were utilized. As shown in Figure 6, the most 6-mm 

coronal portion of the implants was subjected to implantoplasty either with a se-
quence of two tungsten carbide egg-shaped burs (BUR; n=6 implants) or with a se-

quence of two torpedo-shaped diamond sonic tip (SONIC; 6 implants), followed by 
finishing with Arkansas burs (BUR + A and SONIC + A, respectively). All the implants 

were treated by as single operator. To resemble the clinical conditions, implantoplasty 
was carried out till the implant surface appeared uniformly smooth and shiny. The 

remaining 6 implants were left untreated (CONTROL). The duration of the procedure 
was recorded. 
 

   
Figure 6: Implantoplasty performed with two different methods: a) tungsten carbide bur (left); b) 
diamond sonic tips (right). (own illustrations) 
  
The flowchart summarizing the research design of the study is presented in Figure 7.  
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Figure 7: Flowchart of the research design employed in the study. (own illustration) 
 

Briefly, the following experimental data was to collected: 
1. Implant weight variation 

For weight measures, a precision balance with a sensitivity of 0.001 g was used. 
 
2. Surface topography analysis 

High-resolution surface topography was conducted by means of a stylus profilometer. 
Implant surface texture was characterized using 2D profile roughness parameters, i.e. 

Ra (average roughness) and Rz (mean roughness depth). For representative 3D graph-
ical images, 3D scanning of the surfaces was also performed. 

 
3. SEM-EDS analysis 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 
were applied for surface morphology and elemental characterization, respectively. 

 
4. Micro-CT analysis 

Micro-computed tomography (micro-CT) was used to evaluate volumetric material 
loss. In the 6-mm coronal portion of each implant 46 cross-sections parallel to the 

implant platform plane (plane 0) were obtained. Minimum cross-sectional area, posi-
tion of the minimum cross-sectional area and mean cross-sectional after implato-

plasty with respect to controls were analysed.  
 

5. Compression tests 
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Static compression tests were carried out to assess implant fracture resistance. 

 

Results and Discussion 

Implantoplasty with sonic tips was significantly longer than with burs. The latter also 

led to a significantly higher implant weight loss than sonic instruments. The analysed 
2D profile roughness parameters, i.e. Ra and Rz, were higher in the SONIC group than 

in the BUR, but equivalent final surface roughness values were recorded after polish-
ing with Arkansas. After this step, the mean Ra values were lower than in the original 

Osseotite® surface (0.75 ± 0.07 μm) and amounted to 0.54 ± 0.06 μm and 0.60 ± 0.05 
μm in BUR + A and SONIC + A, respectively. 

At SEM analysis, both methods let to the removal of the implant threads and, in line 
with surface topography outcomes, the surfaces resulted similar after polishing with 

Arkansas. At EDS analysis, beside titanium, peaks of C and Al were detected after 
sonic and Arkansas treatments and might be due to the wearing of the instruments.  

As regards micro-CT findings, sonic tips resulted to be more conservative than burs 
in terms of volume reduction, mean cross-sectional area and minimum cross-sec-

tional area. Interestingly, the position of the latter was more apical in the BUR + A 
compared with both CONTROL and SONIC + A (Figure 8). 
 

 
Figure 8: Minimum cross-sectional area: mean value and position in each group. (own illustration) 

 

In accordance with other studies (Tribst, Dal Piva et al. 2017, Costa-Berenguer, 
García-García et al. 2018, Sahrmann, Luso et al. 2019), compression test revealed no 

statistical differences among the treatment groups and with respect to the controls. 
However, the study might have failed to detect any effect due to the limited number 
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of samples utilized. Furthermore, no correlation was found between maximum com-

pressive force and micro-CT data. 
In conclusion, within the limitations of this in vitro study, it can be affirmed that both 

methods allowed the achievement of a smooth implant surface after the final step with 
Arkansas. Implantoplasty with sonic diamond-coated tips resulted to be more con-

servative in terms of structure loss. However, the longer treatment time and the higher 
costs might restrict its application in every day practice. The beneficial effect of sonic 

tips might be clinically relevant in specific situations, such as for narrow-diameter im-
plants, internal connection implants or in case of difficult access to the exposed im-

plant threads by conventional rotary instruments.  
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Original work 2: Efficacy of 0.05% chlorhexidine and 0.05% 

cetylpyridinium chloride mouthwash to eliminate living bacteria on 

in situ collected biofilms: An in vitro study 
 
 
Background 

Periodontal and peri-implant diseased are frequent complex multifactorial pathologies 

(Derks and Tomasi 2015, Frencken, Sharma et al. 2017). There is strong evidence that 
these conditions are associated with plaque accumulation. This plays a role not only 

in the onset of these pathologies, but also in their progression and recurrence after 
treatment (Tonetti, Muller-Campanile et al. 1998, Renvert and Quirynen 2015, Müller 

Campanile, Megally et al. 2019, Bäumer, Toekan et al. 2020). To this aim antiseptic 
mouthwashes have been largely applied as adjunctive measures for the disruption of 

the biofilm on both teeth and implants. Among these products, CHX-based mouth-
washes are the most frequently reported owing to their proved antimicrobial proper-
ties. Nevertheless, the prolonged usage of CHX has been associated to dose-depend-

ent side effects (Smith, Moran et al. 1995, James, Worthington et al. 2017). As a con-
sequence, CHX solutions at low concentration, combined with other antimicrobials, 

have been proposed with satisfactory clinical outcomes (Santos, Herrera et al. 2004, 
Escribano, Herrera et al. 2010). Among these products, cetylpyridinium chloride 

(CPC), is attracting increasing interest (Quirynen, Soers et al. 2005, Mor-Reinoso, 
Pascual et al. 2016, Pulcini, Bollaín et al. 2019, Bollain, Pulcini et al. 2021). 

