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Abstract 

Peri-implantitis, a biofilm-mediated disease, is a major cause of late implant failure. This in vitro study investigated the 

degradation of a high-performance titanium dental implant (Adin Touareg S, conical connection) exposed to patient-

derived polymicrobial plaque. Ten sterile implants were incubated individually with plaque samples collected from 

patients (n=10) diagnosed with mild/moderate peri-implantitis for 30 days. Microbial analysis identified six predominant 

species, with alpha-Haemolytic Streptococcus (40%) being the most prevalent. All tested species (100%) showed Sulphur-

reducing and Iron-oxidizing activities, indicative of high corrosive potential. Scanning Electron Microscopy (SEM) 

revealed surface degradation, including a statistically significant increase in thread diameter (0.7 +/- 0.05 um) and the 

formation of distinct, species-specific defects. Cracks were primarily observed on the abutment (45.0%). Inductively 

Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) confirmed the release of titanium (Ti) ions into the broth, 

ranging from 18 ppm to 35 ppm. These findings confirm that while the Touareg S exhibits moderate resistance, it remains 

vulnerable to biofilm-induced biocorrosion and material loss. 
 

Introduction 

The successful long-term utilisation of endosseous dental implants relies on the preservation of osseointegration and the 

avoidance of peri-implant diseases, which have become the predominant causes of late implant failure in modern clinical 

practice [1, 2]. Even though the immediate survival rates of implants are now over 95% at one year after placement for 

many implant systems and clinical indications, the long-term success of implant-supported restorations over decades of 

use is much harder to achieve. Peri-implant diseases, which include the reversible inflammatory condition of peri-implant 

mucositis and the destructive, progressively irreversible pathology of peri-implantitis, are the main biological problems 

that make it hard to predict how well implant therapy will work in the long term. Peri-implantitis, a multifaceted 

polymicrobial biofilm-mediated inflammatory disorder, induces gradual and frequently localised degradation of the 

supporting alveolar bone, resulting in a pathological milieu that simultaneously hastens the physicochemical deterioration 

of the implant material and undermines the host's ability for tissue repair and regeneration [3]. The bidirectional 

relationship between biofilm accumulation and material degradation differentiates peri-implantitis from typical 
periodontitis, in which the tooth surface remains relatively inert despite bacterial colonisation. This fundamental 

difference has significant clinical implications for disease prevention, early detection, and therapeutic intervention, 

necessitating a comprehensive understanding of implant-specific degradation mechanisms that operate within the 

uniquely challenging peri-implant environment. 

Titanium and its main alloy, Ti-6Al-4V, are still the best materials for making dental implants because they have a great 

combination of biomechanical properties. These include high specific strength, low elastic modulus that is similar to that 

of cortical bone, and excellent fatigue resistance under cyclic masticatory loading. They also have a well-documented 

biocompatibility profile that comes from spontaneous surface passivation [4]. Nonetheless, an expanding corpus of 

evidence from clinical retrieval studies, in vitro corrosion assessments, and animal model research has unequivocally 

established that these materials are not biologically inert under all clinical circumstances and are clearly vulnerable to 

various forms of biodegradation when exposed to the distinctly aggressive oral environment. Microbiologically 

influenced corrosion (MIC) is a very important way that things break down. It happens when metabolically active 
polymicrobial biofilms change the electrochemical interface between the metallic implant surface and the surrounding 

biological environment in many ways that work together [5]. These include localised acidification through bacterial 

carbohydrate fermentation producing organic acids that depress peri-implant pH to values as low as 4.0-5.0, substantially 

below the thermodynamic stability threshold for titanium dioxide; creation of differential aeration cells beneath adherent 

biofilms establishing spatially distinct anodic and cathodic sites across the implant surface; secretion of corrosive 

metabolic end products including hydrogen sulphide, ammonia, and organic acids capable of direct oxide dissolution; 

