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Abstract

:

The main aim of this work was to perform a comprehensive review of findings reported by previous studies on the corrosion of titanium dental implants and consequent clinical detrimental effects to the patients. Most studies were performed by in vitro electrochemical tests and complemented with microscopic techniques to evaluate the corrosion behavior of the protective passive oxide film layer, namely TiO2. Results revealed that bacterial accumulation, dietary, inflammation, infection, and therapeutic solutions decrease the pH of the oral environment leading to the corrosion of titanium. Some therapeutic products used as mouthwash negatively affect the corrosion behavior of the titanium oxide film and promote changes on the implant surface. In addition, toothpaste and bleaching agents, can amplify the chemical reactivity of titanium since fluor ions interacting with the titanium oxide film. Furthermore, the number of in vivo studies is limited although corrosion signs have been found in retrieved implants. Histological evaluation revealed titanium macro- and micro-scale particles on the peri-implant tissues. As a consequence, progressive damage of the dental implants and the evolution of inflammatory reactions depend on the size, chemical composition, and concentration of submicron- and nanoparticles in the surrounding tissues and internalized by the cells. In fact, the damage of the implant surfaces results in the loss of material that compromises the implant surfaces, implant-abutment connections, and the interaction with soft tissues. The corrosion can be an initial trigger point for the development of biological or mechanical failures in dental implants.
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1. Introduction


Among the currently available biomedical materials, the long-term success rates of titanium-based dental implants have supported the use of titanium and its alloys to manufacture implants and prosthetic devices [1,2]. Thus, the clinical success of titanium implants is a consequence of their physicochemical properties, high corrosion resistance, and biocompatibility [1,2]. The corrosion resistance of titanium is linked to the spontaneous formation of a titanium thin oxide film in contact with room or oral environment [3,4,5,6]. Such oxide film is mainly composed of titanium oxide, TiO2, which has a chemical stability to protect the titanium structure when in contact with body fluids [3,4,5,6]. However, the nature, chemical composition, and thickness of the protective oxide layer can be altered in certain environmental conditions, which exposes the titanium to corrosive substances [7,8]. Signs of corrosion have been detected on titanium by in vitro electrochemical assays [3,4,5,6] that corroborate with in vivo studies on retrieved dental implants [7,8]. Furthermore, the release of titanium debris to the surrounding peri-implant tissues was reported by previous studies [4,9,10,11]. The embedment of micro- and nano-particles in soft tissues stimulates inflammatory cells such as macrophages and neutrophils [4,9,11]. It can lead to progressive chronic inflammatory reactions and bone resorption known as peri-implantitis [3,4,9,10,11,12].



The oral environment is a challenge for biomedical metallic materials such as titanium once the pH oscillates due to the variation of acidic substances from dietary, therapeutic solutions, and bacteria metabolism [3,4,5]. Thus, lactic, hydrochloric, and hydrofluoric acids are the main acidic substances responsible for the corrosion of titanium-based implants in the oral environment [3,13,14,15]. Additionally, previous studies have shown that the saliva pH decreases under inflammatory or infection process [3,13,14,15], or under the influence of factors such as periodontitis disease, habits, systemic disease, and salivary gland radiation [16,17]. Regarding the oral biofilm, multi-species agglomerates have been associated with the release of lactic acid, hydrogen peroxide (H2O2), and formic acids from the bacteria metabolism [17,18,19,20,21]. The production of metabolites by microorganisms leads to a higher corrosion susceptibility of titanium due to the decrease in pH. Streptococcus mutans and lactobacillus aa. were linked to the acidic pH while Porphyromonas gingivalis and Prevotella intermedia were identified as the main species in peri-implantitis [17,18,22]. On the other hand, hydrofluoric acid is produced during the presence of a high content of fluoride from commercially fluoridated acidic toothpastes, mouthwashes, or cariostatic gels [3,4,5,23,24,25]. Titanium has shown a high chemical reactivity to HF that results in corrosion depending on the exposure time and HF content [3,4,5,23,24,25,26,27,28,29,30,31,32].



The main aim of this work was to perform a comprehensive review of findings reported by previous studies on the corrosion of titanium dental implants and consequent clinical adverse effects to the patients. Several factors related to the corrosion of titanium are described such as the type of titanium, oral environment, therapeutic agents, acidic substances, and oral biofilm. Therefore, the present work aims to summarize the current data regarding the clinical significance of implant corrosion and how such a phenomenon is widespread in clinical practice.