Therefore, the aim of this study was to investigate if a mouthwash with a low concen-
tration of CHX and CPC was as effective as a conventional CHX mouthwash to elim-

inate living bacteria on in situ collected biofilms. In order to mimic the exposure of 

teeth and dental implants, hydroxyapatite (HA) and micro-rough titanium (Ti) disks 
were utilized. 
 
Methods 

The design of the study is illustrated in Figure 9.  
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Figure 9: Study design. (own illustration) 
 
Ti and HA disks were adapted to customized acrylic palatal appliances in order to 

accumulate biofilm in situ. Four healthy volunteers were recruited and randomly as-

signed to wear the device for 24 or 48 h (n=2 subjects per collection time). The devices 
were produced as in John et al. (John, Schwarz et al. 2015). 

After plaque accumulation, the specimens were carefully removed and rinse with ster-
ile water. The disks were randomly exposed for 60s to one of the following agents: 

0.1% CHX (CHX 0.1), 0.05% CHX combined with 0.05% CPC (CHX + CPC), or sterile 
saline (NaCl) as negative control.  

A total of 96 disks (n=8 disks per material, treatment and collection time) were used 
to quantify bacterial viability using a luminescent viability assay (BacTiter-Glo®, 

Promega, Madison, WI, USA). 
Live-dead staining was carried out on 3 disks per material, treatment and collection 

time. The specimens were analysed using a stereomicroscope after staining with the 
LIVE/DEAD® BacLight™ solution (LIVE/DEADTM BacLightTM, Thermo Fisher Scien-
tific, Wesel, Germany).  

  

Results and Discussion 

For both surfaces (i.e. HA and Ti) and plaque collection times (i.e. 24 and 48 h), the 
highest bacterial viability values were observed in the NaCl group. Whereas, both CHX 

0.1 and CHX + CPC presented comparable high antibacterial activity, as revealed by 
the low count per seconds measured in these groups and the absence of significant 
differences among them. When Ti disks were analysed, significant differences were 

detected between the NaCl and the two CHX-based solutions, after both 24 and 48h 
of plaque accumulation. Similar findings were observed in for HA disks. However, 
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significant failed between NaCl and CHX + CPC after 48 h of in situ plaque collection 

on HA surfaces, despite the absence of overlap between the respective interquartile 

ranges. 
These findings are in line with the live-dead staining results. Indeed, for both collection 
time points, the experiment revealed almost no living cells on all disks after the appli-

cation of CHX-based products. Whilst, on specimens treated with NaCl, the bacterial 
biofilm presented numerous living bacteria distributed on the entire surfaces. 

This study supports the still limited but encouraging available evidence regarding the 
efficacy of mouthwashes containing low concentrations of CHX and CPS in the pre-

vention, the treatment and supportive therapy of periodontal and peri-implant dis-
eases (Quirynen, Soers et al. 2005, Pulcini, Bollaín et al. 2019, Bollain, Pulcini et al. 

2021).  
In summary, within the limitations of the present in vitro study, the test CHX + CPC 

mouthwash allowed to decrease the concentration of CHX while conserving high an-

tibacterial activity. If this formulation is also accompanied by a reduced cytotoxic ef-
fect on different tissues remained to be demonstrated.   
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Original work 3: The effects of three chlorhexidine-based mouth-

washes on human osteoblast-like SaOS-2 cells. An in vitro study 
 
 
Background 

A variety of dental implant decontamination methods has been proposed withing the 

surgical treatment of peri-implantitis, including the use of antiseptic mouthwashes 
(Schwarz, Schmucker et al. 2015). Chlorhexidine (CHX), in particular, has been fre-

quently utilized to this aim owing to its renown antibacterial properties (Khoury, Keeve 
et al. 2019) (Daubert and Weinstein 2019), although discordant results have been re-

ported on its beneficial effect on wound healing after different oral surgery proce-
dures. It is still to be clarified if the direct exposure of the bone to antimicrobial agents 

after flap elevation might impair bone healing due to the potential tissue toxicity of the 
products. In vitro studies using osteoblasts or osteoblast-like cells, SaSO-2 cells, 

have reported on cell damage using 0.1% or 0.2% CHX (John, Becker et al. 2014, 
Vörös, Dobrindt et al. 2014). Another study revealed a dose- and time-depended im-

pact of CHX on cell viability (Giannelli, Chellini et al. 2008).  
In order to minimized the shortcomings of CHX-based mouthwashes, shorter expo-

sure time and/or lower concentration of CHX alone or in combination with additional 
compounds, such as cetylpyridinium chloride (CPC), have been proposed. In the Orig-

inal work 2 described above (Becker, Brunello et al. 2021), contrary to NaCl, 0.05% 

CHX + 0.05% CPC and 0.1% CHX mouthwashes altered bacterial viability on in situ 

collected biofilms attached to micro‐rough titanium surfaces with no significant dif-
ferences among the groups after an exposure time of 60s. Taking into account the 

documented cytotoxic effect of CHX at higher concentration and the proved antibac-
terial activity of CHX at low concentration combined with CPC, aim of this study was 

to in vitro investigate the impact of three commercially available mouthwashes con-

taining CHX at different concentrations, alone or in combination with CPC, on SaOS-
2 cells in terms of cell viability, cytotoxicity and apoptosis. 
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Methods 

Osteoblast‐like cells (SaOS‐2 cells) were seeded on sterile 96‐well binding cell‐culture 

plates following the protocol previously described in John et al. (John, Becker et al. 
2014). The study design is summarized in Figure 10.  

 

 
Figure 10: Study design. (own illustration) 
 
After 3 days of culture, each well was randomly treated for either 30, 60 or 120 s with 

0.1% CHX, 0.2% CHX, 0.05% CHX combined with 0.05% CPC (CHX + CPC), or ster-
ile saline (NaCl) as control. 

After cell exposure to test and control mouthwashes, the solutions were removed, the 
wells were gently rinsed with buffer solution and new culture medium was added. 