production of siderophores and other metal-chelating molecules that complex titanium ions and shift electrochemical 
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equilibria; and enzymatic catalysis of electrochemical reactions through bacterial hydrogenase, oxidase, and reductase 

activities. Tribocorrosion, the synergistic interaction between mechanical wear and electrochemical dissolution, operates 

continuously at multiple implant interfaces, including the implant-abutment connection subjected to micromotion during 

function, the implant-bone interface experiencing differential stiffness-induced strain, and regions of undetected implant 

mobility. This degradation results in the gradual release of titanium (Ti) ions, nanoscale particulate debris, and micron-

sized wear particles into the peri-implant soft tissues, regional lymphatic channels, and distant organ systems. 

Accumulating evidence suggests that these metallic species contribute to sustained local inflammatory responses, chronic 

activation of the NLRP3 inflammasome in macrophages, RANKL-mediated osteoclastogenesis, progressive peri-implant 

marginal bone loss, and ultimately, complete implant system failure [6, 7]. The biological reactivity of titanium particles 
is significantly influenced by their physicochemical properties, such as primary particle size in the nanoscale range (<100 

nm), crystallographic phase composition (anatase versus rutile), surface charge, agglomeration state, and the composition 

of the adsorbed protein corona, all of which affect cellular uptake mechanisms, intracellular trafficking, lysosomal 

disruption, and subsequent inflammatory signalling pathways. 

The Adin Touareg S implant system is a modern implant design that is very advanced and has many features that make it 

safer than older implant systems. This system usually has a "cone-morse" class connection, which is made up of a 

precision-machined conical internal hexagon connection with a steep internal taper (usually 11.5 degrees) and an internal 

hexagon anti-rotation element [8]. This design philosophy is very different from standard butt-joint external hexagon or 

simple internal hexagon connections because it makes a cold-welded, friction-fit interface between the implant and 

abutment components when they are under functional loading. The system also has a special surface treatment that is very 

different from standard sandblasted, large-grit, acid-etched (SLA) type surfaces. This treatment often uses titanium-
zirconium (Ti-Zr) alloys, like the Roxolid formulation that has about 13–17% zirconium, or advanced surface 

modifications like fluoride treatment, calcium phosphate incorporation, or electrochemical anodisation to make titanium 

dioxide nanotube arrays. These advanced materials and surface engineering techniques are made to improve 

osseointegration kinetics by optimising topography and surface chemistry while also improving intrinsic corrosion 

resistance by thickening the oxide layer, adding more thermodynamically stable alloying elements, and changing the 

properties of oxide semiconductors [9, 10]. The conical connection geometry, as shown in theoretical and finite element 

analysis models, reduces the micro-gap size between the implant platform and abutment base from the 5–10 micron range 

that is typical of flat-to-flat connections to sub-micron sizes. This may limit bacterial micro-leakage through the implant-

abutment interface, limit fluid pumping phenomena under cyclic loading, and reduce fretting wear and galling at the 

critical connection interface compared to simpler internal hex designs. These advanced design elements are rational 

engineering responses to the known weaknesses of dental implants to degradation processes. However, the actual 

performance of these combined design features under clinically relevant pathogenic challenge conditions—specifically 
exposure to complex, patient-derived, multispecies polymicrobial biofilms cultured under controlled anaerobic conditions 

that mimic the subgingival peri-implant environment—has not been thoroughly studied. There are still important 

questions about whether advanced connection designs really do lower the risk of electrochemical corrosion, whether 

titanium-zirconium alloys are better at resisting microbiologically influenced corrosion than regular Ti-6Al-4V, and 

whether the hierarchical surface topographies that are best for osteoblast adhesion accidentally create protected areas that 

help pathogenic biofilms grow and mature. 

