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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 titanium dental implants (Adin Swell, internal hex design) 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 a-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 severe surface
degradation, including a statistically significant increase in thread diameter (1+0.03um) and the formation of distinct,
species-specific defects such as pits, fissures, and crater-like deformities. Cracks were predominantly observed on the
abutment (60.0%). Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) confirmed the release of
titanium (Ti) ions into the broth, ranging from 32 ppm to 50 ppm. These findings demonstrate that polymicrobial plaque
rapidly induces biocorrosion and morphological damage to the implant surface, with potential clinical implications for
chronic inflammation and material integrity.

Introduction

The successful clinical implementation of endosseous dental implants is fundamentally reliant on the attainment and
preservation of osseointegration, which denotes a direct structural and functional linkage between the organised, living
bone and the surface of the load-bearing implant [1]. Branemark and his colleagues first wrote about this biological
phenomenon in the 1960s. It changed restorative dentistry by giving dentists a reliable way to replace missing teeth with
prostheses that look and work like real teeth. Osseointegration is a special condition in which living bone tissue comes into
contact with an alloplastic material without the formation of fibrous tissue in between. This creates an interface that can
handle a lot of chewing force for many years. Many things work together to create this close contact between the bone and
the implant. These include the type of material used for the implant, the surface topography, the surgical technique, the
healing time, the loading protocols, and the host's overall health, such as metabolic bone diseases, smoking habits, and
uncontrolled diabetes mellitus. Modern implant dentistry has had great success, with many long-term studies showing that
single-tooth restorations have survival rates over 95% and full-arch reconstructions have survival rates over 90% after ten
years. These impressive results have made dental implants the best treatment for partial and complete edentulism. They
have changed the lives of millions of patients around the world by making it easier to chew, keeping the alveolar bone
structure intact, improving speech articulation, and restoring psychological well-being that comes with having a complete
and functional dentition.

Even though implant design, biomaterial science, surface modification technologies, and surgical protocols have all come
a long way, long-term complications are still a big problem in modern implant practice. Peri-implant diseases, like peri-
implant mucositis and peri-implantitis, are the most common cause of late implant failure [2]. Peri-implant mucositis is a
reversible inflammatory condition that only affects the soft tissues around an implant and does not show any signs of bone
loss. It affects about 43% of implant patients and is a sign of the more serious peri-implantitis. Peri-implantitis, characterised
by progressive inflammatory destruction of the supporting alveolar bone accompanied by bleeding on probing, suppuration,
and increasing probing pocket depths, has been reported to affect between 18% and 28% of implant patients at the implant
level, with prevalence increasing as function time extends beyond five years. This condition is a complicated pathological
entity that is different from periodontitis in important ways. For example, it doesn't have periodontal ligament fibroblasts,
which are cells that protect and repair tissue; the collagen fibres are orientated parallel to the implant surface instead of
perpendicular to it; bone loss happens more quickly once it starts; and conventional periodontal therapies don't work as
well on implant surfaces. The socioeconomic burden of peri-implant diseases is significant, encompassing not only the
direct expenses of professional intervention but also the indirect costs associated with patient morbidity, additional surgical
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procedures, prosthetic refabrication, and, at times, complete implant system failure necessitating intricate reconstructive
surgeries [3]. Titanium and its alloys, especially the widely used Ti-6Al-4V alloy, are still the best materials for making
dental implants because they are very biocompatible, very resistant to corrosion, have good mechanical properties like a
high strength-to-weight ratio and a low elastic modulus compared to other metallic biomaterials, and have been used in
clinical settings for more than 40 years [4]. The biocompatibility of titanium is primarily attributed to the spontaneous
formation of a stable, resilient, and self-healing oxide layer, predominantly consisting of titanium dioxide (TiO:), which
develops immediately upon exposure to oxygen or aqueous environments. This passive oxide film, which is about 3 to 7
nanometres thick under normal conditions, separates the metal underneath from the biological environment and provides
the surface on which proteins stick, cells stick, and bone tissue eventually sticks. The oxide layer exhibits exceptional
dielectric characteristics, semiconductor functionality, and the ability to assimilate diverse ionic species from the
surrounding milieu, potentially affecting subsequent biological interactions at the implant-tissue interface. Even these
materials that don't react are becoming more and more known to be able to break down in the mouth, especially when there
is a polymicrobial biofilm that is aggressive, structurally complex, and metabolically diverse [5]. The oral cavity has an
electrochemical environment that is very harsh. The temperature can change from 0°C to 70°C, the pH can change from
very acidic (after carbohydrate fermentation) to alkaline (after urea hydrolysis), the dissolved oxygen tension can change,
and the chloride concentration can change. All of these things make it hard for passive oxide films to stay on metallic
biomaterials.