Finally, ApoTox‐Glo™ Triplex Assay (Promega, Mannhein, Germany) was utilized to 
assess cell viability, cytotoxicity and apoptosis at three time points, i.e. at day 0 (after 

2 hours), 3 and 6 after the exposure to the mouthwashes following the instruction of 
the manufacturer. For each application time and assessment time point, 8 wells per 
group were analysed (Figure 11). This triple assay allowed to simultaneously assess 

cell viability and cytotoxicity, by measuring two protease activities, one for living and 
one for dead cells respectively, owing to the different fluorescence emission spectra. 

Afterwards, as indicator of apoptosis, caspase‐3/7 activity was examined on the same 
samples by adding a luminogenic caspase‐3/7 substrate. All signals were measured 

using the same luminometer/fluorometer (Victor 2030, PerkinElmer, Rodgau, Ger-
many). 
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Figure 11: Well assignment for in vitro testing. (own illustration) 
 

Results and Discussion 

The highest cell viability values were registered in the saline group at all time points 

and for all application times, while the test mouthwashes affected SaOS-2 cells via-
bility to a larger extent. All test groups presented decreasing cell viability values over-

time, with no statistically significant differences between each other except at day 0. 
The application time was not relevant in the majority of the cases.  

As regards cytotoxicity, at day 0 the highest values were registered with CHX 0.2, that 
resulted significantly more cytotoxic on SaOS-2 than CHX 0.1 (30s), CHX + CPC (all 

exposure times), and saline (60s and 120s). Contrary to the other test mouthwashes, 
the exposure time was found not to be relevant within the CHX 0.2 after two hours of 

culture. At both day 3 and 6 the highest values were observed in the control group. 
This could be explained by the early death of a broad range of cells once in contact 

with the test mouthwashes. 
At all time points the highest apoptosis values were registered in presence of saline. 
This is in line with a previous study of our group (John, Becker et al. 2014), in which 

higher apoptotic values were recorded in presence of pure water as compared to 
CHX-based solutions. It could be assumed that the mouthwashes exert a predomi-

nant cytotoxic effect, while the high apoptotic values observed in the saline group 
might be caused by common environmental stresses, in particular after multiple days 

of culture (Krampe and Al-Rubeai 2010). 
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In summary, despite all test mouthwashes provoked irreversible cell damage in vitro 

as demonstrated by the findings at day 3 and 6, relevant differences among the 

mouthwashes were observed at day 0. At the early time point, the highest cytotoxic 
effect was noticed for CHX at high concentration, i.e. 0.2%, and shorter applications 
times were associated to lower cytotoxicity levels in both CHX 0.1 and CHX + CPC 

group. Finally, clinical trials should be performed to confirm the in vitro findings and 

to identify the ideal rinsing protocol for different oral surgery procedures, balancing 
the risks of cytotoxicity when the bone is exposed directly to the products and the 

required antimicrobial effect. 
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Original work 4: Effect of three chlorhexidine-based mouthwashes 

on human gingival fibroblasts: an in vitro study 
 
 
Background 

Chlorhexidine (CHX)-based mouthwashes have been largely employed as board-

spectrum antiseptics for the prevention and treatment of periodontal and peri-implant 
diseases, as well as in the subsequent supportive therapy aiming at consolidated the 

obtained results. However, their use has been associated with dose-dependent ad-
verse events, including tooth staining, transient taste disturbance and burning sensa-

tion (James, Worthington et al. 2017).  
Particular circumstances may favour the onset of side effects, such as the usage of 

CHX over an extended time or the direct exposure of the connective tissues to the 
mouthwashes, for instance during postoperative wound healing owing to the absence 

of an intact epithelial barrier (Faria, Cardoso et al. 2009, Müller, Eick et al. 2017). A 
cost-effective method to reproduce connective tissue exposure to the antimicrobial 

agents consists in testing in vitro the response of human gingival fibroblasts (HGFs) 
to the products (John, Becker et al. 2014, Coelho, Laranjo et al. 2020, Alpaslan Yayli, 

Tunc et al. 2021). 
In order to minimize the risk of side effects, low-concentration CHX mouthwashes 

eventually in combination with adjunctive agents, such as cetylpyridinium chloride 
(CPC), have been proposed (James, Worthington et al. 2017, Pulcini, Bollaín et al. 

2019, Bollain, Pulcini et al. 2021). However, it is fundamental to maintained a balance 
between antimicrobial activity and cytotoxicity. Effective biofilm control had been pre-

viously demonstrated by our group using 0.05% CHX + 0.05% CPC and 0.1% CHX, 
as reported in the Original work 2 of the present Habilitation thesis (Becker, Brunello 

et al. 2021). 

Therefore, the aim of this study was to investigate in vitro the effects of three com-
mercially available mouthwashes containing CHX at different concentrations, alone or 

in combination with CPC, on HGFs in terms of cell viability, cytotoxicity and apoptosis. 
 

Methods 

The design of the study is illustrated in Figure 12.  
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Figure 12: Study design. (own illustration) 
 

Briefly, HGFs were seeded on sterile 96‐well binding cell‐culture plates as previously 
described in John et al. (John, Becker et al. 2014). A total of 288 wells were used for 

the experiments. Following 3 days of culture, the wells were randomly assigned to 
four treatment groups:  0.1% CHX, 0.2% CHX, 0.05% CHX combined with 0.05% 

CPC (CHX + CPC), or sterile saline (NaCl) as control. In each group cells were exposed 
to the solutions for either 30s, 60d and120 s. Afterwards the solutions were removed, 

the wells were gently rinsed with buffer solution and new culture medium was added.  
Cell viability, cytotoxicity and caspase‐3/7 activity, as an indicator of apoptosis, were 

analysed using a single assay (ApoTox‐Glo™ Triplex Assay, Promega, Mannhein, 
Germany) after 2 hours (day 0), 3 days and 6 days from cell exposure to the mouth-

washes. Cell viability and cytotoxicity were simultaneously assessed by fluorometry 
measuring a live-cell and a dead-cell protease activity, respectively, due to the differ-
ent emission spectra. Then, apoptosis was investigated using a luminogenic caspase‐

3/7 substrate. 
 

