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Oral rehabilitation devices are susceptible to bio-tribocorrosion phenomena in the oral environment due to the synergism of wear, chemical, biochemical, and microbiological processes. This review summarizes the clinical problems and advances obtained based on current scientific evidence as well as the influence of tribological fundamentals, testing methodologies, and protocols in tribocorrosion analyses. The main clinical question related to oral rehabilitation with dental implants is the treatment failure, which is influenced by material degradation. Titanium-based implants are exposed to wear and corrosion challenges in the oral environment since the implantation and along the lifetime service. The titanium (Ti) properties such as structural material, connection design, surface treatments, alloying elements are influencing factors for material behavior. In addition, wear-corrosion factors such as cyclic loads, micromovements, oral biofilm, decontamination methods are also associated with dental implants degradation. These environmental conditions to which dental implants are submitted leads to the release of Ti particles and ions with cytotoxic and harmful effects on peri-implant surrounding tissues. In this context, the current state of the art of bio-tribocorrosion over the last decade has been steadily increasing to understand material degradation. The basic test system used to translate the tribocorrosion phenomena in the oral environment to the bench consists of electrochemical and tribological synergic analysis. The mechanical (applied load, frequency, stroke distance, and number of cycles) and electrochemical (solution composition, concentration of anions, and pH) test conditions are determinants for materials tribocorrosion performance. To overcome the tribocorrosion phenomena some strategies have been used such as alloying elements for Ti-alloys manufacture, surface treatments, and biomolecules immobilization. Further studies need to have the tribocorrosion analyses as the basis for new smart materials development considering the importance of such aspects for the biomaterial clinical behavior. Finally, tribological tests are relevant strategies for understanding the mechanisms of degradation in the oral environment and for providing a way to improve the clinical outcomes of dental implants.
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INTRODUCTION

The bio-tribocorrosion is an emerging and multidisciplinary area of science that has been widely studied because of its clinical relevance in oral and orthopedic fields (Mathew et al., 2014a). The human body represents a challenging condition for any biomaterial due to mechanical, chemical, biochemical, and microbiological degradation processes (Apaza-Bedoya et al., 2017). In this context, bio-tribocorrosion studies can enable understanding the irreversible degradation mechanisms that biomedical devices are exposed by analyzing the synergistic effect of wear and corrosion (Marques et al., 2016; Alves et al., 2017). Hence, the bio-tribocorrosion provides valuable information on mechanisms that influence the performance of implants in biological systems (Mathew et al., 2011).

In oral environment, titanium (Ti)-based implants and prostheses represent the primary treatment for dental replacement with high long-term success rates (Zembic et al., 2014; Srinivasan et al., 2017). However, the degradation generated by the tribocorrosion process has been reported to influence the success of dental implants due to Ti-based wear cracks generation, particles, and ions release (Shemtov-Yona and Rittel, 2015). These implant degradation products can trigger unfavorable biological responses such as increase in peri-implant infection and progressive bone loss (Costa et al., 2019). Consequently, such harmful effects influence the implant lifetime and increase the failure probability (Delgado-Ruiz and Romanos, 2018; Suárez-López Del Amo et al., 2018). For this reason, the study of the bio-tribocorrosion phenomenon has been considered a relevant topic of dental research.

The main objective of this review is to provide an overview of several relevant aspects of bio-tribocorrosion in the oral rehabilitation field with dental implants. Descriptions of tribological fundamentals, testing methodologies, and protocols, as well as clinical problems and advances obtained based on current scientific evidence were summarized. Thus, this study contributes to a better understanding of the bio-tribocorrosion phenomena and the impact of these processes on oral devices performance.



BIO-TRIBOCORROSION: AN OVERVIEW

Tribology is an area of the mechanical engineering that studies the mechanisms of friction, lubrication, and wear of interacting surfaces that are in relative motion (Mathew et al., 2014a; Villanueva et al., 2017). Differently, the corrosion is the science that evaluates irreversible degradation of materials that occurs due to electrochemical interaction with the surrounding environment (Asri et al., 2017). The synergistic effects of the interactions between wear and corrosion on the material surface are known as “tribocorrosion” (Ponthiaux et al., 2004; Azzi and Szpunar, 2007). In other words, tribocorrosion is a science that studies the inter-relationship of wear, chemical, and electrochemical processes (Oliveira et al., 2015; Trino et al., 2018).

In implant dentistry, wear, and corrosion are two modes of materials degradation, which are well-known and widely studied (Villanueva et al., 2017). However, individual analysis of these properties may not simulate the complete effect of materials degradation in the oral environment. The wear can increase the corrosion rate as well as a corrosive environment can also accelerate material loss through wear mechanisms (Oliveira et al., 2015; Souza et al., 2015). In addition, other factors related to the organism such as metabolic, immunological, biochemical, and microbiological processes can also influence the degradation of dental implants (Mathew et al., 2012b; Golvano et al., 2015). The tribocorrosion study, simulating biological conditions, is designated in the literature as bio-tribocorrosion (Mathew et al., 2012b; Souza et al., 2012; Golvano et al., 2015; Buciumeanu et al., 2016; Correa et al., 2016; Apaza-Bedoya et al., 2017; Cui et al., 2019a; Figure 1).
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FIGURE 1. Primary concept and definition of bio-tribocorrosion.