Moreover, the continuous mechanical stresses of chewing, parafunctional activity, and implant loading create conditions
for tribocorrosion, in which the protective oxide film is constantly worn away at the implant-abutment interface, implant-
bone contact zones, and areas of micromotion. This requires constant repassivation and uses up electrochemical energy
while releasing titanium species into the area around the implant. The release of titanium ions is clinically significant, as
these metallic entities can accumulate in peri-implant soft tissues, regional lymph nodes, distant organs such as the lung,
liver, spleen, and kidney, and even systemically. They may contribute to type IV delayed-type hypersensitivity reactions,
CD4+ and CD8+ T-lymphocyte activation, macrophage-mediated foreign body responses, chronic inflammatory cell
infiltration, osteoclastogenesis promotion through RANKL upregulation, and ultimately, progressive peri-implant bone loss
[7, 8]. The biological reactivity of titanium particles is fundamentally influenced by their physicochemical properties, such
as size, shape, crystallographic phase, surface charge, agglomeration state, and protein corona composition. Nanoparticulate
titanium dioxide has been demonstrated to induce oxidative stress, mitochondrial dysfunction, pro-inflammatory cytokine
release (IL-1B, IL-6, TNF-a), and NLRP3 inflammasome activation in macrophages and osteoblasts, establishing a
deleterious inflammatory cycle in which particle release exacerbates inflammation, thereby accelerating corrosion and
facilitating the release of additional particles. Modern concerns go beyond just titanium to include the possible systemic
effects of alloying elements. For example, aluminium is a neurotoxicant linked to the development of Alzheimer's disease
and dialysis encephalopathy, while vanadium is a genotoxicant linked to DNA strand breakage and chromosomal
abnormalities. These elements are released during corrosion processes, which has led to more research into alternative alloy
compositions and surface modification strategies [10, 11]. The inherent roughness and elevated surface free energy of these
surfaces facilitate rapid osseointegration and high removal torque values, while simultaneously increasing the surface area
for initial bacterial adhesion by 5-10 times compared to machined surfaces. This study is a vital initial step in systematically
clarifying the mechanistic pathways and temporal progression of implant surface degradation associated with peri-
implantitis, ultimately aiming to guide the creation of more corrosion-resistant implant surfaces, evidence-based preventive
measures, and targeted therapeutic approaches for managing peri-implant disease. To break the pathological cycle that
makes it hard to predict how long implant-supported prosthetic rehabilitation will last in an ageing, increasingly dentate
global population, we need to fully understand the complex two-way relationship between biofilm colonisation and titanium
surface degradation. In this relationship, biofilm accumulation speeds up corrosion, corrosion products weaken host defence
and bone remodelling, and degraded surfaces make it easier for biofilm to stay on surfaces.

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.Inclusion and Exclusion Criteria

Plague samples were collected from patients (n=10) who had poor oral hygiene, had an implant for more than one 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.

Implant Samples

Ten sterile bone-level implants with an internal hex design and abutments were chosen (Straumann TiSLA). An
unexposed, sterile implant served as the control sample for SEM analysis.

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 pL
sample of plague 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
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availability.