Results and Discussion 

Changes in all the investigated parameters were generally observed up to day 3 and 

values remained almost unchanged afterwards.  
For all examination time points (i.e. 0, 3 and 6 days) and application times to the 
mouthwashes (30s, 60s, and 120s), the highest cell viability values were recorded in 

presence of saline and similar results were noted among the test groups. Interestingly, 
in most of the cases the treatment time did not affect cell viability.   
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On day 0, cellular toxicity was found to be influenced by the type of the mouthwash, 

its concentration and exposure time. The CHX 0.2 group presented the highest val-
ues, especially when the mouthwash was applied for 120s. In details, it resulted sig-

nificantly more cytotoxic than the same product applied for a shorter time (30s), as 
well as NaCl and CHX + CPC applied for 120s. Furthermore, at the early examination 

time, i.e. day 0, no significant differences were identified between CHX + CPC and 
the control solution for all the exposure times. 

As in other studies of our group using a similar experimental design (John, Becker et 
al. 2014, Brunello, Becker et al. 2021), at day 3 and 6 the saline group exhibited the 
highest cytotoxic effect. These findings could be explained assuming that most of the 

fibroblasts at these time points were already dead after the exposure to CHX-based 
agents.  

As regards apoptosis, the highest values were registered in the control group at all 
time points. This is in line with what observed in the aforementioned studies (John, 

Becker et al. 2014, Brunello, Becker et al. 2021), and might be due to the predominant 
cytotoxic effect of the CHX-based mouthwashes over the apoptotic one.  

In summary, the present findings suggest that CHX 0.2 has a higher cytotoxic profile 
compared to the other investigated products. Despite the difficulties in transferring 

the obtained in vitro data to the in vivo situation and clinical application, these obser-

vations could be clinically relevant. Therefore, caution might be used while using CHX 
at high concentration in certain circumstances, such as on open wounds. 
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Original work 5: Two-piece zirconia implants in the posterior man-

dible and maxilla: A cohort study with a follow-up period of 9 years 
 
 
Background 

Zirconia dental implants are attracting increasing attention worldwide as an alternative 

to the widely used titanium implants for the replacement of missing teeth. They have 
recently gained popularity with the growing demand for aesthetics and metal-free so-

lutions and their spread is expected to increase henceforth (Cionca, Hashim et al. 
2017, Roehling, Schlegel et al. 2018, Sanz, Noguerol et al. 2019, Kohal and Dennison 

2020).  
Concerns regarding the structural weakness of ceramic implants determined the pre-

dominant development in early years of one-piece zirconia implants, whose prosthetic   
restorability could represent a major challenge in case of wrong three-dimensional 

(3D) positioning (Cionca, Hashim et al. 2017, Pieralli, Kohal et al. 2017). More recently 
two-piece zirconia implants, which possess higher restorative flexibility, were intro-

duced in the market. Nevertheless, their late development reflects in the lack of long-
term clinical studies (Cionca, Hashim et al. 2017, Pieralli, Kohal et al. 2017, Roehling, 

Schlegel et al. 2018).  
A previous prospective cohort study conducted at the Department of Oral Surgery of 
the University Hospital of Düsseldorf evaluated the short-term clinical outcomes of 

two-piece zirconia implants placed in the posterior jaws supporting monolithic all-
ceramic single crowns (Becker, John et al. 2017). The two-year findings were encour-

aging, with a cumulative survival rate of 95.8% (excluding early implant failures prior 
to loading), good soft tissue adaptation and rare mechanical and technical complica-

tions (Becker, John et al. 2017). Taking into account the importance of providing long-
term data on two-piece zirconia implants, the present retrospective study was de-

signed aiming at evaluate the clinical outcomes in the aforementioned patient cohort 
after 9 years of follow-up.  

 

Methods 

Sixty two-piece zirconia target implants were originally placed in the posterior jaws of 

60 partially edentulous patients using a one-stage protocol (Figure 13) as reported in 
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Becker et al. (Becker, John et al. 2017). In 8 cases no primary stability was obtained. 

In the remaining 52 patients, the implants were restored with cemented fiberglass 
abutments (Figure 14) and monolithic all-ceramic single crowns (Figure 15). 

 

 
Figure 13: Transmucosal implant of a zirconia implant: a) lateral view (left); b) occlusal view (right). 
(unpublished images of a patient of the zirconia implant clinical trial, Original work 5, kind courtesy 
Prof. J. Becker) 
 

 
Figure 14: Fiberglass abutment cementation: a) lateral view (left); b) occlusal view (right). (un-
published images of a patient of the zirconia implant clinical trial, Original work 5, kind courtesy 
Prof. J. Becker) 
 

 
Figure 15: All-ceramic crown cementation: a) lateral view (left); b) occlusal view (right). (unpublished 
images of a patient of the zirconia implant clinical trial, Original work 5, kind courtesy Prof. J. 
Becker) 
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At the two-year follow-up (Becker, John et al. 2017), two implants were lost and four 
dropouts were registered. Therefore, 46 patients with one target implant each were 

recalled at the 9-year follow-up. Implant survival was recorded along with the follow-
ing clinical parameters at implant level (i.e. plaque index–PI, bleeding on probing–

BOP, probing depth–PD, and mucosal recession–MR), which were compared with 
previously collected data (baseline and 2 years). Technical (Heitz-Mayfield, 

Needleman et al. 2014) and mechanical complications were assessed, as well as the 
presence of peri-implantitis (Berglundh, Armitage et al. 2018) or mucositis (Renvert, 

Persson et al. 2018) at the target implant. 
 

Results and Discussion 

Out of 46 eligible patients, 30 responded. One implant failed after 110 months from 
insertion and data obtained from the remaining 29 patients was analysed.  