The bio-tribocorrosion fundamentals have been observed since the eighteenth century and were previously described as tribo-oxidations, mechanical-oxidations, and tribo-electrochemistry (Ponthiaux et al., 2004; Villanueva et al., 2017). Initially, descriptions and fundamentals of tribology, corrosion, and tribocorrosion were studied separately but recently became consolidated fields in the materials sciences where the associated conditions were accounted (Villanueva et al., 2017). Over the last 20 years, the number of scientific publications about bio-tribocorrosion field increased due to diverse economic implications of this process in engineering and medical device industry (Mathew et al., 2014a; Dalmau Borrás et al., 2019).



THE RELEVANCE OF BIO-TRIBOCORROSION IN DENTISTRY AND STATE OF THE ART FROM THE LAST DECADE

Metallic biomaterials are widely used in dentistry to manufacture dental implants, abutments, frameworks, maxillofacial surgical structures, orthodontic devices, and endodontic instruments (Mathew et al., 2014a; Golvano et al., 2015; Bryant and Neville, 2017). The main problem related to these devices is the tribocorrosion damage to which metals are subjected in the oral environment (Souza et al., 2015). Notably, specific oral conditions make the situation more corrosive and increase the degradation process directly influencing the survival of oral treatments (Costa et al., 2019).

The state of the art of bio-tribocorrosion on dental implants field was investigated in this review through an electronic search which was conducted in three databases: PubMed, Web of Science, and Scopus. The current review used the following combination of terms “tribocorrosion OR corrosion AND dentistry AND biomaterial.” Two independent reviewers screened a total of 1,284 titles and abstracts to select studies in dentistry area focused on implant dentistry field. After screening full texts, a total of 44 studies were included considering the tribocorrosion analyses for dental implants and frameworks applications. The characteristics of the 44 studies (Vieira et al., 2006; Banu et al., 2008; Richard et al., 2010; Souza et al., 2010a, 2012; Sivakumar et al., 2011; Dimah et al., 2012; Mardare et al., 2012; Mathew et al., 2012a,b; Albayrak et al., 2013; Alves et al., 2013, 2014, 2017, 2018; Benea et al., 2013, 2015, 2017; Licausi et al., 2013a,b; Fazel et al., 2015; Figueiredo-Pina et al., 2015; Golvano et al., 2015; Oliveira et al., 2015; Buciumeanu et al., 2016, 2017; Correa et al., 2016; Guinon Pina et al., 2016; Marques et al., 2016; Mindivan et al., 2016; Pontes et al., 2016; Sampaio et al., 2016b; Silva et al., 2016; Bryant and Neville, 2017; Danaila and Benea, 2017; Mindivan and Mindivan, 2018; Sikora et al., 2018; Trino et al., 2018; Wang et al., 2018; Branco et al., 2019; Corne et al., 2019; Cui et al., 2019a,b; Dalmau Borrás et al., 2019) are listed in the Supplementary Material.

The included studies from implant dentistry area have investigated the behavior of cpTi and alloys such as TiAlV, TiZr, TiNbZr, TiZrMo, TiCu, NiCrMo, CoCrMo, and CoCr for dental implants and frameworks applications. Additionally, different surface treatments have also been studied as nitriding, plasma electrolytic oxidation, hydroxyapatite coatings, sandblasting and acid etching, and biomolecules functionalization. Since the surface characteristics play an essential role for dental implants material behavior many surface modifications have been performed to achieve better wear and corrosion properties (Marques et al., 2016; Trino et al., 2018). For tribocorrosion analyses of these surfaces, a tribometer associated to a potentiostat with a three-electrode cell is commonly used, and specific mechanical and electrochemical parameters are applied. In general, surface modification engineering techniques have shown a significant improvement in the material tribo-electrochemical behavior when compared to control untreated surfaces.

Figure 2 shows that over the last decade bio-tribocorrosion studies on restorative dentistry area have been steadily increasing. From 2006 to 2019 the number of experimental and literature reviews published articles increased significantly which can be explained by issues arising the recall of dental implants and the necessity of materials with ideal properties (Oryan et al., 2014). Figure 2 also presents the literature review published articles whose content is of great importance for the understanding of tribocorrosion on restorative dentistry area. The review articles were subdivided into the main issues discussed and the 44 experimental studies above mentioned were presented according to the year of publication. In addition to the available literature, this review brings new insights regarding strategies that have been performed to overcome the tribocorrosion phenomena and summarizes the state of the art of tribocorrosion in the last decade.
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FIGURE 2. Gray bars indicate the number of literature reviews published articles with significant discussion of tribocorrosion for restorative dentistry application. The literature reviews reference of each subtopic division are listed as follows: (1) (Celis et al., 2006; Toh et al., 2018); (2) (Mathew et al., 2014a; Dundon et al., 2017; Espallargas et al., 2017; Villanueva et al., 2017; Cao and Mischler, 2018; López-Ortega et al., 2018; Mombelli et al., 2018; (3) Stack, 2005; Wood, 2007; Wang et al., 2015; Manoj et al., 2019; and, (4) Mathew et al., 2009; Souza et al., 2015; Apaza-Bedoya et al., 2017; Balla and Das, 2017; Revathi et al., 2017; Delgado-Ruiz and Romanos, 2018; Noronha Oliveira et al., 2018). Blue bars indicate the number of tribocorrosion published articles of dental implants and frameworks materials in experimental conditions.



