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Abstract

:

When introduced into the body, the implant interacts with biological environment and may suffer corrosion. In addition, when this implant is submitted to friction, it may degrade by tribocorrosion due to the simultaneous action of corrosion by the body liquid and mechanical wear. Both corrosion and tribocorrosion are connected to the presence of proteins that cover the surface implant. The latter plays an ambiguous role on corrosion since dozens of contradictory papers pointed out their beneficial or detrimental effect. After its introduction into the body, the implant should form a direct interface with bone through structural and functional connection. The osseointegration and the strength of interfacial bond depend on surface properties of the implant, namely, its topographical and physico-chemical properties. In addition, since bone cells are sensitive to the species produced during the implant corrosion, when corrosion occurs, this may lead to impact osseointegration and to cause implant loosening. There is a strong connection between corrosion and osseointegration, both of which are worth discussion. That is the object of the present narrative review where we will discuss: (1) corrosion and tribocorrosion of titanium alloys used as biomaterials paying particular attention to the influence of proteins, (2) the effect of implant roughness and surface energy on osseointegration.
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1. Introduction


Biomaterials are known to exhibit high biocompatibility, good resistance to corrosion and suitable mechanical properties. Many of these materials including metals, ceramics, polymers and composites are used in medical applications to reduce pain and to enhance quality and longevity of human life. Biomaterials are mainly used in different parts of human body as cranial, chin and jaw implants, interbody fusion cages, dental implant, knee and hip replacement implants, spinal implants, stent, and artificial skin and cartilage. Metals are the most used family of biomaterials and can be grouped in five categories (Table 1).



Iron, gold, platinum or silver devices to fix fractures have been used since late 18th-19th century. The use of stainless steel, cobalt alloys and titanium alloys is more recent and dates back to the 1950s [1,2]. Magnesium and some of its biocompatible alloys have been used as biomaterials these last years due their biodegradability, their low density (1.74 g/cm3) and low elastic modulus (41–45 GPa), which are similar to those of human bone.



In comparison with the other metallic biomaterials, magnesium shows poor resistance to corrosion due to its low standard electrode potential (−2.37 V). This drawback becomes an advantage when magnesium is used as biodegradable material. This was the case for magnesium screws used to fix femoral neck fractures. Magnesium degraded in compatible rate with that of bon reconstruction leading to achieve successful healing [3,4]. Magnesium alloys containing proper amounts of Li, Ca, Zn or Mn, with better mechanical properties and better resistance to corrosion than pure magnesium have been developed and successfully used for cardiovascular stent (Mg-6Li-1Zn [5], Mg-2.2Nb-0.1Zn-0.4Zr [6]) or orthopedic applications (Mg-3Sn-1Zn-0.5Mn [7], Mg-3.5Li-0.5Ca [8]). Mechanical performance and corrosion resistance of Mg alloys may also be greatly enhanced by using suited surface treatments [9].



Titanium and titanium-based alloys are the two most common implant biomaterials. They are widely used in dental and orthopedic surgery. These materials are also used in other medical applications such cardiac valve prostheses, vascular stents, pacemakers and artificial hearts.



Titanium alloys have unique combination of an excellent resistance to corrosion, low density, high tensile strength, low elastic modulus and good biocompatibility. Pure titanium presents a hexagonal close packed (HCP) α-phase at ambient temperature, but undergoes a phase transformation to body centered cubic (BCC) β-phase over a temperature of 882 °C. This temperature may be lowered or raised when certain alloying elements are added to titanium. Depending on their microstructure, titanium alloys are classified on five categories: near α, α, α + β, near β and β. For a given chemical composition, various α + β alloys with different ratio α/β and different microstructures may be obtained after heat treatment and cooling in appropriate conditions [10,11].



When used in dentistry, as well as in orthopedic applications, biomaterial must have high strength and an elastic modulus as close as possible to the bone’s one to avoid stress shielding. Indeed, an important mismatch of elastic modulus between the implant and the bone will cause stress transfer to bone leading to bone resorption around the implant with a probable consequence to provoke implant loosening [12].