Mean PI values at the target implants increased overtime, while no significant differ-
ences in mean BOP were detected between the three time points (i.e. baseline, 2 

years and 9 years). It has to be noted that before the 2-year follow-up examination, 
out of the 29 target implants included in the present work, 10 implants were diagnosed 

with peri-implantitis and treated with Er:YAG therapy, as described in Schwarz et al. 
(Schwarz, John et al. 2015). At 9-year examination, these implants presented no sig-

nificant differences in terms of BOP values as compared to the others. 
PD values remained constant from 2- to 9-years follow-up and at the late time point 
the highest PD value was of 6 mm, that was recorded in two patients in only one site 

per implant. 
As regards MR, the majority of the implants presented no recession at 9 years and no 

significant differences in mean MR values were observed between the three time 
points. 

Three technical and six mechanical complications occurred between 2 and 9 years in 
7 patients. Most of the complications involved the fiberglass abutment. Contrary to 

the short-term investigation (Becker, John et al. 2017), a high number of complica-
tions were recorded in the time lapse between the two studies, mostly involving the 

fiberglass abutment. All the complications were successfully solved replacing the 
prosthetic components. It is worth noting that no implant facture occurred. 
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Within the limitations of this study, which include the high number of dropouts, its 

retrospective design and the absence of a control group, an overall stability of the 
results between 2 and 9 years was observed. For the explored application, so as the 

replacement of single teeth in the posterior jaws, this two-piece zirconia implant sys-
tem could represent a valid treatment option.   
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RÉSUMÉ AND OUTLOOK 
 
 
 
The aims of the original works presented in this cumulative Habilitation thesis were to 
in vitro assess a new method for performing implantoplasty on titanium implants, to 

test different chlorhexidine (CHX)-mouthwashes used for the treatment of peri-im-

plantitis in terms of antimicrobial activity and cytotoxicity, and, finally, to investigate 
the long-term clinical outcomes of zirconia dental implants. 

 
In the section Original work 1: Implantoplasty: carbide burs vs diamond sonic tips. An 

in vitro study (Sivolella, Brunello et al. 2021), a novel procedure using sonic diamond 

tips for performing implantoplasty was presented. To the best of the author's 
knowledge, there is no other paper dedicated to this topic so far.  

Implantoplasty is commonly performed during the surgical treatment of peri-implan-
titis, in combination with both resective or regenerative approaches. It consists in 

grinding the exposed threads and smoothing the implant surface, with the final goal 
of favouring the resolution of the pathology and decreasing the risk of recurrence 

(Khoury, Keeve et al. 2019, Stavropoulos, Bertl et al. 2019).  
On one side this approach should improve the biological response to the treatment, 

on the other side it should not compromise the mechanical integrity of the implants. 
However, due to its subtractive nature, implantoplasty is deemed to weaken the im-

plant strength and this could be particularly relevant in case of narrow-diameter im-
plants (Chan, Oh et al. 2013, Gehrke, Aramburú Júnior et al. 2016, Costa-Berenguer, 

García-García et al. 2018). In a recent systematic review implantoplasty was reported 
not to be associated with any remarkable mechanical or biological complications on 
the short‐ to medium‐term. However, owing to the limited data available, the authors 

underlined that the risk of mechanical complications could not be completely ex-
cluded (Stavropoulos, Bertl et al. 2019).  As confirmed by micro-CT data, sonic dia-

mond tips were found to be more conservative in terms of structure loss as compared 
to traditional burs. Micro-CT is commonly employed to test titanium biomedical com-

ponents (Cobos, Norley et al. 2022). However, to the best of the author’s knowledge, 
it had not been previously applied to assess implant volumetric changes after implan-

toplasty. The non-destructive nature of this test allowed the subsequent assessment 
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of implant fracture resistance by static compression test on the same samples. No 

differences among the groups were found at compression test, even though the im-
plants treated with burs tended to present lower mechanical resistance. The absence 

of statistically significance, however, might be ascribed to the reduced sample size. 
Furthermore, the final step with Arkansas burs allowed to reach the same surface 

roughness in both sonic and bur groups, showing values in line with other studies 
(Ramel, Lüssi et al. 2016, Sahrmann, Luso et al. 2019, Beheshti Maal, Aanerød 

Ellingsen et al. 2020).  
Despite more conservative, the utilization of sonic tips might be limited in daily prac-
tice by the longer treatment time, the high cost of the sonic tips and their rapid wear. 

Taking into account the fast deterioration of the inserts, it was decided a priori to 
change the set of inserts every other implant. However, it would be interesting to an-

alyze the wear of the tips, the diminution of the cutting efficacy with their usage, and 
the potential increase of temperature generated during the procedure owing to wear. 

The detection of C peaks at EDS on implants treated with sonic tips further supports 
the release of diamond debris during implantoplasty. 

Finally, the presence of the suprastructure during implantoplasty may affect the qual-
ity of the treatment, because the access to the defect might be impaired not only by 

the anatomy of the defect itself, but also by the prosthetic restoration (Khoury, Keeve 
et al. 2019). The need to remove the reconstruction could represent an issue espe-

cially in case of cement-retained solutions. It is likely that, to obtain the best results 
with the sonic tips, the prosthetic components should be removed, so that the tips 

could work parallel to the long axis of the implants. However, the model here utilized 
was not designed to investigate this aspect, that should be further explored in vivo o 

in vitro using models mimicking the clinical conditions, such as the presence of adja-

cent teeth. 
 

As previously mentioned, peri-implant diseases are strictly correlated to the accumu-
lation of plaque, therefore the removal of the biofilm is crucial in the prevention, treat-

ment and maintenance of peri-implant mucositis and peri-implantitis. Among the ad-
junctive measures for biofilm removal, it is worth mentioning the use of antiseptic 

agents including CHX (Schwarz, Schmucker et al. 2015).  
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The Original work 2 (Becker, Brunello et al. 2021), 3 (Brunello, Becker et al. 2021) and 

4 (Brunello, Becker et al. 2022) consist in in vitro studies investigating different effects 

of CHX-based mouthwashes. To overcome the side effects of commonly used CHX 
mouthwashes, solutions containing reduced concentrations of CHX in combination of 

not with other active ingredients have been proposed (James, Worthington et al. 
2017). In particular the studies aimed to evaluate if a commercially available mouth-

wash with CHX (0.05%) combined with CPC (0.05%) could be less cytotoxic than 
conventional CHX mouthwashes, while maintaining adequate antibacterial properties.  