Microbial Isolation and Identification

The organisms in the plague 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.

Microbial Activity Tests

Microbial colonies were sub cultured 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

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 (0.5um, 1 um,
5 um, 10pm, 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

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)

Statistical Analysis

Paired T-Test was used in this study for the statistical evaluation

n|
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; ]
Figure-1 showing different bacterial strains in culture media Figure-2 showing the Dental Implant incubated in the broth
Results

3.1. Microbial Species and Activity

Gram staining identified 8 different organisms across the samples. Six distinct bacterial species were isolated in culture.
Table 1: Predominance of Microorganisms (n=10)

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

a-Haemolytic Streptococcus 4 40%
Enterococcus 2 20%
Lactobacillus species 1 10%

Bacillus species 1 10%
Pseudomonas species 1 10%
Coagulase-negative S| 1 10%

mutans

The predominant species was a-Haemolytic Streptococcus (40%), followed by Enterococcus (20%).
Table 2: Microbial Corrosive Activity (Out of 8 tested species)

Indicator Media Positive Samples (hum) Percentage (%0)
Sulphur reducing media 8 100%

Iron oxidizing media 8 100%
Magnesium oxidizing media 7 90%

All tested bacterial species exhibited high Sulphur reducing and Iron oxidizing metabolic activity.

4426


http://www.veterinaria.org/

REDVET - Revista electronica de Veterinaria - ISSN 01-06
Vol 25, No. 1 (2024) ﬁ. Py
http://www.veterinaria.org = mg& o »
Avrticle Received: 11/04/2024 Revised: 19/04/2024 Accepted: 23/04/2024 P

Scanning Electron Microscopy (SEM) Observations
The exposed implants exhibited significant changes compared to the sterile control:

o Dimensional Change: An average increase of 1 + 0.03 um in the thread diameter was observed.

o Morphology: The sharpness of the implant screw threads was significantly reduced.

¢ Defects: Deep pits interconnected with fissures were observed at 1 um magnification. Discontinuity of the metal pattern
and evident microbial adherence were noted. At the implant-abutment junction, galling of the metal surface and fissure-
like cracks were observed.

Titanium Leaching Results

ICP-AES analysis of the broth from five samples confirmed the release of titanium ions.

Figure 3- SEM image comparing the sterile implant control (A) to the implant exposed to polymicrobial plaque for 30 days (B), illustrating the
loss of thread sharpness and the increase in thread diameter.

Discussion

The data from this in vitro study conclusively demonstrate that patient-derived polymicrobial plaque rapidly and
significantly degrades the surface of the Adin Swell implant, leading to distinct morphological defects and the measurable
release of titanium ions. These findings carry substantial implications for our understanding of peri-implantitis pathogenesis
and the long-term stability of dental implant materials in the oral environment. The results presented herein not only confirm
the susceptibility of titanium surfaces to microbiologically influenced corrosion (MIC) but also provide quantitative
evidence of the extent of material degradation that can occur within a relatively short exposure period of 30 days. This
timeframe is particularly noteworthy as it suggests that surface alterations may begin much earlier in the clinical course of
peri-implant disease than previously appreciated, potentially preceding visible radiographic bone loss or clinical symptoms.
Furthermore, the demonstration of active titanium ion release across all experimental samples, with concentrations ranging
from 32 to 50 ppm, raises important questions regarding the threshold at which metal ion accumulation becomes
biologically significant and contributes to the local inflammatory cascade.