What Is the Oral Environment Impact in the Bio-Tribocorrosion Process?

Ti and its alloys are the most commonly used materials for dental applications due to their superior biocompatibility, corrosion resistance, and excellent mechanical properties (Liu et al., 2017). These properties result from the formation of a continuous, amorphous, highly adherent, and stable titanium oxide layer (TiO2). This film protects the metal surface against oxidative degradation processes from biological fluids (Mathew et al., 2012b; Licausi et al., 2013a). As the TiO2 native film ranges from 1 to 20 nm of thickness, it can be disrupted at very low shear stresses with the exposure of Ti surface to the corrosive environment (Licausi et al., 2013a; Alves et al., 2014). After being ruptured oxide layer can be recovered immediately through repassivation (~30 ms) (Apaza-Bedoya et al., 2017). However, minimal attacks are capable of depassivation, causing irreversible damages to the material (Alves et al., 2013).

The tribolayer is a mixture of organic constituents from oral fluids and metal particles present on the interface of surfaces (Wimmer et al., 2010). The stability and thickness of tribolayers are modified in a nanometer scale according to wear and corrosion degradation conditions (Salvaro et al., 2016). Tribolayers are formed as a result of the physico-chemical interactions of surfaces under relative motion with mutual transfer of materials between surfaces (Luo et al., 2009). The understanding of tribolayers stability and thickness is restricted since different contact conditions can result in different stability and destruction of tribolayers (Salvaro et al., 2016). The presence of tribolayers are beneficial for implant surface properties, since it can exert a corrosion protection (Mathew et al., 2014b). However, during the bio-tribocorrosion process the tribological forces applied on the surface can affect tribolayer stability and lead to tribofilm removal (Barril et al., 2004; Ponthiaux et al., 2004). In addition, previous study has shown the importance of tribolayers, since the oxidation of wear particles occurs primarily within the tribofilm and it can be considered the origin of wear particles (Wimmer et al., 2010). Thus, the understanding of tribolayers formation and nature is crucial to predict the tribocorrosion behavior of materials.

In this way, the tribolayer of Ti-based implants are commonly subjected to damages by tribocorrosion phenomena since the implantation and along the lifetime service (Trino et al., 2018). Firstly, material loss can occur during the implantation when friction forces are applied to implants exposed to body fluids (Suárez-López Del Amo et al., 2018). The insertion torque, loading, and implant replacement cause friction at the bone/implant interface which may be responsible for the release of metallic wear debris causing modifications to the surface and implants geometry (Franchi et al., 2004; Fretwurst et al., 2016). During chewing, physiological cyclic loads (250–450 N) (Mathew et al., 2016) can create micromovements and consequently micro-gaps between implant-abutment or abutment-prosthetic crown (Vieira et al., 2006). These micromovements induce the metal wear particle and ions release that is not entirely bioinert materials (Blum et al., 2015). The micro-gaps increase the contact of saliva and oral biofilm with implant surfaces exacerbating the corrosive process (Souza et al., 2010a; Noumbissi et al., 2019). Additionally, the characteristics of implant systems such as structural material (Souza et al., 2015; Branco et al., 2019), connection design (Mombelli et al., 2018), and surface treatments (Geringer et al., 2013) also influence the related tribocorrosion damages.

Another relevant point is that thermal, ionic, enzymatic, and microbiologic factors of the oral environment increase the corrosive behavior and electrochemical degradation of dental implants (Mathew et al., 2012b). In fact, it is well-documented that acidification of saliva (Mathew et al., 2012a; Licausi et al., 2013b), fluoride concentration (Sivakumar et al., 2011; Licausi et al., 2013a; Golvano et al., 2015), and oral mouthwashes (Pontes et al., 2016) cause damages on the surface of metallic biomaterials. In addition, chronic diseases, medications, and infection processes can influence Ti degradation by acidification around the implant (Mathew et al., 2012a). Sucrose (Souza et al., 2018), caffeine and smoking products (Barão et al., 2015) also modify saliva pH but have not been associated with reduced corrosion resistance of Ti. However, these factors are related to a higher formation and virulence of oral biofilm (Barão et al., 2015; Souza et al., 2018).