 
In the section Original work 2: Efficacy of 0.05% chlorhexidine and 0.05% cetylpyri-

dinium chloride mouthwash to eliminate living bacteria on in situ collected biofilms: 

An in vitro study (Becker, Brunello et al. 2021), the efficacy of CHX-CPC was com-

pared to that of a CHX (0.1%) mouthwash in reducing living cells in oral biofilms de-
veloped on hydroxyapatite and micro-rough titanium disks. 

Biofilm formation on the disks was obtained by means of in situ plaque collection for 

24 and 48 hours. Overall, as confirmed by both bacterial viability assay and live-dead 
staining, the two investigated CHX-based solutions demonstrated comparable anti-

bacterial activity. Whereas, rinsing with saline was not effective against oral bacteria 
in vitro.  

It was decided to investigate not only titanium, but also hydroxyapatite disks, as rep-
resentative of dental implants and teeth, respectively. Indeed, despite the differences 

between periodontal and peri-implant pathologies in their progression pattern and in 
the biofilm composition, both inflammatory pathologies are associated with the pres-

ence biofilms (Kotsakis and Olmedo 2021). 
The selection of in situ plaque collection could be considered a strength of this study, 

as it enables to mimic the normal biofilm growth, which is characterized by high com-

plexity and a broad variety of bacterial strains (Verma, Garg et al. 2018, Abdullah, Al-
Marzooq et al. 2019). Plaque collection was obtained in four periodontally healthy 
volunteers, who wore acrylic appliances containing the disks at a 1-mm distance from 

the palatal mucosa. However, the microbiota of these volunteers might differ from that 
of patients with a history of periodontal or peri-implant diseases (Lasserre, Brecx et 

al. 2018), who represent the target of the tested antiseptic agents. Future studies 
might consider a larger and more representative pool of patients for plaque collection. 
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In addition, it has to be noted that the short period up to 48 hours of biofilm growth 

on the disks might have not allowed substantial anaerobe growth, typical of perio-
dontal and peri-implant pathologies (Siddiqui, Fidai et al. 2022). 

A structured and functionalized biofilm comprises several microbes, including bacte-
ria, as well as extracellular matrix (Bowen, Burne et al. 2018), and it is difficult to rep-

licate its distinctive composition and organization in vitro. However, as alternative to 
in situ collection, other authors reported the successful use of different protocols for 

the in vitro cultivation of bacterial biofilm (de Avila, Avila-Campos et al. 2016, Roehling, 

Astasov-Frauenhoffer et al. 2017, Toma, Behets et al. 2018, Rigolin, Barbugli et al. 

2019, Ichioka, Derks et al. 2022, Siddiqui, Fidai et al. 2022). Single-species models 
do not account for bacterial diversity typical of the oral cavity. Nonetheless, in vitro 

models permit the selection of multiple and specific bacterial strains. The in vitro ap-

proach can be implemented with salivary pellicle formation on the surfaces prior to 
biofilm development to simulate clinical conditions (de Avila, Avila-Campos et al. 

2016, Roehling, Astasov-Frauenhoffer et al. 2017, Toma, Behets et al. 2018, Ichioka, 
Derks et al. 2022). 

 
Taking into account the known cytotoxicity associated to CHX at high concentration, 

and the in vitro efficacy of the tested CHX+CPC formulation against oral bacteria, in 
the Original work 3 (Brunello, Becker et al. 2021) and 4 (Brunello, Becker et al. 2022) 

of this comprehensive Habilitation thesis the author wanted to verify if this product 

was advantageous in terms of reduced cytotoxicity as compared to commercially 
available CHX mouthwashes at a concentration of 0.1% and 0.2%. 

 
In the section Original work 3: The effects of three chlorhexidine-based mouthwashes 

on human osteoblast-like SaOS-2 cells. An in vitro study (Brunello, Becker et al. 2021) 

the effect of a CHX (0.05%) solution combined with CPC (0.05%) on osteoblasts was 
investigated. All the CHX-based mouthwashes affected SaOS-2 cell viability to a 

higher extend than saline. Findings suggest that the majority of the cells in contact 
with the test products died in the first days after the exposure and cell death was in 

these cases mainly the result of necrosis rather than apoptosis. The most relevant 
differences among the CHX-based agents were observed the same day of the expo-

sure (day 0), with CHX 0.2% solution presenting the highest cytotoxic effect.  
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The osteoblasts were left exposed to the action of the solutions for three different 

times, i.e. 30, 60 and 120 seconds. These are reasonable application times, compat-
ible with normal clinical procedures. It is unlikely that the direct contact of the mouth-

wash to the osteoblasts could last more than a few minutes during a surgical dental 
procedure. Moreover, similar exposure times were reported in other articles assessing 

the effect of different mouthwashes on osteoblasts or osteoblast like cells (John, 
Becker et al. 2014, Liu, Werner et al. 2018, Markel, Bou-Akl et al. 2021).  

In order not to underestimate the regenerative capacity of the cells over time, the triple 
assay was not performed only at day 0, but longer observation times, i.e. day 3 and 
6, were also selected as in a previous work from our group (John, Becker et al. 2014). 

Similar time points were chosen by Markel et al. (Markel, Bou-Akl et al. 2021), who 
evaluated the cytotoxicity and proliferation of the human osteoblast cells on day 3 

and day 5 after treatment with different mouthwashes. In agreement with what re-
ported here for CHX+CPC, a cytotoxic effect was detected also with CHX alone at 

low concentration (0.05%), with osteoblasts failing to recover over the course of 5 
days (Markel, Bou-Akl et al. 2021). 