Elastic modulus of the bone is in the range of 15–30 GPa, whereas titanium has a modulus of 110 GPa, about five times higher. In addition, titanium has a relatively poor shear strength and may suffer severe wear when sliding against metals or ceramics [13,14]. To overcome the shortcomings of pure titanium many works have been carried out in order to elaborate new titanium alloys, combining low elastic modulus, high strength and high wear resistance. In the 1960s, new α + β titanium-based alloys (Ti-6Al-4V and Ti-6Al-7Nb) were developed. These materials have quite a similar elastic modulus than pure titanium (100 GPa), but a higher ultimate tensile strength (1000 MPa instead of 300 MPa). Nevertheless, due to the toxicity of aluminum and vanadium, these alloys are gradually replaced by new Al and V free β titanium alloys. The new materials contain β stabilizers non-toxic elements such Nb, Zr and Ta and combine high resistance to corrosion and high strength with low elastic modulus that situated between 50 and 80 GPa. Since the 2000s, the development of β titanium alloys is an active research area and numerous binary (e.g., Ti-Nb, Ti-Ta), ternary (e.g., Ti-Nb-Ta, Ti-Nb-Sn) or quaternary (e.g., Ti-Nb-Zr-Ta, Ti-Nb-Zr-Sn) titanium alloys have been proposed as biomedical implants [15]. Indeed, these biomaterials have lower Young’s modulus and better biocompatibility compared to the widely used Ti–6Al–4V alloy. Nevertheless, these materials present lower ultimate tensile strength than Ti–6Al–4V alloy (≈700 MPa instead of 1000 MPa). This drawback has been overcome by submitting the materials to appropriate thermomechanical treatments in order to improve their mechanical properties. Cold deformation followed by heat treatment strengthening allows tailoring β titanium alloys with a wide variety of mechanical properties. Cold rolling followed by annealing treatment at suitable temperature may lead to grain refinement that is beneficial to enhance significantly mechanical properties of the material [16]. It is worth noting that heat treatment of β titanium alloys leads to the formation of pure β phase that is usually combined with the martensitic brittle ω phase that is responsible in causing ductility reduction. For a given chemical composition, high performance β titanium alloys without precipitation of this undesired martensitic phase may be achieved by careful choosing of treatment temperature and cooling rate [17]. The addition of certain interstitial elements such oxygen may also lead to the suppression of the formation of this phase [15]. Ti–32Nb–2Ta–3Zr–0.5O with Young’s modulus of 55 GPa and ultimate tensile strength of 1370 MPa and Ti–23Nb–0.7Ta–2Zr–1.2O with Young’s modulus of 60 GPa and ultimate tensile strength 880 MPa are two examples of high performance β titanium alloys containing oxygen [18].



Shape Memory Alloys (SMA) is a particular family of materials that have been widely used as biomaterials. SMA can transform from martensite to austenite by heating and from austenite to martensite by cooling. Theses transformations are the key factor of the shape recovery in these materials that can recover from large pseudoplastic deformation when subjected to mechanical loading and/or heating. Among the materials that present the shape memory effect, Ti-Ni alloys are the most used ones in medicine. One can mention applications such orthodontic, bone and spine fixation, or self-expanding stents [19,20,21]. Ti-Ni alloys show good resistance to corrosion and high biocompatibility. They also have a lower Young’s modulus than stainless steel and titanium alloys (30–80 GPa) [22]. In addition, these alloys present better resistance to corrosion and biocompatibility than stainless steel and pure titanium [23].



The presence of a high content of nickel in Ti-Ni alloys (30–60%), is a drawback since nickel that is known as a toxic material release from the alloy and may induce inflammations and immunological response [24]. To overcome this drawback free nickel SMA containing only safe elements such a Nb, Ta and Zr have been developed [25,26]. In [26], the authors reported that Ti-19Zr-11Nb-4Ta shape memory alloy shows better resistance to corrosion than titanium and Ti-6Al-4V and a good biocompatibility that makes it a good candidate for biomedical applications.



Porous titanium-based alloys are another type of titanium alloys that present numerous advantages for using as biomaterials. The presence of porosities makes it possible for bone ingrowth into an implant, leading to improve osseointegration. In addition, by choosing a suited size and structure of pores, it becomes possible to adjust density and mechanical properties of the implant. This reduces the stiffness mismatch between bone and implant and leads to increase reliability and lifetime of the fixations.



The use of additive manufacturing technologies to fabricate customized porous titanium alloys implants has been developed in the last three decades. These technologies, namely, Selective Laser Melting (SLM), Directed Energy Deposition (DED) and Electron Beam Melting (EBM), permit to fabricate implants and bone substitute with customized shape, graded porosity, complex geometry and suited mechanical properties [27,28]. Porous titanium identical to human bone with various size of porosities has been obtained by SLM method [29,30,31]. In [32], the SLM method was used to fabricate a Ti-6Al-4V implant with porosities enabling vessel ingrowth while a Ti-6Al-4V dense dental implant with porous surface was obtained by SLS method [33]. Recently, Ti-Ni alloy with an elastic modulus of 0.8 GPa has been obtained by SLM method [34]. This low value of Young’s modulus situates in the range of values for cancellous bone (0.1–5 GPa). Using such material with stiffness identical to bone’s one avoids the stress shielding effect that leads to wear of bone.