Specifically, it is important to state the saliva layer influence in the tribocorrosion process. Human saliva is a complex mix of fluids which consists of several inorganic and organic compounds produced by parotid, submaxillary, and submandibular glands as well as by oral mucosal glands (Dodds et al., 2005). Saliva has numerous functions including moistening of oral mucosa, lubrication during mastication, formation of food bolus, swallowing and speaking, modulation of oral microbial flora and also helps the healing of oral wounds (Dawes et al., 2015). The composition of saliva includes aminoacids (e.g., leucine, glycine, glutamate, and aspartate), proteins (e.g., albumin, proline-rich proteins, statherin, and histatin), glycoproteins (e.g., mucin), carbohydrates (e.g., sucrose, glucose, galactosis, and sialic acid), and lipids (e.g., phospholipids, triglycerides and cholesterol) (Souza et al., 2015; Branco et al., 2019). In addition, inorganic compounds such as sodium, chloride, calcium, phosphate, and bicarbonate are also saliva constituents (Dodds et al., 2005). The saliva pH ranges between 6 and 7 and it can decrease by presence of acidic substances and microorganisms metabolites. Under lower pH conditions the Ti surface is prone to degradation due to the reduction of corrosion resistance (Duffo et al., 1999; Souza et al., 2009; Beline et al., 2016). In general, acidic environment favors the ions exchange between the implant surface and saliva, inducing higher corrosion rates (Barão et al., 2012). Oppositely, in the oral environment the viscosity of saliva due to mucin presence promotes the protection of surfaces against wear (Souza et al., 2010a). Such protection is attributed to the mucin capability to form a physically crosslinked network layer that impairs the corrosion/wear by a viscoelastic and lubricating effect on the Ti and counterbody surfaces (Celli et al., 2005). Previous studies have shown lower friction and wear of Ti in the presence of human saliva (Branco et al., 2019), solution containing water, lipids, and glycoproteins (e.g., mucin) (Souza et al., 2015) and albumin (Serro et al., 2006). In addition, the inorganic components can prevent the corrosion of Ti material by maintaining the pH with the buffer action of bicarbonate (HCO3-) and phosphate ([PO4]3−) ions (Bardow et al., 2000). Therefore, it is important to state that saliva has a significant influence on bio-tribocorrosion process and its use is crucial on in vitro tests for a more reliable tribological response of implant materials.

Concurrently, as dental implants are exposed to the microbiota from oral environment it is feasible to expect that oral microorganisms also can influence implants bio-tribocorrosion (Figueiredo-Pina et al., 2019). After implant placement in the oral cavity, the salivary pellicle starts forming immediately onto dental implants surfaces (Dhir, 2013). Consequently, implant surface is soon colonized by oral bacteria forming biofilms (Busscher et al., 2010). The cervical area of dental implants is in contact with epithelium and fibrocollagenous soft connective tissue as well as in contact with the abutment and oral fluids (Çomute et al., 2001). Interfacial discrepancies between implants and abutments generate prosthetic gaps that can favor the microbial colonization (Souza et al., 2015). Previous studies have shown that oral fluids and biofilms in the implant internal connection and microgaps can be one of the factors responsible for abutments unscrewing, leading to an ultra-low friction on Ti under sliding (Jemt and Pettersson, 1993; Piattelli et al., 2001; Souza et al., 2010a). The biofilm is capable to protect Ti surface by keeping it physically separated from the counterbody under low and constant friction (Souza et al., 2010b). Such protection is attributed to the viscoelastic property of microbial cells provided by the presence of polysaccharides, proteins, phospholipids, and nucleic acids (Vinogradov et al., 2004; Cense et al., 2006).

On the other hand, acidic metabolites produced by the bacteria are related to increased tendency to corrosion of Ti material (Figueiredo-Pina et al., 2019). The biofilm growth and carbohydrates metabolism alter the pH and oxygen content by the release of acidic substances (Souza et al., 2013). Consequently, localized corrosion of Ti can be promoted by bacteria colonization, release of acidic substances, and pH reduction (Guindy et al., 2004; Mabilleau et al., 2006). In addition, the lowering of pH by lactic acid production can favor the accumulation and diffusion of fluoride ions through the biofilm extracellular matrix which increases the Ti corrosion (Watson et al., 2005; Souza et al., 2015). Souza et al. (2010b) analyzed the simultaneous wear-corrosion of Ti in the presence of biofilms composed of Streptococcus mutans and Candida albicans showing that pH-lowering promoted by microbial species can lead to higher corrosion of Ti-based oral rehabilitation systems. The particles release can influence the biofilm development, bacterial endotoxins accumulation, and peri-implant inflammation (Suárez-López Del Amo et al., 2018). Mathew et al. (2012b) showed that lipopolysaccharide (LPS), which is a membrane constituent of gram-negative bacteria, affected negatively the wear/corrosion behavior of pure Ti and TiAlV alloy. In the same way, the natural production of hydrogen peroxide (H2O2) under inflammatory responses has negative effects on Ti corrosion resistance (Mabilleau et al., 2006). On the whole, the higher corrosion of Ti due to bacteria and inflammatory reaction products can increase the surface roughness, favor microbial attachment, and further influence the bio-tribocorrosion of Ti material. Thus, to control the oral biofilm is a vital strategy to reduce tribocorrosion damage derived from bacterial metabolism and progressive loss of dental implant surrounding bone tissue (Souza et al., 2010b; Suárez-López Del Amo et al., 2018).