2. Corrosive Aspects of the Oral Environment


The oral environment is complex since intrinsic patient-related factors are involved such as patient health, bacteria species, pH, saliva composition, glycoproteins, and temperature [4,5,33]. Furthermore, therapeutic substances, dietary, oral hygiene, and patient’s habits are extrinsic factors that influence the oral environment [4,5,33]. The complexity of the saliva chemical composition becomes a challenge for the performance of any implant material as illustrated in Figure 1.



Saliva plays a key role in the oral environment once the presence of enzymes, minerals, and glycoproteins in combination with a pH buffering mechanism regulate the biofilm formation in the oral cavity [13]. The salivary secretion is constituted of about 99% water while the remnant proportion is composed of inorganic and organic compounds including minerals and glycoproteins. The following chemical elements can be found: sodium, potassium, chloride, calcium, phosphate, and bicarbonate, fluor, thiocyanate, magnesium, sulfate, and iodide [34]. However, the pH buffering mechanism can be limited by a high density of microbial cells or by a low salivary flow rate [3]. The saliva pH secreted by salivary glands varies between 6 and 7 although the salivary pH oscillates depending on the presence of other substances and bacteria [3,14]. For instance, the saliva pH can achieve acidic levels at around 2.0 on intake of citric or acidic solutions [17]. Also, the pH of saliva could vary in regions around surgical sites, dental implants, and restorative margins. After the placement of a dental implant, the pH decreases down to 5.2–5.6 due to the inflammatory process or infections [15] although the pH can recover at 7.0–7.4 under healthy state conditions after 2 weeks [15].



An imbalance in the chemical composition of the saliva can increase the concentration of ions like Cl−, F−, and H+, which are the dominant chemical elements responsible for the corrosion of dental materials including titanium [33]. Thus, fluor ion concentrations levels ranging from 20 to 227 ppm were found in oral biofilms after the use of ordinary toothpastes containing 1000 to 1500 ppm F− [35]. Also, high content of fluorides are found in prophylactic commercial products or hypersensitivity treatment like mouth rinses or cariostatic gels [25]. A high concentration of fluorides in saliva promotes an association between H+ an F− ions, resulting in the formation of hydrofluoric acid (HF) [25]. Hydrofluoric acid is chemically considered a week acid although a strongly reactive agent to metallic materials, including titanium [24]. Previous studies reported a decrease in the corrosion resistance of titanium and its alloys in contact with fluorinated solutions [3,4,23,24]. Only a concentration of about 0.7 ppm F− can be present in food or tap water, which is a low content to form the reactive hydrofluoric acid [4]. Localized corrosion occurs even at lower concentrations of F− in an acidic environment due to the formation of HF. Other corrosive substances such as carbamide (urea) and hydrogen peroxide can be found in bleaching compounds. The use of urea and hydrogen peroxide for bleaching treatment was linked to the corrosion of titanium surfaces [24]. On the therapeutic treatment of peri-implantitis, solutions containing citric or phosphoric acids are often utilized to eradicate bacteria from the titanium surfaces. Those solutions decrease the pH and therefore can speed up the corrosion of titanium [4]. Nevertheless, the corrosive effect of fluorides and therapeutic agents depends upon the exposure time, pH, and concentration surrounding the titanium surfaces [3,4,23,24].



Surfaces of oral tissues, teeth, restorative materials, and implants can be coated with biofilms that consist of a microorganism’s community embedded in an extracellular matrix composed of polysaccharides, proteins, nucleic acids, and water. Bacterial colonization on the surface of dental implants can occur within 30 min after the placement surgery of trans-mucosal implant [21,36]. As a result, the pH decreases due to the release of acidic substances from oral microbial metabolism [3]. According to previous studies, streptococci species were mostly found surrounding the dental implants. Hydrophobic microorganisms perform their initial adhesion on titanium surfaces supported by glycoprotein as e.g., mucin or polysaccharides extracellular matrix [18]. Then, secondary species such as Fusobacterium nucleatum establish the binding with the primary Streptococci, extracellular matrix, and the later colonizers (e.g., Porphyromonas gingivalis and Prevotella intermedia) [21,36]. The biofilm formation depends on the features of the peri-implant tissues and the topography of the implant surface. Thus, retentive macro- and micro-regions or prosthetic connections are susceptible to dietary food embedment and biofilm accumulation, leading to peri-implant inflammation and conditions that negatively affect the corrosion resistance of titanium [3,37]. Anyway, bacteria have been found at titanium implant-abutment or abutment-crown joints, and on the apical portion of the titanium abutment screw [38,39].