2. Corrosion of Titanium Alloys as Biomaterials


When implanted in the body, an implant may suffer corrosion due to the presence of chloride ions and proteins. Corrosion resistance of Ti-6Al-4V and Ti-6Al-7Nb in saline solution has been investigated in [35]. It was found that replacing vanadium by niobium leads to increase titanium resistance to corrosion by stabilizing the oxide layer and improving passivation. In [36], the authors studied the passivation of Ti–6Al–4V, Ti–6Al–7Nb and Ti–13Nb–13Zr in presence of proteins. They reported that proteins interact with the repassivation film and pointed out that corrosion reduced the hardness of the materials surfaces. In another comparative study between Ti-6Al-4V and Ti-13Nb-13Zr, the authors reported that the latter material displays better resistance to corrosion than the former due to more protective qualities of zirconium and niobium oxides that form at the surface [37]. A similar result was reported in two other studies where the authors showed that Ti-10Zr-10Nb-5Ta [38] and Ti-42.5Zr-5Nb-10Ta [39] displayed a better resistance to corrosion than Ti-6Al-4V. In [40], the authors the studied corrosion behavior of several titanium alloys in phosphate buffered saline solution. They found that pure titanium, near-beta Ti-13Nb-13Zr and beta Ti-15Mo alloys displayed better corrosion resistant properties than the mixed phase alpha-beta alloys Ti-6AI-4V and Ti-6AI-7Nb. In two other papers, the authors studied corrosion behavior of titanium [41] and niobium [42] in phosphate buffered saline solution (PBS) with and without proteins (bovine serum albumin: BSA). The obtained results indicated a reduction of protective quality of the passivating layer in presence of proteins. In [38] the authors reported that Ti-10Zr-10Nb-5Ta showed better corrosion resistance than Ti-6Al-4V and 316 L steel when tested in various electrolytes: NaCl, Ringer’s solution and phosphate buffered saline solution. In the case of corrosion tests conducted in phosphate buffered saline solution with addition of proteins the results showed that 316L steel had better corrosion resistance than the two other materials. The authors reported also that in presence of proteins the passive current density increases for the three materials indicating a lowering of resistance to corrosion.



The detrimental effect of proteins on corrosion behavior has also been reported in [43]. In this study, the authors investigated the effect of proteins on corrosion rates of 316 L stainless steel, pure titanium and Ti-6Al-4V. The obtained results showed that proteins increased corrosion rate of stainless steel and titanium but did not have any effect on the Ti-6Al-4V alloy. This last result is in agreement with another study where corrosion resistance of Ti-6Al-4V has been conducted in phosphate buffered saline solution (PBS) alone and with an addition of proteins (bovine serum albumin: BSA). The authors reported that the corroded surfaces in PBS and PBS + BSA do not show any significant difference in comparison with the original surface [44].



The enhancement of corrosion in presence of proteins has been attributed to the interaction between proteins that are negatively charged with positively charged metal ions in the body. This interaction leads to the formation of colloidal organometallic complexes that change the pH solutions and may enhance the rate of metal dissolution and the corrosion rate [45]. It is worth noting that even though most papers reported a detrimental effect of proteins on corrosion, some authors pointed out that an addition of proteins may have no effect or beneficial effect on corrosion. The corrosion behavior of AISI 316 L, wrought Co-28Cr-6Mo and Ti-6Al-4V has been studied in aerated PBS at various concentrations of BSA. The authors reported that the Ti–6Al–4V alloy had the lowest corrosion rate and the highest breakdown potential. It was also shown that BSA enhanced the alloy passive film stability at higher concentrations [45]. A beneficial effect of proteins has also been obtained during a study of corrosion behavior of Ti–6Al–4V in saliva biological [46], whereas no effect of proteins on corrosion of this material has been seen in another work [43]. Corrosion behavior of titanium, Ti-6Al-4V and Ti-6Al-7Nb alloys have been investigated in 2 M sulfuric acid and 2 M sodium hydroxide with and without additions of albumine [47]. The authors reported that albumine inhibits the hydrogen evolution as well as the anodic dissolution reactions in both electrolytes used.