From the tribological point of view, the oral environment is extremely complex and highly aggressive for metallic implants (Mabilleau et al., 2006). The presence of saliva and microorganisms can trigger dual effects on dental implants bio-tribocorrosion. Concerning chemical and mechanical degradation, there is no consensus in the literature regarding the most important factor for the tribological behavior. It is related to the rate of material degradation that is not predicted by the wear or corrosion behavior separately, but rather by the synergistic effect of both factors. Despite the viscoelasticity of saliva and biofilm constituents provide a protective effect against friction, the pH reduction and bacteria metabolites can induce higher corrosion rates (Mabilleau et al., 2006; Souza et al., 2010b; Figueiredo-Pina et al., 2019). Thus, the literature suggests that the corrosion resistance is remarkably important for implant materials. Furthermore, biofilm can be detached from the surface as shear stress increases and no longer provide the protective effect of the surface (Hwang et al., 2014). Corrosion can further increase Ti dissolution particles and affect the structure and composition of the submucosal microbiome, inducing higher rates of inflammatory response (Daubert et al., 2018). Additionally, material degradation can increase crestal bone resorption and also increase the possibilities for higher amplitude of micro-movement and implant failure (Jung et al., 1996).

In the oral environment, the methods used for biofilm control and implant surfaces decontamination including mechanical, chemical, and simultaneous procedures are also potential factors to increase the surface tribocorrosion (Louropoulou et al., 2014). Currently, there is no defined gold standard for implant surface decontamination (Al-Hashedi et al., 2017). Different advantages, disadvantages, and limitations have been correlated with existing methods, and adverse effects of different magnitudes on the surfaces of implant-abutment connections can be found (Delgado-Ruiz and Romanos, 2018). Mechanical methods may cause irreversible structural destruction in dental implants (e.g., polishing, finishing, and implantoplasty) while chemical methods (e.g., chlorhexidine, citric acid, H2O2) are more related to damage of the TiO2 layer and electrochemical corrosion of the Ti surface (Noronha Oliveira et al., 2018). Further studies are encouraged to analyze the influence of decontamination methods on tribocorrosion behavior in dental implants.

Therefore, the impact of bio-tribocorrosion in the oral environment is directly related to the rupture of the TiO2 layer through the complex oral factors (e.g., cyclic loads, micromovements, saliva acidification, oral biofilm, and decontamination methods) with consequent loss of wear debris (e.g., particles and ions release) which leads to constant degradation of dental implants structure.



Do Bio-Tribocorrosion Products Affect the Peri-Implant Tissue Reaction?

Recent systematic reviews have confirmed the negative effect of implants degradation products on biological systems (Delgado-Ruiz and Romanos, 2018; Suárez-López Del Amo et al., 2018). In fact, weakened surfaces due to the bio-tribocorrosion process may release metallic wear debris produced by the implant material degradation (Souza et al., 2015). In contact with biological fluids, the free Ti, and metal-like particles can dissolve and generate ions that are accumulated in peri-implant bone (He et al., 2016) or migrate systemically to several organs of the body (Meyer et al., 2006). Some studies reported that Ti wear particles have different sizes and morphologies, from round to elongated, and ranging from 1 to 54 μm that can affect the surrounding living cells and tissues (Suárez-López Del Amo et al., 2018; Costa et al., 2019). Therefore, these Ti products are mainly associated with aseptic loosening of the orthopedics implants (Meyer et al., 2006) and pathogenesis of peri-implantitis through various mechanisms (Fretwurst et al., 2016; Safioti et al., 2017).

Initially, Ti-based wear particles induce the activation of immune-system cells (monocytes, macrophages, neutrophils, and T lymphocytes) with the release of pro-inflammatory cytokines, such as TNF-α, IL-1α, 1β, IL-6, IL-10, and prostaglandin (PGE2) (Souza et al., 2015; Noronha Oliveira et al., 2018). During this biological defense process, osteoblasts are capable to internalize and phagocyte wear debris modifying the basic cell mechanisms and leading to cell necrosis (Noronha Oliveira et al., 2018). In addition, differentiation and maturation of osteoclasts induced by metal ions and particles increase the function of peri-prosthetic osteolysis (Meyer et al., 2006; Mine et al., 2010). Similarly, cytotoxic effect on bone marrow stem cells has also been previously reported (Meng et al., 2009). In peri-implant soft tissues, Ti wear particles are toxic to epithelial cells (e.g., fibroblasts) through cellular DNA damage (Noronha Oliveira et al., 2018). Hence, this process affects the integrity of the epithelial barrier, facilitating bacterial colonization, increasing the inflammatory and infectious reactions (Figure 3).
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FIGURE 3. Schematic representative diagram of the inflammatory process induced by Ti wear particles. This process causes the activation of immune-system cells (monocytes, macrophages, neutrophils, and T lymphocytes) with the release of pro-inflammatory cytokines, such as TNF-α, IL-1α, 1β, IL-6, IL-10, and prostaglandin (PGE2) which leads to damages in the epithelial barrier, facilitating bacterial colonization, increasing the inflammatory, and infectious reactions.