3. Titanium Implant Surface


Titanium is a very reactive metal once it is a transition chemical element and has an incomplete filled shell in its electronic structure [40]. Ti exists in two allotropic forms, namely a body-centered cubic structure (β) or a hexagonal closed packed crystal structure (α). Titanium can be alloyed with other chemical elements for manufacturing of alloys. Alloying elements such as Al, O, N, and C tend to stabilize the α phase while V, Mo, Nb, Ta, Fe, Cr, Fe, W, Si, Co, Mn, and H stabilize the β phase. Alloys with a low elastic modulus have revealed a stabilized β phase. Titanium-based alloys are classified within the degree of purity that depends on the content of Ti in the chemical composition. Commercially pure titanium (Cp Ti) is divided into four degrees depending on the content of oxygen, carbon, and iron. Cp Ti grade IV containing approximately 98.6% Ti is the first choice titanium type to manufacture the endosseous implant fixture. Cp TI grade IV shows both α + β phases in the microstructure and it results in an elastic modulus around 110 GPa and tensile strength at around 560 MPa [1,3,4,5]. Titanium alloys such Ti15Zr are also used to manufacture the endosseous implant fixture while Ti6Al4V alloys are utilized to manufacture implant abutment for prosthetic connections [1,3,4,5].



In fact, titanium is the most widely used material for dental implants and abutments due to their high biocompatibility and properties such as a strength, corrosion resistance, and fatigue resistance [41]. The thermal stability of titanium is crucial during the manufacturing of the dental implants by machining and physicochemical processes. In the oral environment, dietary intake of hot drinks can also increase the temperature in association with loading and micro-movements from mastication. The high corrosion resistance of titanium is the consequence of its high affinity to oxygen and the formation of a titanium oxide thin film within 30 ms [5,42]. Such titanium oxide thin layer is also known as passive film. The passive thin film comprises between 1 and 20 nm thickness of a continuous, low-crystalline, and non-stoichiometric oxide film with a relative thermodynamic stability and high adherence [3]. Three forms of titanium oxides can spontaneously cover the freshly exposed titanium: rutile, anatase, and brookite. Rutile form reveals more crystalline structure and consequently, higher chemical stability than the anatase form [3]. High temperature oxidation induces the formation of rutile form of titanium oxide, while a mixture of rutile and anatase is formed at low temperature oxidation reaction. The titanium thin oxide film is mainly composed of titanium oxide (TiO2), depending on the conditions in which it was formed [23]; although TiO, TiO (OH) or Ti2O3 can be found in the chemical composition of the titanium oxide layer. However, Ti2O3 is rapidly converted to TiO (OH)2 at air atmosphere and, then into TiO2 after reaction with H2O molecules [43,44]. The titanium oxide thin layer acts as a barrier film on the surface of the newly placed implant, offering a chemical barrier from further oxidation, and it prevents the release of deeper metal atoms.



Taking into account the properties of the titanium, several physicochemical methods are industrially used to modify the titanium surface to enhance the osseointegration of the implant [43,44,45,46]. The passivation of the titanium oxide layer can be improved by modifying the thickness, morphologic aspects, or chemical composition of the surface oxide layer using different physicochemical methods. Etching procedures with reactive acid solutions containing HCl, HNO3, H2SO4, and HF are ordinary surface modification methods of titanium implants. The acid etching procedure using hydrofluoric acid modifies the chemical composition of the titanium oxide thin film by incorporating F atoms (e.g., TiOF2, TiOHF) [43]. Studies revealed a high corrosion resistance of acid etched titanium surfaces when compared to surfaces free of acid etching. Additionally, further surface modification methods are applied to improve the corrosion resistance of titanium implants such as coating deposition, electrochemical passivation, ion beam processing, and surface functionalization [15]. Anodization is a well-known method for the modification of titanium surface with different types of protective oxide films. That can enhance the corrosion resistance and delay the release of metal ions to the surrounding environment [46]. The electrochemical modification of titanium surfaces is applied to dissolve the existing titanium oxide and re-establish a standard surface for the formation of more stable TiO2-rutile crystalline lattice, and thus improving their corrosion resistance [15,44]. Laser irradiation procedures for the surface modification improve the corrosion and wear resistance of metal alloys, due to its intrinsic properties of high consistency and texturizing control. Biocompatible and chemically stable coatings are the most successful coating deposition method to prevent corrosion. Recently, ion-beam surface modification technique has been introduced to perform a deposition of thin layer of different bioactive coatings [15]. Surface coating of bioactive materials such as hydroxyapatite, graphene and CaSiO3 improves the osseointegration besides enhancing corrosion resistance in contact with the human body fluids [15]. A previous in vitro study reported a higher corrosion resistance of titanium coated with electrolytic porous coatings of hydroxyapatite or hydroxyapatite/calcium silicate than that on bared titanium [47]. Actually, the porous bioactive layer is composed of bioactive ceramics to mainly enhance the osseointegration process. Additionally, the bioactive ceramic layer acts as a barrier against the corrosion in contact with body fluids. Recent studies described diamond-like carbon as one of the promising corrosion-resistant coatings. The graphene composite coating, produced by electrophoretic deposition on titanium, also displays a porous bioactive layer with enhanced corrosion resistance and antibacterial activity against Staphylococcus aureus and Escherichia coli [48].