From the results mentioned above it appears that the effect of proteins on corrosion resistance of titanium-based alloys is controversial since it seems to depend on the compositions of both electrolyte and material. The presence of proteins is mentioned as beneficial by some authors and detrimental by others. In addition, it is worth mentioning that in certain environments and depending on the nature of metal–protein complexes that form, after protein adsorption, one can see a transition from an initially beneficial effect of proteins to a detrimental effect for material degradation. Since this transition occurs after several hours, it might be missed in short-term studies [48].




3. Tribocorrosion of Titanium Alloys as Biomaterials


Biomaterial implanted in the body may suffer mechanical wear and corrosion by the body liquid. The synergistic effect of corrosion and wear may lead to a catastrophic degradation of the implant [49,50,51]. In the mouth, teeth are subjected to a tribocorrosion cycle due to chemical and mechanical actions. In addition, electrolytic cells between stressed and unstressed areas may form and lead to accelerate implant deterioration [50].



In the field of orthopedics, total hip replacement is one of the most successful medical operations. Hip prostheses are constituted from a metallic stem and a metallic or ceramic femoral head in a polymeric or ceramic acetabular cup (Figure 1 and Table 2). Lifetime and reliability of the prosthesis depend strongly on the resistance of contacting materials to tribocorrosion [52]. Implants’ failure is mainly due to asceptic loosening that is generally caused by a bacterial infection of the prosthesis, a poor osseointegration of the implant or stress shielding due an important mismatch of elastic modulus between the implant and the bone. The presence of wear particles from the implant can also play a critical role in periprosthetic inflammatory reactions and osteolysis leading to implant loosening [53].



In [44], corrosion and tribocorrosion tests under reciprocating sliding have been conducted on Ti-6Al-4V alloy in phosphate buffered saline solution (PBS) alone and with an addition of proteins (bovine serum albumin: BSA). The authors reported that the corroded surfaces in PBS and PBS + BSA do not show any significant difference in comparison with the original surface. On the contrary, BSA plays an important role affecting the tribocorrosion behavior of the alloy depending on the stage of the passive film. It was pointed out that when a potential was applied to form a passive film in its steady state, proteins integrate the stable passive film formed creating a tribolayer that may provide high protection of the surface. In [54], tribocorrosion propreties of different types of titanium alloys in simulated body fluid were investigated. The studied materials were Ti (CP), Ti-6Al-4V, Ti-13Nb-13Zr, Ti-15Mo and Ti-45Nb.The authors reported that in open circuit potential tests, Ti (CP) showed the noblest behavior, whereas Ti-6Al-4V and Ti-13Nb-13Zr showed the lowest volume loss and friction coefficient values when sliding against an alumina ball. On the contrary, Ti-15Mo and Ti-45Nb showed higher wear rate. The authors concluded that Ti-13Nb-13Zr is the best candidate for implants applications due to its relatively elastic modulus, less material loss and nontoxic-alloying element. In [38], a comparative study of tribocorrosion behavior of 316 L stainless steel, Ti-6Al-4V and Ti-10Zr-10Nb-5Ta has been conducted. The materials have been submitted to friction against an alumina ball in ringer’s solution and in phosphate buffer solution (PBS) containing proteins (BSA). Figure 2 shows examples of wear tracks after tests conducted in NaCl, PBS and PBS + 1 g/L BSA. It appears clearly that the volume of material removal is higher for the two titanium-based alloys in comparison with 316 L steel. In addition, one can see that Ti-10Zr-10Nb-5Ta suffers more material removal than Ti-6Al-4V (Figure 2 and Figure 3). It is worth noting that even though 316 L steel is softer than the two other materials it shows a better resistance to wear probably due to a better protective quality of the passivating film that forms on its surface. Hardness values of the materials are as follows: 195 HV, 410 HV and 425 HV respectively for 316 L steel, Ti-6Al-4V and 10Zr-10Nb-5Ta. TiO2, the principal oxide that form at the surface of titanium alloys, has weak mechanical properties and degrades easier than passivating film that forms on the surface of stainless steel. TiO2 film degrades under friction and exposes the naked surface of the material, which, in turn, oxidizes again when in contact with the electrolyte [49]. This process leads to an important material removal (Figure 2 and Figure 3).