Previous studies have reported that Ti particles release can trigger a complex inflammatory response on peri-implant surrounding tissues (Pajarinen et al., 2013; Grosse et al., 2015). Pettersson et al. (2017) have shown a significant effect of Ti particles on inflammatory activation of human macrophages, resulting in the secretion of IL-1β from cells. Similarly, Cadosch et al. (2010) reported a negative effect of Ti particles on T-lymphocytes, resulting in increased levels of osteolysis which may be a factor for implant failure. The impact on bone cell function has also been described as an unfavorable impact of Ti particles release, since osteoblasts are capable to phagocyte Ti particles leading to cell necrosis (Pioletti et al., 1999). Furthermore, not only the amount of wear debris is important but also the debris accumulation has a considerably negative effect on bone cell function and inflammatory reactions (Pioletti et al., 1999; Pajarinen et al., 2013; Grosse et al., 2015). In addition to the negative impact on peri-implant tissues, previous study has demonstrated the potential of Ti particles to change the bacteria colonization of Ti surfaces (Souza et al., 2019). It was demonstrated the Ti particles potential to generate microbial dysbiosis from a commensal to a pathogenic profile which favors the development of peri-implantitis. In addition, the interaction of Ti particles with the oral environment has negative effects, mainly for the peri-implant tissues (Pioletti et al., 1999; Pajarinen et al., 2013; Grosse et al., 2015; Pettersson et al., 2017; Souza et al., 2019).

Suárez-López Del Amo et al. (2018) reported that peri-implantitis sites presented a higher number of Ti particles compared to healthy implants. This fact may be associated with the effect of Ti-based wear debris on the mechanism of peri-implant disease development. In addition, it is important to highlight that although it was previously believed that Ti is not bacteriostatic (Fretwurst et al., 2018) some studies have already proved the potential effect of Ti particles on oral biofilm development (Bundy et al., 1980; Joshi and Eley, 1988; Elagli et al., 1992). These findings are attributed to the Ti-based wear debris that is used as substrate to bacteria adhesion and coaggregation, favoring specific bacterial growth that may increase the virulence of oral biofilm (Fretwurst et al., 2018). Moreover, allergies and hypersensitivity reactions related to Ti release in oral tissues have also been evidenced but it is unlikely that it plays a major role in the epidemiology of peri-implant diseases (Mombelli et al., 2018).

Despite recent scientific advances, there is no consensus among studies on the complete effects of Ti degradation products in the mechanisms of peri-implantitis. In fact, little is known regarding the possible cytotoxicity in human cells related to the amount, size, and chemical composition of Ti-wear debris. Moreover, the long-term biologic effect of bio-tribocorrosion in the survival of dental implants and prostheses are still unknown. Further studies are required to clarify the full role of the Ti degradation products in the cytotoxicity and genotoxicity in peri-implant tissues and their mechanistic model.




HOW TO TRANSLATE THE TRIBOCORROSION PHENOMENA TO THE BENCH?

Generally, studies focused in dentistry have used available systems for tribocorrosion tests. The most used are the pin/ball on disc (unidirectional) which simulates unidirectional sliding (Stack and Chi, 2003) and the pin/ball on plate (reciprocating) which simulates the sliding under reciprocating conditions back and forth with the same wear track against the plate (Mathew et al., 2010). Figure 4 shows a schematic representation of tribometer systems. Regarding the corrosion analysis in the tribocorrosion tests, different types have been employed as cathodic condition, free potential, potentiostatic, and potentiodynamic tests (Mathew et al., 2016). The application of a potential associated with tribological forces enables to monitor the current generated during the corrosion tests with mechanical events (Rocha et al., 2013).
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FIGURE 4. Schematic diagram of tribocorrosion testing system (A) pin/ball on disc (unidirectional) and (B) the pin/ball on plate (reciprocating).


The basic test system used to translate the tribocorrosion phenomena in the oral environment to the bench consists of electrochemical and tribological synergic analysis (Mathew et al., 2011). An anodic and cathodic electric current flow is produced by converting the implant into an electrode, which increases the corrosion rate due to the high chemical reactivity of the metal (Ogawa et al., 2016). Firstly, the system is allowed to stabilize the potential and oxide film formation during which the open circuit potential (OCP) is measured (Benea et al., 2013). Later the wear tests are performed during either the OCP or potential application (Golvano et al., 2015). Lastly, the load is removed, and the OCP is measured (Corne et al., 2019). Therefore, triboelectrochemical techniques allow simulating the oxide film formation as well as different corrosion potentials and environmental conditions to which dental implants and frameworks can be submitted (Mathew et al., 2011; Cordeiro et al., 2017). Overall, tribocorrosion plays a vital role to understand the material behavior, wear tracks generation, and volume loss (Mischler, 2008).