4. Corrosion Processes and Measurement on Titanium Surfaces


Different forms of corrosion have been noted on the surfaces of dental implant and abutment. General or uniform corrosion takes place when the entire surface of the metal is exposed to the cathodic reactants, resulting in a propagation of corrosion nucleus. Pitting corrosion is a localized form of corrosion in which cavities, known as pits on the surface, are considered to be more dangerous than general corrosion due to the difficulty to detect, predict, and design. On titanium dental implants, pitting corrosion occurs when the titanium oxide thin layer breaks down locally in the oral environment. Galvanic corrosion occurs with direct contact of two dissimilar metals in an electrolytic solution. Galvanic corrosion occurs on the inner contacting surfaces of titanium implant-abutment connections (Figure 1). The surface damage can be increased when other basic metal alloys are used for abutments (e.g., stainless-steel and CoCr alloys). Crevice corrosion is a type of local surface damage at contacting interfaces between implants, abutments, and prosthetic structures (Figure 1) with restricted ingress and egress of oral fluids and depletion of oxygen. In these restricted contacting areas, physiological fluid becomes acidic, reducing the pH values due to the presence of free H+ ions in the medium [7,31,34,49]. Also, the dynamic mastication loading generating micro-motion at the implant-abutment connections promotes the wear of contacting surfaces and the premature destruction of the titanium oxide thin film. Thus, the synergistic effect of corrosion and micro-motions causes structural changes and wear on the surfaces resulting in fretting corrosion. This one is responsible for most of the metal release in the surrounding tissues [15,30,31,49,50,51,52,53,54].



The titanium oxide thin film protects the titanium implant surface against reactive ions from the corrosive oral environment. In spite of a high corrosion resistance, the spontaneously passive film also consists of some inclusions and discontinuity spots due to the microstructure of the titanium and Ti alloy. That influences the quality of the native oxide film and therefore that could become the initial spot for corrosion [44]. Previous studies have shown that the protective titanium oxide film is destroyed in the presence of corrosive substances such as fluorides, lactic acid, carbamide peroxide (urea peroxide), and hydrogen peroxide, as seen in Figure 1 [3,4,5,23,24,33,55,56]. An in vitro study reported the release of Ti ions in an acidic simulated body fluid (SBF) solution of pH at 2.0 or 3.0 due to the addition of hydrochloric or lactic acid [17]. The amounts of Ti ions increased in both acidic medium for 30 days although were significantly higher in the lactic acid-containing medium than in the hydrochloric acid-containing medium. As a result, the acidic substances reduced the stable titanium oxide thin layer on cp Ti, increasing the release of Ti ions. It was assumed that the lactic acid binds covalently to Ti ions and suppresses the reprecipitation of the ions, acting as a reducing agent [17]. Nakagawa et al. (1999) reported that the titanium passivation film was damaged by the presence of F− when the HF concentration is higher than about 30 ppm [25]. Hence, corrosion in fluoridated solutions depends on the pH and the formation of HF− produced by the dissociation of NaF at high concentrations, or in solutions with low pH due to the bonding between H+ and F−. A high F− concentration combined with a low pH, can intensify the titanium chemical reactivity. Localized corrosion on titanium was detected in fluoridated solutions with 227 ppm F− at pH 4.0; although, that F− content at pH 5.5 was not high enough to disrupt the titanium passive film [25,35]. Also, TiO2 layer is altered in the presence of high content of H+ from the acidic medium, leading to the formation of hydrated Ti oxides as Ti(OH)3+ [43], and further to a release of Ti− ions and TiO2 ultra-fine particles to the surrounding environment [18]. The titanium oxide thin film of titanium can also be damaged or modified at high temperature, which can be controlled by the atmosphere and temperature [33]. In the meanwhile, the titanium oxide layer can immediately be renewed after being ruptured in a process named repassivation, as illustrated in Figure 1 [3,5,23]. However, the destruction process of the titanium oxide thin film can be continuous in a medium containing a high content of corrosive substances. In this case of progressive corrosion, the titanium oxide film is classified as active film. Once the titanium oxide thin film is destroyed, further corrosion rate and ions release are highly dependent on the repassivation process. The chemical composition, nature, repassivation process, and thickness of the protective titanium oxide thin film are directly affected by the presence of corrosive substances in the oral environment [15,16,57]. In fact, the repassivation of the titanium oxide thin film becomes more challenging in the existence of corrosive substances and micro-motions from mastication loading. Cp Ti reveals a trend to repassivate faster than Ti6Al4V in inorganic buffer solutions. Electrochemical assays showed a lower critical current density and a higher catalytic activity towards the hydrogen evolution reaction on cp Ti when compared to the alloy [57].