To the best of the author’s knowledge, this is the first work investigating the effect of 
a CHX (0.05%) + CPC (0.05%) solution on osteoblast‐like cells in vitro and on this lies 

the originality of the study. As regards the study design itself, a conventional well-

established monolayer cell culture was preferred over more complex 3D culture mod-
els, owing to its high reproducibility, the ease of use and the reduced costs. However, 

this represents the main limitation of the present study, since a 2D cell culture model 
cannot completely reproduce the exposure of bone tissue to the solutions. Indeed, 
osteoblasts reside within the mineralized bone tissue, that could alter the permeability 

and the adsorption of the antiseptic agents. Other factors could not be reproduced in 
this in vitro model, including the immunological response of the body and the dilution 

of the products in the saliva (Vörös, Dobrindt et al. 2014). It can be assumed that CHX 

0.1% and CHX-CPC applied for limited time are preferrable over CHX 0.2% or longer 
exposure times, especially in case of intraoperative usage. Nonetheless, caution has 

to be taken when extrapolating these in vitro findings to in vivo conditions. 

 
In the section Original work 4: Effect of three chlorhexidine-based mouthwashes on 

human gingival fibroblasts: an in vitro study (Brunello, Becker et al. 2022), the impact 
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of the same CHX-based mouthwashes tested in the Original work 3 (Brunello, Becker 

et al. 2021) on fibroblasts was evaluated using the same study design. 

As for SaOS-2 cells (Brunello, Becker et al. 2021), cell viability was higher in the saline 
group than in the test groups, that reported similar cell viability values among each 
other. The main difference among the test solutions was observed at day 0 in cyto-

toxicity levels, with the highest values measured after exposure to CHX 0.2%, espe-
cially after 120 s of application time. 

For all the investigated parameters, i.e. cell viability, cytotoxicity, and apoptosis, the 
majority of the changes occurred between day 0 and day 3, while the values tended 

to steady thereafter. To better understand and estimated these dynamic processes 
especially in the early phases after treatment, the use of live cell imaging could be 

considered for future experiments (Isherwood, Timpson et al. 2011, Gelles and Chipuk 
2016). 

Also in this study, a monolayer cell culture method was chosen. Nevertheless, a 3D 
human oral mucosal model might be used in future studies. Despite the technical 

difficulties and costs related to the use of 3D models, they are supposed to better 
resemble the in vivo architecture of the tissues in which the cells reside 

(Moharamzadeh, Franklin et al. 2009, Langhans 2018, Jensen and Teng 2020, 

Klausner, Handa et al. 2021). Indeed, the oral mucosal is characterized by an epithelial 
outer layer, overlaying the connective tissue. In a 3D model the tissue permeability of 
a mouthwash through the epithelium could be better replicated (Klausner, Handa et 

al. 2021), avoiding the direct contact of the product to the fibroblasts. This would be 
particularly advantageous for increasing the transferability of in vitro data as regards 

the chronical usage of the antimicrobial mouthwashes in absence of open wounds.  

Further, future clinical investigations should aim at evaluating not only the effect of 
various mouthwashes but also of different rinsing protocols on oral mucosal health, 

postoperative tissue healing and periodontal and peri-implant disease control,  
 

In the section Original work 5: Two-piece zirconia implants in the posterior mandible 
and maxilla: a cohort study with a follow-up period of 9 years (Brunello, Rauch et al. 

2022), the long-term clinical results of two-piece zirconia implants were presented. 

This study significantly contributes to the limited body of knowledge in this field. In-
deed, as stated in the most recent German guidelines about the use of ceramic dental 
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implants (Thiem, Stephan et al. 2022), there is a “lack of reliable long-term data, es-

pecially in the case of two-piece implant systems”. 
Only a few papers reporting medium-term data are available at the moment, with a 

relative low number of implants per study. In a randomized pilot trial comparing two-
piece zirconia implants supporting single crowns versus titanium implants, similar 

clinical outcomes were obtained in the two groups at 80-month follow-up (Koller, 
Steyer et al. 2020). Nonetheless, the results should be interpreted with cautions due 

to the limited samples size. Indeed, 28 implants (i.e. 14 per group) in 21 patients could 
be evaluated, since 2 zirconia and 1 titanium implants were lost in the meantime. 
The medium-term outcomes of two-piece zirconia implants supporting full-ceramic 

crowns are also reported in a prospective cohort study (Cionca, Hashim et al. 2021). 
At the 6-year follow-up 39 implants (out of the initial 49) were available for examination 

in 24 patients regularly attending the maintenance visits. In the Original work 5 here 

discussed, 30 patients with one target implant each attended the 9-year recall visit. 
Compared to Cionca et al. (Cionca, Hashim et al. 2021), a higher number of dropouts 

was recorded, accounting for approximately one third of the eligible patients. How-
ever, no significant differences were found after 2 years of follow-up in terms of any 

of the clinical variables considered between the cohort of patients examined at 9 years 
and the dropouts. Hence, it is likely that the study population truthfully represented 

the original cohort of patients (Becker, John et al. 2017) in terms of compliance and 
clinical conditions. 

It is worth noting that the zirconia implant systems tested in the two aforementioned 
studies of other groups are no longer produced (Koller, Steyer et al. 2020, Cionca, 
Hashim et al. 2021). Whilst, the implant system utilized in the Original work 5 of this 

comprehensive Habilitation thesis is still available in the market, and this increases 

the transferability of the reported data. 
As regards signs of peri-implant inflammation, BOP and PD are deemed to be funda-

mental indexes for the detection of peri-implant inflammation and for the monitoring 
its progression. No BOP was found at the majority of the target implants and mean 

BOP as well as PD remained constant between the 2- and 9-year follow-up, confirm-
ing the stability of the results overtime.  