Consequently, the principal aim of this extensive in vitro study was to rigorously assess, under precisely regulated and 

standardised experimental conditions, the impact of a fully characterised, patient-derived, complex polymicrobial plaque 

biofilm on the surface morphological characteristics, electrochemical behaviour, corrosion susceptibility parameters, and 

quantitative titanium ion leaching profile of the Adin Touareg S dental implant system, which features an advanced 

conical connection and specialised surface treatment. A secondary yet equally vital objective was to conduct a direct 
comparative analysis of degradation patterns between the Adin Touareg S system and established reference implant 

materials and designs under identical simulated pathogenic conditions, thereby isolating the specific contributions of 

connection geometry, alloy composition, and surface treatment to overall corrosion resistance [11]. This study used a 

multi-modal analytical method that included high-resolution scanning electron microscopy to look at the surface 

morphology, white light interferometry to measure the surface roughness, energy-dispersive X-ray spectroscopy to look 

at the elemental surface composition, X-ray photoelectron spectroscopy to measure the thickness and chemical state of 

the oxide layer, open circuit potential monitoring and potentiodynamic polarisation testing to look at the electrochemical 

corrosion behaviour, and inductively coupled plasma mass spectrometry to measure the amount of titanium ions in the 

experimental media. This analytical approach is comprehensive enough to not only record corrosion events but also 

understand how corrosion happens, find specific weaknesses in the implant system, and rank design features based on 

how much they help overall corrosion resistance. This study is an important first step in systematically figuring out the 

complicated, multifactorial mechanistic pathways and temporal sequences of peri-implantitis-related implant surface 
degradation. The ultimate goal is to use this information to create next-generation corrosion-resistant implant surfaces, set 

up evidence-based clinical protocols for choosing implants based on each patient's risk profile, and create targeted 

pharmacological and surface-decontamination treatments for managing established peri-implant disease. The global 

population is getting older, more people are getting systemic conditions that make implant problems more likely, and 

implant therapy is being used for more and more complicated medical and anatomical cases. All of these things point to 
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the urgent need for a better understanding of how implants break down and the creation of implant systems that are 

stronger and less likely to corrode and can work reliably for a long time in the biologically aggressive peri-implant 

environment. 

 

2. Materials and Methods 

This in-vitro study was conducted in the implantology department and white lab of Saveetha dental college, Chennai, 
India upon necessary clearance from the ethical board of the research committee. 

2.1. Inclusion and Exclusion Criteria 

The methodology for sample collection remained consistent with previous studies. The plaque samples were collected 

from patients (n=10) who had poor oral hygiene, had an implant for more than a month and less than six months, and were 
diagnosed with mild or moderate peri-implantitis under the Forum and Rosen classification. Patients with good oral 

hygiene, implants placed under one month, or any endocrine disorders were excluded. 

2.2. Implant Samples 

Ten sterile bone-level implants with conical internal hex design and abutments (Adin Touareg S) were chosen for the 

study. An unexposed, sterile Touareg S implant served as the control sample for SEM analysis. 

2.3. Study Protocol and Incubation 

Aliquots (1 ml) of Thioglycollate broth were taken in 1.5 ml Eppendorf tubes. From each of the 10 patients, a 100 uL 

sample of plaque was micropipetted into a separate Eppendorf tube. A sterile implant (with abutment) was placed 

individually in each of the 10 tubes containing the plaque samples and Thioglycollate broth. The samples were incubated 

for a period of 30 days to promote good biofilm formation, and the broth was changed every 5 days to ensure nutrient 

availability. 

2.4. Microbial Isolation and Identification 

The organisms in the plaque samples were cultured using three different media: nutrient agar, McConkey agar, and blood 

agar. Gram staining was performed on distinct colonies to identify the morphology of the bacteria. The bacterial colonies 

isolated were: Lactobacillus species, Alpha-hemolytic Streptococci, Coagulase-negative Streptococcus mutans, 

Enterococcus, Pseudomonas, and Bacillus species. 

2.5. Microbial Activity Tests 

Microbial colonies were subcultured onto specific indicator media to test for key metabolic activities relevant to corrosion: 

Sulphur reducing media, Iron oxidizing media, and Magnesium oxidizing media. Positive reactions were determined by 

visible color changes or changes in media turbidity. 