The titanium oxide thin layer also adsorbs biomolecules from the oral fluids, such as proteins and carbohydrates. Electrostatic interactions constitute a main pathway involved in the adsorption of a glycoprotein, named mucin. Mucin is a glycoprotein categorized mainly by its high molecular weight and high level of O-linked oligosaccharides. Under physiologic conditions, mucin molecules bind to Ca2+, PO4−, bacteria, and other polysaccharides and proteins. Calcium ions act as ligands between negatively charged protein molecules and the TixOy surface [58]. Minerals and glycoproteins also establish the binding between the titanium surface and primary bacterial colonizers in the process of biofilm formation. Additionally, biofilms accumulate organic acids from bacteria metabolism, especially lactic and formic acids, which acidify the saliva and promote the corrosion of structural materials [19,20]. Biofilm accumulation is an essential factor that can cause failure of the oral rehabilitation system since specific types of acid-producing bacteria can promote the degradation of hard tooth structures or biomaterials [21]. Furthermore, hydrogen peroxide is produced by bacteria and leukocytes during inflammatory reactions and it has been linked to the corrosion of titanium surfaces [19]. Among the several oral microorganisms, S. mutans is one of the most relevant due to its capability to release lactic acid and to grow in acidic environments, becoming a prevailing corrosive microorganism. Souza et al. (2013) reported a decrease in the pH of the biofilm growth medium down to 4.0 over a period of 48 h. A higher corrosion susceptibility was noted due to the lower titanium passive film capacitance in the presence of S. mutans biofilms when compared to the medium free of bacteria. Also, the data denoted a higher thickness of the TiO2-film in the absence of biofilms compared to the thin Ti oxide film formed on titanium covered with biofilms [18]. Additionally, C. Albicans (at 1 × 105 CFU/mL concentration) lowered the pH down to 3.0 due to the microbial metabolism with acidic products. The release of Ti ions from the titanium depends on the concentration of C. albicans in the medium that decrease the pH due to the microbial consumption of oxygen [17]. It should be emphasized that corroded surface of titanium implants is more susceptible to bacterial adhesion concerning the increase in roughness and modification of the surfaces; that may further acidify implant surroundings, accumulating corrosive products, and the corrosion processes continue [30].