The effect of proteins on 316 L stainless steel, pure titanium and Ti-6Al-4V during fretting corrosion tests has been studied in [43]. A decrease in steel corrosion has been reported, whereas no effect has been found on the other metals. In another fretting corrosion study of Ti-6Al-4V alloy, the authors pointed out that wear was not affected by the presence of collagen or albumin [55]. It was reported in [56] that the presence of protein in saline solution resulted in a significant decrease in the fretting corrosion of stainless steel, an increase in fretting corrosion of titanium and no effect on Ti-6Al-4V.



From the numerous published works, it appears that the effect of proteins on corrosion degradation under friction is inconsistent and depends on the nature of the metal, the composition of the electrolyte and the type of proteins used [57]. Finally, let us offer a reminder that test duration is an often-neglected factor in corrosion and tribocorrosion studies, although it may drastically alter the results. Indeed, it has been pointed out that during short-term studies (<6 h), proteins may protect material from degradation, whereas in the case of longer tests, a detrimental effect of proteins is observed [48].




4. Osseointegration of Titanium Alloys as Biomaterials


Osseointegration is the formation of a direct interface between the implant and bone through structural and functional connection. The strength of the interfacial bond depends on adhesion of cells to the surface implant. After adhesion, cells spread out and proliferate leading to achieve osseointegration. Cells must adhere to the surface implant for their survival. If they do not adhere, they will not proliferate and the implant is consequently rejected from the body.



The behavior of cells (i.e., adhesion, spreading and proliferation) on surface implant depends on: (1) the physico-chemical characteristics of the material (charge, wettability, hydrophilic or hydrophobic nature, specific functional groups, etc.), (2) the topography of the surface of the material (roughness and waviness).



There exist many techniques of surface treatment to accelerate and strengthen adhesion of cells to the surface implant, e.g., sandblasting and acid etching [58,59,60,61,62], laser nanostructuring [63,64,65] dry or wet process film deposition [66,67,68,69,70], ion implantation and plasma immersion ion implantation [71,72,73]. These techniques are intended to modify physico-chemical properties of the surface, its topography or both.



After the biomaterial is implanted into the body, proteins adsorb on its surface and form an extracellular matrix (ECM) that creates an environment in which cells can migrate and differentiate. The synthesis of the ECM, as well as adhesion, proliferation or differentiation of cells, is greatly influenced by implant surface topography whose arithmetic mean deviation Ra ranges from nano-roughness (Ra < 0.1 µm) to micro-roughness (Ra = 0.1–100 µm) [59,74,75,76,77].



The beneficial effect of roughness on cell adhesion, pointed out in numerous studies, is attributed to the fact that large topographical irregularities on the surface mechanically improve the anchorage of the implant in the surrounding bone tissue. In [78], the authors reported that grit-blasted screw made from Ti-6Al-4V alloy show a higher bone-to-implant contact percentage and stronger adhesion to bone than machined smooth one. A beneficial effect of roughness has also been reported in [79], where the authors showed that osteoblast accelerates collagen production and calcification on rough surfaces rather than on smooth ones. In another work the effect of titanium surface etched with mixed solution of three acid containing HCl, HF and H3PO4 in various concentrations has been studied. The authors reported that the greatest obtained value of roughness (Ra = 53.25 µm) attributed to the composition 80%HCl-10%HF-10%H3PO4 is the value that leads to the formation of the samples with the higher ability in cell proliferation and cell attachment [80]. Other studies reported that titanium with micro-scale Ra exhibited greater cell attachment, proliferation and differentiation than titanium with smoother surface [81,82,83,84]. In contrast, with the results mentioned above, other works reported that osseointegration is better with smooth surfaces in comparison with rough ones. In [75], the authors conducted a comparative study between titanium surfaces with two different values of Ra: 108.9 nm and 3.3 nm. The ~100 nm scale surface roughness was obtained by silicon carbide (SiC) polishing, whereas the second surface was prepared using a silica suspension (mirror-polished Ti). The morphology of osteoblast at initial adhesion on the surfaces has been examined by the authors who concluded that the rougher surface induces poor cell adhesion and contribute to reduce cell survival in comparison with the smoother one.



Other studies pointed out that when Ra is in the order of 100 nm, there was a marked reduction in both fibroblast [85] and osteoblast [86] attachment and proliferation in comparison with smoother surface with a Ra of 2 nm. Finally, numerous studies cited in [75] reported that cells cultured on titanium and titanium alloys with a surface roughness (Ra) between 370 nm and 700 nm show higher cellular function than those cultured with micro-scale indicating that cells are healthy and function optimally when cultured on smoother surface.