Although clinical and animal studies are suggesting a reduced risk of peri-implantitis 
with zirconia implants compared to titanium ones (Clever, Schlegel et al. 2019, 
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Roehling, Gahlert et al. 2019, Bienz, Hilbe et al. 2021), the available evidence is still 

scarce to draw final conclusions (Thiem, Stephan et al. 2022). Since 10 target implants 
examined at 9 years had been diagnosed with peri-implantitis and treated with Er:YAG 

(erbium-doped: yttrium, aluminium and garnet) laser before the 2-year recall (Schwarz, 
John et al. 2015), we wanted to investigate if there was any significant differences in 

mean BOP at 9 years between implants previously treated for peri-implantitis and the 
remaining ones. Interestingly, Kruskal-Wallis test revealed no significant differences. 

Looking back at the supportive care protocol adopted in our Department, the early 
detection and treatment of these cases might have played a crucial role in the suc-
cessful resolution of these complications. In this context, patients' awareness about 

the importance daily home maintenance and of lifelong individualized professional 
recall regimen is crucial (Brunello, Gervasi et al. 2020). 

Most of the complications observed between 2 and 9 years of follow-up consisted in 
abutment fractures. These occurred after a mean observation time of 53.7 months 

(SD 22.9). This is in line with what reported in the 6-year prospective cohort study of 
Cionca et al. (Cionca, Hashim et al. 2021). They observed fractures of the abutment 

in six cases (out of 39 included implants) in six distinct patients, all at least 4 years 
after loading. Despite they used another two-piece design implant system, all the 

abutment fractures occurred at the level of the implant platform as in the current 
study. Similarly, all the cases were successfully solved with the removal of the frac-

tured portion and with the replacement of the prosthetic restoration. Furthermore, 
they recorded one implant fracture (Cionca, Hashim et al. 2021), whilst in the present 

investigation this complication never occurred, despite the implants had been placed 
in the posterior jaws, where the masticatory forces are higher. 

Overall, this two-piece zirconia implant system could represent a valid treatment op-
tion for the replacement of single teeth, while future studies should confirm its suita-

bility for other clinical applications. 
 
To conclude, the works presented in this cumulative Habilitation thesis demonstrate 

various mechanical and chemical methods for implant surface decontamination in 
cases of peri-implantitis. The methods include the use of diamond-coated sonic tips, 

originally designed for prosthetic applications, to perform implantoplasty. This ap-
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proach resulted in vitro to be more conservative as compared to commonly used tra-

ditional burs. However, the high cost of the inserts and the longer operative time could 

discourage the clinicians to adopt this technique in their daily activity.  
The sonic inserts available on the market at the moment quickly lose their cutting 
efficacy. From a commercial perspective, there is the need to develop inserts with 

improved wear resistance at a reasonable price. The design of the inserts could also 
be optimized for this specific application, thus increasing the accessibility of the insert 

to the exposed implant surface without the need to remove the superstructure.  
Furthermore, the mechanical integrity of the implants seems to be preserved with this 

approach, and this could be particularly relevant in case of narrow-diameter implants. 
This should be further investigated in vitro by means of static and dynamic mechanical 

tests on implants presenting different designs, using a sufficiently large sample size 

to answer the research question of interest.  
Further, RCTs should be conducted to assess the long-term therapeutic resolution of 

the peri-implantitis and the occurrence of mechanical complications (i.e. implant frac-
tures) after different implantoplasty procedures in combination with both non-regen-

erative and regenerative surgical treatments of peri-implantitis. 
 

Implant surface decontamination can also be obtained with chemical products. In the 
present cumulative Habilitation thesis, the in vitro antibacterial efficacy and cytotoxi-

city of CHX-based mouthwashes was extensively investigated. Taking into consider-
ation the side effects of CHX at high concentration, the final goal of the research was 

to elucidate if a combination of CHX and CPC at low concentrations could be advan-
tageously used for the treatment of peri-implant diseases.  

The product resulted to be effective against oral bacteria grown on moderately rough 
titanium implant surfaces. Future in vitro studies should be conducted using other 

dental implant materials, such as zirconia. Further, since the investigated low dose 

CHX-CPC mouthwash is particularly indicated for the prevention of periodontal and 
peri-implant disease recurrence, it would be interesting to evaluate its effect not only 
on potentially exposed implant surfaces, but also on materials commonly used for the 

production of implant abutments, such as machined titanium, zirconia or polyether-
ketoneketone. 
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Clinical studies should be conducted to confirm the in vitro data and to identify spe-

cific rinsing protocols, in terms of rinsing time and frequency, depending on the se-

lected clinical application, with the final goal to achieve an adequate antibacterial ac-
tivity in absence of undesired side effects. 
 

Finally, the last work here presented reported the clinical performances of two-piece 
zirconia implants after 9 years of follow-up. Cases of peri-implant mucositis and peri-

implantitis occurred along the clinical study. The first were treated with mechanical 
debridement and local application of chlorhexidine digluconate, while the latter were 

treated with Er:YAG laser therapy. Despite the success of the proposed treatments, 
future RCTs should be conducted to investigate the efficacy of different protocols for 

zirconia implant surface decontamination in different clinical scenarios. Furthermore, 
considering the scarcity of data on zirconia implants compared with titanium ones, 

future studies should address the influence of different decontamination methods on 
the properties of zirconia implant surfaces, in terms for instance of superficial chemi-

cal composition or roughness modifications. 
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LIST OF ABBREVIATIONS 
 

 

BOP  Bleeding on probing 

CA  Commercially available 

CHX  Chlorhexidine  

CI  Confidence interval 

CPC  Cetylpyridinium chloride  

CT  Computed tomography 

EDS  Energy dispersive X-ray spectroscopy  

Er:YAG Erbium-doped: yttrium, aluminium and garnet 

HA   Hydroxyapatite 

MR  mucosal recession 

NCA  Non-commercially available  

PD  Probing depth 

PI  Plaque index 

RCT  Randomized clinical trial 

SEM  Scanning electron microscopy 

Ti  Titanium 

2D/3D  Two- / three-dimensional  
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