The corrosion behavior of the titanium in different electrolytical solutions could be evaluated on the parameters of electrochemical techniques, such as open circuit potential (OCP), corrosion potential (Ecorr), corrosion current density, passivation current density, polarization resistance, electrochemical impedance, and equivalent circuit modeling (Table 1) [52]. In vitro electrochemical techniques offer the possibility to control parameters related to the material surface and medium, as seen in Table 1 [53]. On open corrosion conditions, the potential of the metal is determined in the ion conductive electrolyte solution although potentiodynamic or potentiostatic techniques are applied to impose the potential and measure the current density flowing on the surface in contact with the electrolyte solution [54]. However, determination of the corrosion current density from the polarization data is doubtful for passive metals. Standardized electrochemical test protocol was established by the American Society for Testing of Materials (West Conshohocken, USA) (ASTM G61–86 and G31–72) with three different electrode cells [55]. OCP evaluates the potential of an electron conductive material immersed in an ion conductive electrolyte and it is measured against a reference electrode [18]. Thus, OCP test denotes a trend to corrosion or not in the ion conductive electrolyte. For instance, Souza et al. (2012) findings showed the presence of a compact passive surface film on cp Ti after immersion in artificial saliva solution containing 0 up to 227 ppm F− over a period of 3 h in which the OCP increases to noble values. However, the OCP decreased on immersion in artificial saliva containing 12,300 ppm F−, although it stabilized after 6 h [35]. However, the electrochemical impedance spectroscopy (EIS) tests are useful for a proper evaluation of the state of the oxide thin film formed on the surfaces [35]. EIS assays are used to investigate the formation and growth of the oxide thin layer on the surface and its corrosion kinetics, as the capacitance and resistance determine the corrosion process [55,56]. For instance, the titanium oxide thin film capacitance represents the amount of electric charge stored on the titanium surface immersed in the ion conductive electrolyte solution. Moreover, the resistance of the passive film indicates the magnitude of resistance to the current flow on the surface [18]. Corrosion analyses are also combined with topographic evaluation of the morphological aspects of surfaces by scanning electron microscopy (SEM), optical microscopy, and atomic force microscopy (AFM). Additionally, roughness and weight loss analyses are further methods often used to evaluate the corrosion of surfaces. Chemical analyses can also be associated such as X-ray photoelectron spectroscopy (XPS) for atomic layers and Energy Dispersive X-ray (EDX) for chemical elemental analysis of the surfaces [6]. Additionally, the quantification of metal ions released can be analyzed by the plasma-mass spectrometry techniques [51].



Therapeutic mouthwashes are often indicated over the post-operative period after implant placement or during biofilm debridement process due to their antimicrobial properties. Strietzel et al. (1998) did not recommend the use of fluorinated solutions when the titanium implant surface is exposed to the oral environment, concerning the corrosion processes [59]. Another study noted the protective characteristics of the passive film formed on Ti15Mo alloy, and cp Ti was lower in 0.05% sodium fluoride/0.03% triclosan mouthwashes than in solutions with 0.5 g/L cetylpyridinium chloride/0.05% sodium fluoride or 0.12% chlorohexidine digluconate [60]. Surfaces became increasingly rough with increased additions of mouthwashes, which interfered with the titanium oxide repassivation on Ti6Al4V alloys oxide [61]. On the other hand, the thickness of the titanium oxide film increases in contact with some acidic solutions, which are not capable of entirely damaging the passive film. That provides an enhanced corrosion resistance. Perez et al. (2014) evaluated the corrosion kinetics on the surface of Ti6Al4V alloy exposed to mouthwash solutions: 0.12% chlorhexidine digluconate, 0.053% cetylpyridinium chloride, 3% hydrogen peroxide, and artificial saliva. They conclude that hydrogen peroxide promoted significant surface changes, and the roughness measurement showed higher Ra values. In general, a higher corrosion trend is showed mainly at the initial process than after 7 or 14 days. At initial evaluation, the group immersed in 0.12% chlorhexidine digluconate showed higher corrosion resistance values, even than in the group immersed in artificial saliva solution. On the other hand, the group immersed in hydrogen peroxide demonstrated a higher capability in exchanging ions with the electrolytic environment [55]. Another study revealed localized corrosion such as pitting and crevice corrosion on cpTi disks immersed in Chlorhexidine 0.2% [62]. However, further studies are required with daily cycles, two or three times a day, to mimic the scenario closest to the application of mouthwashes in the oral environment. Also, nicotine, the major constituent in cigarette smoke, was studied in regard to the corrosion behavior of titanium. Findings revealed that the corrosion rate of titanium decreased with a increase in nicotine concentration. However, the presence of nicotine also negatively affected the passive film formation, being that the passive current density and polarization resistance were reduced, leading to the worst overall surface performance [63].




5. Biological Adverse Effects


Titanium is not a bio-inert material since an active metallic material triggers chemical and biological reactions in the human body. On implant placement, immune response occurs on the titanium implant surface that depends on the chemical composition of the titanium oxide thin film and its debris, as illustrated in Figure 2 [64]. A marginal bone resorption around the titanium implant takes place and it can increase due to various factors inherent to the implant, prosthetics, patient, or surgical conditions. A pathological process with a clinical unfavorable dis-balanced foreign body reaction can be noted at soft-tissues with bleeding, namely mucositis, and leading to a progressive crestal bone loss and infection with suppuration, known as peri-implantitis [64,65]. Previous studies have shown that many factors trigger peri-implant disturbance and cause late failures of the dental implants involving peri-implant attachment injuries, bacteria-related inflammatory reactions, overloading or stress shielding, and debris from corrosion [6,7,49,50,66,67]. Each single factor inducing the chain inflammatory reactions is not entirely clear, but certainly, the synergistic effect among the factors worsens peri-implant inflammatory conditions.