Microbial Environment and Corrosive Activity

The microbiological analysis revealed a complex community structure with notable diversity, with a-Haemolytic
Streptococcus being the most predominant species, identified in 40% of samples, followed by Enterococcus species
comprising 20% of the isolated organisms. This distribution pattern is consistent with previously reported microbial profiles
in peri-implantitis lesions, although the relative abundance of these facultative anaerobes in our model is somewhat higher
than typically observed in studies focusing primarily on strict anaerobic pathogens. While conventional peri-implantitis is
often associated with strict anaerobes such as Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia,
this model highlights the potential destructive role of facultative anaerobes and acid-producing species like Streptococcus
and Lactobacilli in initiating surface damage through the creation of a localized acidic microenvironment adjacent to the
implant surface [13,14]. The metabolic activity of these acidogenic bacteria results in the production of organic acids,
including lactic acid, acetic acid, and formic acid, which collectively lower the local pH to levels capable of directly
attacking the passive titanium oxide layer that normally confers corrosion resistance. This acidification process, even when
mild and transient, can initiate localized breakdown of the protective oxide film, thereby exposing the underlying metallic
substrate to further corrosive attack [6,16,17]. The mechanism of SRB-induced corrosion involves the enzymatic reduction
of sulfate to sulfide, generating hydrogen sulfide that reacts with metal cations to form insoluble metal sulfides, thereby
disrupting the passive film and facilitating ongoing dissolution. Furthermore, the hydrogen sulfide produced can react with
dissolved oxygen to form thiosulfate and other sulfur species that maintain an aggressive corrosive environment even in
the presence of limited oxygen. The observation that 100% of tested species exhibited this capability underscores the
synergistic, destructive power of a polymicrobial peri-implant infection on the titanium surface [18]. This universality of
corrosive activity across all identified species suggests that the biofilm as a whole possessed a highly aggressive, corrosive
phenotype capable of driving microbiologically influenced corrosion through multiple complementary mechanisms,
including acid production, sulfide generation, and oxygen depletion, each of which contributes to the overall
electrochemical instability of the titanium surface.

Morphological Degradation (SEM)

The exposure to this corrosive polymicrobial environment resulted in severe surface degradation, as confirmed by detailed
scanning electron microscopy (SEM) analysis, which revealed both topographic and dimensional alterations to the implant
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surface architecture. The SEM examination provided high-resolution visualization of the surface changes, allowing for
precise quantification of the morphological modifications induced by microbial activity.

Dimensional Change

A significant increase in implant thread thickness of 1 + 0.03 pm was observed compared to the sterile control, representing
a measurable alteration in the macroscopic dimensions of the implant geometry. This change, coupled with the noticeable
reduction in thread sharpness and the rounding of previously distinct thread edges, is consistent with the existing literature
describing how surface features are chemically altered or obscured by corrosive products accumulating under biofilm
colonization. The observed thickening may appear paradoxical at first glance, as corrosion typically results in material loss;
however, this dimensional increase can be attributed to the formation of corrosion products and biofilms on the surface,
which create a layer of titanium oxides, sulfides, and organic-inorganic complexes that effectively increase the apparent
thickness of the thread structure. The reduction in thread sharpness is particularly concerning from a clinical perspective,
as the mechanical retention of the implant within bone depends in part on the engagement of the thread geometry with the
surrounding osseous tissue. Blunting of the thread profile may compromise primary stability and alter the distribution of
occlusal forces, potentially contributing to micromovement and subsequent fibrous encapsulation rather than
osseointegration.

Surface Defects

A high frequency of surface flaws was recorded across all experimental samples, with the SEM analysis revealing diverse
defect morphologies including pitting, crevice corrosion, intergranular attack, and generalized surface roughening. These
defects were directly correlated to the predominant bacterial species identified in the microbial analysis, suggesting species-
specific mechanisms of surface interaction. For example, the specific pitting morphology caused by a-Haemolytic
Streptococcus supports previous findings that Streptococcus species biofilm can significantly alter titanium surface
roughness and corrosion behaviour through the localized production of organic acids and exopolysaccharides that create
concentration gradients and differential aeration cells on the metal surface [19].