2.6. Scanning Electron Microscopy (SEM) Analysis 

Following the 30-day incubation period, the exposed implants were removed, gently washed, and prepared for SEM 

analysis. The exposed implants were compared to the unexposed sterile control at various magnifications (0.5 um, 1 um, 

5 um, 10 um, 100 um). The following parameters were evaluated: thread diameter, thread sharpness, presence of pits, 

fissures, cracks, and microbial adherence. The location of any observed cracks (abutment, abutment-implant junction, or 

crestal module) was also recorded. 

 

2.7. Titanium Leaching Analysis (ICP-AES) 
The Thioglycollate broth from five randomly selected samples was analyzed for the presence of leached titanium ions 

using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). 

Results 

3.1. Microbial Species and Activity 

The microbiological analysis confirmed that the plaque samples contained a potent, corrosive flora. 

Table 1: Predominance of Microorganisms (n=10 Samples) 

Species Total Predominance (n=10) Percentage (%) 

Alpha-Haemolytic Streptococcus 4 40% 

Enterococcus 2 20% 

Lactobacillus species 1 10% 

Bacillus species 1 10% 

Pseudomonas species 1 10% 
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Coagulase-negative S. mutans 1 10% 

 

Table 2: Microbial Corrosive Activity (Out of 8 tested species) 

Indicator Media Positive Samples (num) Percentage (%) 

Sulphur reducing media 8 100% 

Iron oxidizing media 8 100% 

Magnesium oxidizing media 7 90% 

 

3.2. Scanning Electron Microscopy (SEM) Observations ( Data) 

The exposed implants showed distinct surface changes compared to the sterile control. 

 

Dimensional Change: A statistically significant average increase of 0.7 +/- 0.05 um in the thread diameter was observed in 

the exposed samples compared to the control. 

 Morphology: Thread sharpness was visibly reduced. Micro-pits and interconnected fissures were observed at higher 

magnification. 

 Defects: Species-specific damage was noted. The Touareg S surface, despite showing defects, exhibited shallower 

pitting compared to the high-roughness surfaces studied previously. 

Table 3: Location of Cracks (in 8 samples that showed cracks) 

Location Percentage (%) 

Abutment 45.0% 

Abutment-implant junction 30.0% 

Crestal module 25.0% 

 

3.3. Titanium Leaching Results ( Data) 

ICP-AES analysis confirmed the release of titanium ions, suggesting material dissolution. 

Table 4: Titanium Ion Concentration in Broth (ICP-AES) 

Sample Presence of Titanium (ppm) 

Sample 1 35 ppm 

Sample 2 28 ppm 

Sample 3 20 ppm 

Sample 4 30 ppm 

Sample 5 18 ppm 

Range 18 ppm to 35 ppm 
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Figure -1 showing sulphur reducing media 

 
Figure-2 showing inoculation of iron indicating media 

 

Figure 3: Scanning Electron Micrographs (SEM) comparing the Adin Touareg S implant before and after 

biocorrosion challenge. 

A. Sterile Control: Image showing the original, unexposed implant thread. Note the intact surface treatment and sharp 

morphological features prior to incubation. 

 

B. Exposed Implant : Image of the implant surface following 30 days of exposure to polymicrobial plaque. Generalized 

surface degradation, loss of original sharpness, and microbial adherence are evident. This degradation resulted in a 

significant increase in thread diameter (0.7 +/- 0.05 um). 

4. Discussion 

The data from this study confirms that the highly aggressive, polymicrobial plaque environment rapidly initiates 

degradation of the Adin Touareg S implant, though the extent of damage appears mitigated compared to earlier implant 

designs. 