An in vivo study revealed the release of ions/particles from the titanium implant surface into the human body, independently of the inflammatory response with or without peri-implantitis [68]. However, the concentration of titanium debris was higher in the group with peri-implantitis [68]. It is well known that the release of metallic ions and oxide particles induce chronic peri-implant inflammations since they act as foreign debris, and consequently, stimulate the attraction of macrophages, neutrophils, and T lymphocytes from immune system. Macrophages can generate active oxygen by releasing H2O2, which oxidizes the titanium surface and induces the release of titanium ions [9]. Submicron- and nano-scale titanium debris are phagocytized by the activated macrophages that also trigger the secretion of pro-inflammatory cytokine cascade, chemokines, growth factors, prostanoids, degradative enzymes, reactive oxygen species (ROS), and other factors [9]. In addition, multinucleated giant cells and osteoclasts are generated by the fusion of the macrophages surrounding the peri-implant region. At last, the chronic inflammation of peri-implant tissues leads to a progressive osteolytic process with the loss of bone anchorage to implant-supported prostheses [4,12,16,18,50,67,69].



Titanium ions and particles induce cytotoxic effects depending on the size and concentration surrounding the cells [4,11,12,70,71,72]. Previous studies suggested that stimulation of the proinflammatory response is caused by submicron- and micro-scale particles [10,73]. Thus, the contact area of micro-scale particles is higher than on titanium macro-scale particles, which increase the dissolution of the titanium oxide thin film [73] while submicron-scale particles can be engulfed by the cells. Over 11 ppm, Ti ions showed to be cytotoxic, since they stimulate monocyte migration and may modulate the sensitivity of gingival epithelial cells to oral bacteria via toll-like receptors [74]. Other studies reported that a solution with 5 ppm Ti ions and Porphyromonas gingivalis-Lipopolysacaride-induced monocytes infiltration in the gingival and bone tissues via CCL2 cytokines [74,75]. Nevertheless, titanium ions might decrease bacterial growth due to their toxicity also on bacterial cells. In fact, a high concentration of Ti ions at 500 ppm can also decrease the microbial cell viability [18].



The clinical evidence is limited and, therefore, the existent literature refers to the in vitro evaluation of retrieved failed implants. One study showed two implants failed cases, where in one case, signs of corrosion products on the soft tissue surrounding a failed implant were revealed [6]. The second case showed dark spots on the retrieved implants by SEM analyses [6]. Another case report study showed a retrieved failed dental implant after 15 years and the major cause of failure was related to the propagation of cracks [76]. The fracture surfaces were covered by mineral-based globules involving calcium, phosphorus, and oxygen [76]. Such a study suggested that firstly, oxygen or hydroxyl groups were adsorbed onto the Ti surface at regions with micro-cracks followed by phosphorous ions. At last, calcium cations were attracted to the regions and were arranged in a porous network [76]. Another study evaluated the surface of five titanium dental implants and abutments, which were retrieved due to peri-implantitis [21]. Scratches, pitting, cracks, discoloration, and surface delamination were noted on the surfaces of implants and abutments. Those findings indicated the aggressive effect of the acidic environment, which, possibly, triggered metal oxidation in the oral environment [21]. Most recently, an in vivo study evaluated 20 patients diagnosed with peri-implant mucositis [77]. In the group identified with “severe” mucositis, metal-like opaque particulate aggregates were identified as titanium particles in the peri-implant tissues of 12 patients [77].