Tribocorrosion Test in the Laboratory

The type of tribocorrosion testing parameters has a significant influence on material behavior (Mathew et al., 2011). Thus, it is essential to consider the mechanical and electrochemical test conditions. The type of material wear, applied load, frequency, stroke distance, and number of cycles used on in vitro studies are influencing factors for mechanical analysis (Mathew et al., 2012b). Besides, the electrolytic solution composition, concentration of anions, and pH are also important determinants for materials tribocorrosion performance (Chaturvedi, 2009). Notably, the synergism of mechanical and electrochemical analyses markedly increases the material degradation (Yan et al., 2006).

Concerning the types of material wear, it has been reported in the literature that tribocorrosion can be classified as fretting and erosion corrosion, abrasion corrosion, pitting corrosion, sliding corrosion, or fatigue corrosion (Chaturvedi, 2009; Sikora et al., 2018). Among the types of material wear, fretting wear, and erosion corrosion occur when contacting surfaces have a small relative motion between them under load in the presence of a solution (Eliaz, 2019). This type of material wear would occur inevitably between dental implant and bone interface during masticatory function (Gao et al., 2012). Abrasion wear is another type of material degradation related to the contact between two surfaces under relative motion in a chemically reactive environment with the presence of abrasive particles (Sampaio et al., 2016a,b). In the oral cavity, the abrasion wear can be a consequence of masticatory action and tooth brushing, forming a three-body abrasion in the presence of particles from food or toothpaste (Lambrechts et al., 2006). Wear can also be generated by more aggressive environment and penetrating forces known as pitting wear (Aksakal et al., 2004). This type of material degradation can result in the formation of localized small cavities in the material surface, being these sites more susceptible to corrosion (Olmedo et al., 2008). The fatigue wear is also a type of material degradation and it is related to contacting surfaces under high local stress due to impact or loading (Sikora et al., 2018). Another type of material degradation is the sliding corrosion which is defined as the contact of surfaces under large sliding motion and can simulate the micromotion between the implant-bone interface (Dearnley et al., 2004). Considering the types of material wear and the complex interactions occurring at the implant/abutment interface, tribocorrosion testing methodologies are crucial to understand the mechanisms of material degradation in the oral environment.

Considering the tribological parameters, at higher applied loadings an increase in the current can be observed (Mathew et al., 2011). Similarly, not only the greater stroke distance associated to higher loads but also the increase in the frequency rates significantly affect the current (Barril et al., 2004; Swaminathan and Gilbert, 2013). Therefore, higher corrosion rates associated to higher load, frequency, and stroke distance may lead to the oxide layer destruction and consequently metal ions release (Mathew et al., 2011).

The number of cycles is another parameter that influences the creation of subsurfaces cracks and wear tracks as it increases (Dalmau Borrás et al., 2019). The wear track area increase is closely related to the corrosion rate, which depends on the rate of reaction of the metal and on the applied potential (Mischler, 2008; Mathew et al., 2011). In addition, the counter body material also affects the results, where previous study showed a higher initial wear rate and also higher total wear for Ti balls in comparison with zirconia balls (Corne et al., 2019). Commonly, alumina balls with different diameters are the material of choice for counter bodies due to its higher hardness, wear-resistance, and electrical insulating properties (Benea et al., 2013).

Concerning the electrochemical parameters, a variety of factors can influence the corrosion potential such as the formation of a passive oxide layer, rate of reaction, temperature, electrolytic solution, or externally imposed currents (Mischler, 2008). Therefore, depending on the environmental conditions a metal can experience different corrosion potentials and higher potentials induce the formation of thicker oxide layers (Dalmau Borrás et al., 2019). However, during tribocorrosion tests the tribological forces applied on the surface leads to the passive film removal and the interaction between worn and unworn surfaces may impact the corrosion process (Barril et al., 2004; Ponthiaux et al., 2004).

The electrolytic solution also is known to have a strong influence on the corrosion performance of Ti and its alloys. Notably, the composition and thickness of the oxide layer likewise the repassivation process are directly influenced by the environmental conditions (Contu et al., 2004). The acid electrolytic solutions reduce H+ ions and hence induces the formation of hydrogen bubbles (Mischler, 2008). The previous study has shown greater current fluctuation at pH 6.0, which indicates higher tribocorrosion damage on the surface (Mathew et al., 2012a).

Finally, the synergism of wear (mechanical) and corrosion (electrochemical) parameters are determinants for the tribocorrosion analyses. Different conditions to which the material under analyses may be submitted can be translated to the bench by the tribocorrosion tests. Furthermore, it is important to consider the study purpose since for dentistry or engineering fields the tribocorrosion parameters can be adjusted to simulate the environmental conditions with greater reliability.