Location of Damage

Significantly, the cracks and surface defects were predominantly located on the abutment surface (60%), rather than on the
crestal module or the implant body, revealing important insights into the vulnerability of specific implant components. This
finding highlights the micro-gap between the abutment and implant body as a critical site for bacterial colonization, biofilm
accumulation, and subsequent galling, a form of mechanical wear accompanied by erosion that occurs at the interface
between two contacting surfaces in relative motion [20,10]. The internal hex connection, while offering mechanical stability
and anti-rotational properties, inadvertently creates a defined spatial interface that is prone to micro-leakage, fluid ingress,
and the concentration of corrosive elements from the surrounding peri-implant environment. The accumulation of bacteria
and inflammatory exudate within this micro-gap sets the stage for tribocorrosion, the synergistic interaction between
mechanical wear and electrochemical corrosion that can dramatically accelerate material degradation at the abutment-
implant junction. The mechanical loading associated with mastication induces micromotion at this interface, continually
disrupting any passive film that attempts to reform and exposing fresh metal surface to the corrosive biofilm environment

Titanium lon Leaching

The study's ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) results showed measurable titanium
ion leaching in all experimental samples, with concentrations ranging from 32 ppm to 50 ppm, confirming that the
destructive microbiological and corrosive activities observed on the Adin Swell surface directly resulted in the dissolution
of the titanium alloy. This quantitative data provides robust evidence that the observed morphological degradation translated
into actual material loss at the molecular level, with titanium atoms being released from the surface lattice into the
surrounding environment. The ICP-AES methodology employed offers high sensitivity and specificity for metal ion
detection, ensuring that the reported values accurately reflect the extent of titanium dissolution occurring under the
experimental conditions. The presence of metal ions in the peri-implant sulcus is a known biological trigger, and a
concentration of up to 50 ppm represents a considerable burden for local phagocytes and tissue cells, potentially propagating
the inflammatory cycle that characterizes peri-implantitis [7,8]. Titanium ions released from implant surfaces can interact
with host tissues through multiple pathways, including direct cytotoxicity, oxidative stress induction, and immunological
modulation. At the cellular level, titanium ions have been shown to stimulate the production of pro-inflammatory cytokines
such as IL-1B, TNF-q, and IL-6, which recruit additional inflammatory cells to the implant site and activate osteoclast-
mediated bone resorption.

Limitations

While providing detailed mechanistic insight into the corrosive potential of polymicrobial biofilms on titanium implant
surfaces, this study represents an in vitro model with inherent limitations that must be carefully considered when
extrapolating the findings to clinical practice. The controlled environment, characterized by standardized temperature
conditions (37°C), static nutrient availability, and the use of broth medium over a relatively short experimental period of
30 days, cannot fully replicate the dynamic, complex biomechanical, and host immune responses present in the living
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human oral cavity [21]. The oral environment is characterized by continual fluctuations in temperature, pH, nutrient
availability, salivary flow, and oxygen tension, all of which influence microbial metabolism and biofilm structure.
Additionally, the absence of host immune cells, including neutrophils, macrophages, and lymphocytes, which play crucial
roles in modulating microbial populations and removing corrosive products in vivo, means that the corrosive challenge
imposed in this study may differ substantially from the clinical situation. The lack of mechanical loading in the in vitro
model further limits the translational relevance, as cyclic occlusal forces create wear mechanisms and dynamic fluid flow
that can dramatically influence corrosion processes and biofilm dynamics. the clinical implications and develop effective
preventive and therapeutic strategies to preserve implant longevity and patient oral health.

Conclusion

The present in vitro study demonstrates that patient-derived polymicrobial plaque creates a highly aggressive, corrosive
microenvironment, marked by high Sulphur-reducing and Iron-oxidizing activity, leading to significant surface
degradation of the Adin Swell titanium implant. Morphological analysis revealed a statistically significant increase in
thread diameter (1 £ .03um) and the formation of corrosion-related defects, primarily concentrated at the abutment.
Furthermore, this degradation was accompanied by the release of quantifiable titanium ions, ranging from 32 ppm to 50
ppm. These findings underscore the critical role of the polymicrobial biofilm in promoting implant failure through
biocorrosion and highlight the specific vulnerability of the implant-abutment interface to this destructive process.
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