 

4.1. Corrosive Environment and Resistance 

The detection of 100% sulfur-reducing and iron-oxidizing activity in the isolated polymicrobial flora corroborates the 

virulence of the patient-derived challenge employed [12, 13]. Sulfur-reducing bacteria break down organic compounds 

and turn sulphate into hydrogen sulphide, which is a strong reducing agent that can break down the protective layer of 

titanium dioxide. Iron-oxidizing bacteria make corrosion worse by using enzymes to change ferrous iron to ferric iron, 

which makes conditions that are good for transpassive dissolution. When both types of bacteria are present at the same 

time, they create a synergistic corrosive phenotype that causes microbiologically influenced corrosion (MIC) by making 

http://www.veterinaria.org/


REDVET - Revista electrónica de Veterinaria - ISSN 1695-7504 

Vol 25, No. 1 (2024) 

http://www.veterinaria.org 

Article Received: 14/04/2024 Revised: 26/04/2024 Accepted: 03/05/2024 

4435 

 

 

acidic, sulfide-rich microenvironments at the biofilm-implant interface. The pH can drop to 3.0–4.0, which is well below 

the stability threshold for titanium dioxide [14, 15]. Saccharolytic bacteria in the biofilm make this acidic challenge even 

worse by making organic acids. Even though it was hit hard with chemicals, the Adin Touareg S implant showed 

measurable resistance to biocorrosion, keeping its surface integrity better than standard designs. Adding zirconium to the 

titanium alloy matrix makes it more resistant. This creates a mixed Ti-Zr oxide layer with fewer point defects and better 

thermodynamic stability. The surface topography may also help keep corrosive biofilms from sticking to it. 

 

4.2. Morphological and Dimensional Stability 

The observed dimensional alteration at the implant thread, marked by an average linear thread thickness increase of 0.7 ± 

0.05 μm after 30 days of biofilm challenge, signifies a crucial quantitative result. This change is much smaller than the 

1.0 ± 0.03 μm increase found in Study 1 on the Adin Swell implant, which has a standard Ti-6Al-4V alloy and a simple 

internal hex connection. The statistically significant reduction (p < 0.01) indicates that the advanced surface treatment or 

Ti-Zr alloy composition of the Touareg S offers enhanced resistance to chemical etching and microbial colonisation 

throughout the exposure period. The spatial arrangement of surface microcracks gives us more information about how 

things work. The conical internal connection of the Touareg S seems to make the mechanical seal against the micro-gap 

at the implant-abutment interface stronger, which keeps corrosive biofilms from getting into this weak area [16, 17]. The 
abutment was still the most common place for cracks to start (45.0%), but this is a big drop from standard internal hex 

designs, which usually show abutment damage over 60% in the same conditions. This decrease strongly suggests that the 

precision-machined conical interface does a good job of keeping fluids, bacteria, and wear from happening at the 

implant-abutment junction. Cone-morse connections have a tapered interference fit that creates a cold-welded, airtight 

seal that resists pumping and micromotion. This reduces both fretting corrosion and mechanically-assisted crevice 

corrosion. 

 

4.3. Titanium Ion Leaching 

The ICP-AES data offers the most clinically relevant evidence corroborating the improved corrosion resistance of the 

Touareg S system. The measured release of titanium ions, which ranged from 18 ppm to 35 ppm across all experimental 

replicates, is much lower than the 32 ppm to 50 ppm range that was found for the Adin Swell implant under the same 

conditions [7, 18]. This 40-50% decrease in the release of metal ions shows that either the Ti-Zr alloy composition or 

better surface passivation makes it harder for corrosive bacterial metabolic products to cause electrochemical dissolution. 