Significant Data Extracted From the Test

Tribocorrosion studies may provide answers regarding material mechanical performance and surface stability against corrosive environments (Apaza-Bedoya et al., 2017). During testing, the material corrosion resistance can be evaluated by electrochemical techniques such as open circuit potential (OCP) and electrochemical impedance spectroscopy (EIS) (Mathew et al., 2011). Moreover, volume loss can be estimated by profilometry and laser scanning measurements (Cui et al., 2019b; Dalmau Borrás et al., 2019). Wear track areas can also be obtained by scanning electron microscopy, optical microscope and 3D interferometry microscopy, which provide important information to understand the material deterioration and wear mechanisms (Mathew et al., 2016). These analyses represent an important step for the development of new materials for biomedical applications. Furthermore, as previously mentioned the tribocorrosion analyses enable to minimize peri-implant tissue reactions, hypersensitivity, cellular local inflammation, and cellular damage generated by material degradation and even the implant failure.




STRATEGIES TO OVERCOME THE TRIBOCORROSION PHENOMENA

As previously described the tribocorrosion aspects is dependent on mechanical, chemical, physical, and structural properties. Therefore, it is an outstanding effort to develop surface modifications to improve the tribocorrosion properties of Ti material for long-term dental implants clinical applications (Fazel et al., 2015; Cui et al., 2019a). The use of alloying elements for Ti-alloys manufacture, surface treatments, and biomolecules immobilization are strategies that have been used to overcome the tribocorrosion phenomena (Revathi et al., 2017; Trino et al., 2018; Cui et al., 2019a). The surface modification techniques and their respective benefits against the tribocorrosion process are shown in Figure 5.


[image: Figure 5]
FIGURE 5. Strategies to overcome the tribocorrosion phenomena with representative imagens of titanium alloys microscale, surface treatments, and biofunctionalization of titanium surfaces.


New Ti alloys for biomedical applications have been developed with enhanced corrosion and wear resistance, biological properties, and biocompatibility (Revathi et al., 2016). Furthermore, grinding Ti with other metals is a strategy to overcome the mechanical property limitation of Ti material (Cordeiro and Barão, 2017). The main alloying elements are β-Ti alloys using β-stabilizers such as Mo, Zr, Nb, and Ta, which are non-cytotoxic metals (Geetha et al., 2009; Revathi et al., 2016). In addition, due to characteristics including Young's modulus close to hard tissues, low density, mechanical and chemical resistance, and good osseointegration Ti alloys have shown characteristics closer to the ideal for use as dental implants (Li et al., 2014; Revathi et al., 2017).

Surface modifications have also been studied in the last years to improve the tribocorrosion properties and biological response of Ti and its alloys (Marques et al., 2016; Danaila and Benea, 2017; Cui et al., 2019b). Several techniques such as plasma electrolytic oxidation, sandblasting and acid etching, magnetron sputtering, ion implantation, vapor deposition, and others have been employed to produce thick Ti coatings that can enhance the surface characteristics (Alves et al., 2014; Marques et al., 2016; Cui et al., 2019a). Coatings deposition have shown benefits from the mechanical and biological point of view with a reduction in the ions release and an increase in the corrosion and tribocorrosion resistance of Ti and its alloys (Marques et al., 2016; Danaila and Benea, 2017).

Recently, the immobilization of biomolecules has been employed as a new alternative for the development of dental implants surfaces (Trino et al., 2018). The Ti biofunctionalization with proteins and peptides has triggered good results in the initial biological response and also on the material corrosion and degradation resistance (Trino et al., 2018). The peptides immobilized on the Ti surface can act as a lubricous tribolayer which protects the surface (Quiram et al., 2016). Besides, peptides may decrease the wear rate by enhancing the hardness and strength of the top surface (Wang et al., 2016). In this sense, peptides biofunctionalization has provided for the surface nobler electrochemical property with lower corrosion rate (Trino et al., 2018).



FUTURE SCOPES

Future studies are required to translate the complexity of the oral environmental condition to the bench considering all critical factors for the bio-tribocorrosion phenomena. The identification of the relevant factors may allow the development of a simplified tribocorrosion test, which may embody all the necessary aspects for experimental analyses. Furthermore, the creation of in vivo tribocorrosion analyses is also needed for a trial test with clinical relevance. The presence of saliva, periodontal fluids, oral biofilm, cyclic loads, and micro-movements in the oral environment create a complex condition that is experienced by the implant material. Thus, understanding the tribocorrosion driving mechanisms in such a situation is of great importance. From the experimental point of view, the tribocorrosion testing systems are essential approaches for the development of new dental implants materials. Further studies need to have the tribocorrosion analyses as the basis for new smart materials creation considering the importance of such aspects for the biomaterial clinical behavior.



SUMMARY

This review is a comprehensive reference for bio-tribocorrosion in implant dentistry. The state of the art and science in bio-tribocorrosion have been summarized showing that there are many scientific advances in this field. Tribological tests are relevant strategies for understanding the mechanisms of degradation in the oral environment and provide a way to improve the clinical outcomes of dental implants. Thus, this study is a guide for researchers and materials scientists in the development of new investigations as well as for clinicians to understand the mechanisms involved in oral rehabilitation failures.
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