6. Concluding Remarks


Although titanium and its alloys have demonstrated desired properties that guarantee the high clinical success rate of dental implant treatment over these years, mechanical/biological complications are often found in clinical practice. Such failures are also related to corrosion pathways. Indeed, the biomaterial faces a complex oral environment, which under the effect of intrinsic and extrinsic factors, may negatively affect the nature, chemical composition, and thickness of the protective titanium oxide thin layer. As a consequence, the corrosion behavior of titanium dental implants is dependent on the intrinsic and extrinsic factors. The literature confirms that biofilm accumulation induces corrosion on the titanium surfaces due to the presence of acidic substances from microbial metabolism. Additionally, saliva can suffer pH changes when inflammatory or infection processes take place at the peri-implant tissues. Acidic substances from diet contribute to microbial metabolism and pH decrease in saliva. Furthermore, corrosive substances like fluorides and acidic substances from prophylactic products or bleaching treatment can alter the corrosion behavior of titanium dental implants. The release of Ti ions and particles results in a material loss that can promote significant changes on titanium dental implant surface. Micro-, submicron, and nano-scale Ti debris cause cytotoxic effects in the peri-implant tissues and on the size, shape, and concentration surrounding the cells. However, clinical evidence is limited. Failed dental implant cases shown signs of corrosion on titanium surfaces and the presence of debris in the peri-implant tissues. Besides clinical findings, the experimental analyses of the peri-implant tissues are questionable. The summary of the results founded suggest further investigations, as well as updated protocols in the clinical practice. Future clinical studies with an appropriate number of participants are required for conclusive results on the relationship of different implant debris on the peri-implant tissues.
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Figure 1. Factors that affect the corrosion behavior of the titanium. 
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Figure 2. Release of Ti ions and the biological reactions. Adapted from Apaza–bedoya et al. 2017 [5]. 
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Table 1. Summary of experimental works that evaluate titanium corrosion on simulated environment.
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	Author (Year)
	Materials
	Methods
	Outcomes





	Sridhar et al. (2016) [21]
	Large grit, acid-etched cp Ti implants
	Mechanical Fatigue Test Simulating Mild Oral Environment

Biofilm formation assays

SEM and EDX.
	Surface features such as discoloration, fracture, surface delamination, and fatigue cracks were noted, suggesting surface damage.

Surface damage in the form of micropits.



	Royhman et al. (2015) [63]
	Ti-6Al-4V disk
	1, 5 and 20 mg/mL Nicotine at 3.0 or 6.5 pH.

OCP, EIS, cyclic polarization.

White-light interferometry microscope, SEM.
	At certain concentrations, nicotine appeared to inhibit local corrosion. However, it also decreased the passive film growth.



	Perez et al. (2014) [55]
	Ti–6Al–4V disk
	3 mouthwash solutions and artificial saliva (baseline)

0.12% chlorhexidine digluconate, 0.053% cetylpyridinium chloride and 3% hydrogen peroxide).
	High aggressiveness of hydrogen peroxide on the Ti6Al4V alloy



	Bhola et al. (2013) [61]
	Ti6Al4V

Ti15Mo
	Listerine solution

3 time points: Initial (baseline), 7 days and 14 days.

EIS, SEM, Potentiodynamic Polarization.
	Listerine showing an increase in corrosion rate on Ti6Al4V alloy, and a decrease in corrosion rate on Ti15Mo.



	Souza et al. (2013) [18]
	CP titanium grade II
	Corrosion behavior of titanium in contact with S. mutans in Fusayama’s artificial saliva.

OCP and EIS
	The presence of S. mutans negatively affected the corrosion resistance of the titanium.



	Souza et al. (2012) [35]
	CP titanium grade II
	Different Fluoride concentration:

20, 30, and 227 ppm F− in a solution of pH 5.5

12,300 ppm F− in a solution of pH 6.5.

OCP, EIS, SEM, reciprocating-sliding tests, and weight loss
	Synergistic effect of reciprocating sliding wear and fluoridated solutions at high content of fluorides



	Souza et al. (2012) [33]
	CP titanium grade II

Ti6Al4V
	Different Fluoride concentration:

20, 30, and 227 ppm F− in a solution of pH 5.5

12,300 ppm F− in a solution of pH 6.5.

OCP, potentiodynamic polarization, EIS, SEM, AFM, ICP-MS
	Progressive degradation of titanium was noted at a F− concentration of 12,300 ppm.



	Quaranta et al. (2010) [62]
	Cp Ti grade IV disk
	Fusayama artificial saliva (Fas), ammine fluoride-stannous fluoride (Am-SnF), 0.2% Chlorexidine (CHX) 0.20%, Fas with 20% Am-SnF and Fas with 20% CHX.

OCP Ecorr, SEM and EDX
	SEM analysis showed a marked localized corrosion on titanium after potentiodynamic polarization.



	Rosifini et al. (2007) [60]
	Cp Ti grade IV

Ti-10Mo
	3 mouthwashes:

0.05% sodium fluoride +0.03% triclosan

(II) 0.5g/L cetylpyridinium chloride +0.05% sodium fluoride;

(III) 0.12% chlorohexidine digluconate.

OCP, potentiodynamic and chronoamper- ometric curves
	Triclosan appeared to be more aggressive than cetylpyridinium chloride in fluoride medium
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