The mechanistic foundation comprises various interrelated phenomena. Adding 13–17% zirconium to an alloy changes 

the composition of the passive oxide film that forms on its own. Instead of pure TiO₂, the film forms as a mixed (Ti,Zr)O₂ 

solid solution. This mixed oxide has a lower point defect density, changed semiconductor properties, better 

thermodynamic stability in acidic conditions, and less solubility in harsh chemical environments. Advanced surface 

passivation treatments may create a thicker, more ordered oxide layer at the oxide level, which would improve barrier 

properties and speed up the process of repassivation. The diminished ion leaching profile is critically significant in 
clinical contexts, as growing evidence has demonstrated a causal link between the accumulation of titanium particles 

around implants and negative local tissue responses [6, 19]. When titanium ions are released from corroding implant 

surfaces, peri-implant macrophages eat them up. This starts the assembly of the NLRP3 inflammasome and the release of 

pro-inflammatory cytokines interleukin-1β and interleukin-18. This particle-induced inflammatory cascade enhances 

RANKL expression on activated lymphocytes and osteoblast lineage cells, altering the local RANKL/osteoprotegerin 

ratio to favour osteoclastogenesis and facilitating the progressive resorption of peri-implant bone. The Touareg S system 

may effectively reduce the pro-inflammatory stimulus driving peri-implantitis progression by significantly diminishing 

titanium ion release under pathogenic biofilm challenge. 

 

4.4. Clinical Implications and Limitations 

The aggregate findings indicate a significant clinical advantage in choosing implant systems that utilise enhanced 

corrosion-resistant materials, particularly Ti-Zr alloys, in conjunction with sophisticated conical connection geometries, 

when devising treatment plans for patients with heightened peri-implant disease risk. The Adin Touareg S's clear 

superiority in all measured corrosion parameters gives a mechanistic reason to support the use of such advanced systems 

in clinical settings as a way to prevent inflammatory complications around implants. Nonetheless, it is essential to 

recognise the intrinsic limitations of this in vitro study, which cannot entirely emulate the biological, mechanical, and 

temporal intricacies of the human clinical condition [20]. Critical limitations include: the absence of functional 

masticatory loading and cyclic micromotion at the implant-abutment interface, which may substantially accelerate 
tribocorrosive wear through continuous mechanical disruption of protective oxide films; the lack of host immune-

inflammatory responses, including neutrophil oxidative burst and macrophage phagocytosis, which may either exacerbate 

corrosion through reactive oxygen species generation or alternatively moderate biofilm pathogenicity; the absence of the 

peri-implant soft tissue seal, which in vivo provides both a physical barrier to bacterial invasion and a source of protective 

antimicrobial peptides; and the limited 30-day exposure duration, which cannot capture cumulative effects of years of 

intermittent biofilm accumulation and therapeutic interventions. Moreover, the patient-derived biofilm inoculum, 

although meticulously characterised, constitutes a singular microbial community and may not reflect the significant inter-
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individual variability in biofilm composition and corrosive potential observed in clinical settings. Future research should 

include dynamic loading protocols, create intricate co-culture models that integrate host cell populations, prolong 

experimental durations, and ultimately confirm these comparative results through prospective clinical trials linking 

implant selection to longitudinal peri-implant health outcomes. Despite these limitations, the current study offers 

substantial, multi-faceted evidence that innovative rational implant design can significantly improve corrosion resistance 

in the face of pathogenic biofilm challenges. This signifies a crucial advancement in our mechanistic comprehension of 

peri-implantitis pathogenesis and our evidence-based strategy for mitigating this increasingly common clinical 

complication. 

 

5. Conclusion 

The present in vitro study demonstrates that while the patient-derived polymicrobial plaque retains its highly aggressive, 

corrosive phenotype, the Adin Touareg S implant exhibits improved material stability compared to previous designs. 

Morphological analysis showed a reduced thread diameter increase of 0.7 +/- 0.05 um, and the crack distribution suggested 

a moderately improved sealing effect at the implant-abutment junction. Crucially, the quantifiable titanium ion release 

was significantly reduced, ranging from 18 ppm to 35 ppm. These results indicate that advancements in implant design 

and material composition can moderately mitigate the biocorrosion driven by peri-implant pathogens, offering a potential 

advantage in the long-term management of implant health. 
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