The results mentioned above show that Ra is a controversial factor affecting cell behavior since different studies have found that a high value of Ra may be either beneficial or detrimental for osseointegration. In fact, Ra do not fully describe the topography of the surface since it does not provide information on the either shape or on the features of the surface (e.g., shape of peaks and the distance between them, the presence of grooves or pores on the surface). Instead of Ra, certain authors have used the statistical parameters of surface roughness to describe the surface topography. In [87], the authors showed that the surface profile with positive kurtosis exhibited better bioactivity compared to the surface profile with negative kurtosis coefficient.



Other roughness parameters have been used. Instead of Ra (the 2D roughness parameter), Sa, which is the extension of Ra to a surface (3D average roughness), has been used to characterize surface of dental implants. The results showed stronger bone responses with values between 1.0 μm and 2.0 μm in comparison with smoother or rougher surfaces [88]. In a previous work, 100 research papers studying the effect of titanium surface topography on osseointegration were compared [89]. The authors pointed out that large number of the published results showed that surfaces with an Sa < 1 μm present less strong bone responses than rougher surfaces while other works reported that moderate surface roughness of Sa = 1–2 μm showed stronger bone responses than surfaces with Sa higher than 2 μm.



In another study, a roughness ratio, r, which is the ratio of actual contact area to the projected area parallel to the plane of the surface has been used as a better controlling parameter for characterizing cells behavior [77]. Surfaces with a roughness ratio in the range r = 1.05–3 were tested, and it was found that the best results in terms of cell adhesion, growth and proliferation were obtained with the intermediate roughness ratio (r = 2).



Interactions between cells and surface take place at multiple length scales and, consequently, both nano and micro roughness must be taken into account [90]. This approach has been used in [83], where the authors showed and improvement of implant osseointegration thanks to the introduction of nanoscale structures in combination with micro-/submicro-scale roughness. In another study, the authors reported that the multi-scaled morphologies enhanced the osseointegration period [91].



From the various techniques used to accelerate and strengthen adhesion of cells to the implant, nanostructuration of surface appears to be a suited and powerful one. Nanostructuration may be conducted using both dry/wet process deposition or a laser beam [62,63,68,71,72,92]. A comparative study has been conducted to investigate the behavior of osteoblastic cells on mirror-polished surfaces and anodized stainless steel ones with regular array of pores [64]. The authors reported a more rapid spreading of osteoblastic cells on the anodized surface in comparison with the mirror-polished one. This finding was confirmed by another study where the authors showed that the anodized titanium surface with nanopores of 30 and 50 nm promoted the human mesenchymal stem cells osseointegration [69]. In [93], titanium surfaces with nanopores of 30, 150 and 300 nm in diameter were prepared by physical vapor deposition and used as substrates for human mesenchymal stem cell culture. The best behavior was found with nanopores of 30 nm that promote early osteoblastic differentiation and, consequently, rapid osseointegration of titanium implant.



In contrast with anodization or vapor deposition, laser texturing surface is a powerful technique that allows to nanostructure surface implants with a high precision and repeatability. It allows the creation of nano-holes, nano-grooves or nano-grills on the surface nano-pillars, which enhance the surface of contact with cells and positively affect cell adhesion and osseointegration [65,94,95,96]. In [97], the authors reported that laser nanostructured Ti-6Al-4V implant enhanced cell spreading in comparison with sandblasted implant. In the same way a better osseointegration has been found on laser textured titanium surface in comparison with the untreated one [98]. In [99], the authors showed that laser nanostructuration of Ti-6Al-4V implant significantly increases bone integration compared with machine-finished and grit-blasted implants.



The effect of laser texturing has been investigated in the case of stainless steel and titanium. It has been found that in comparison with untreated surfaces, nano-pillar and nano-hole topographies led to enhanced chondrogenic differentiation, whereas nano-grill topographies inhibited this differentiation [65]. In another study, it has been found that structures with spatial periods of 3, 5, 10 and 17 μm prepared by Direct Laser Interference Patterning (DLIP) on dental implants allowed to show that the amount of cells was up to 2.5 times higher after 7 days on DLIP-structured surface than on grit-blasted and acid-etched surfaces [100]. Beneficial effect of DLIP treatment has also been reported in [101], where the authors pointed out that cell viability of human osteoblasts on line-like patterned surfaces is higher than the grit-blasted and acid-etched ones.



In addition to roughness, surface hydrophilicity is another factor that affects cells attachment and spreading. Previous studies reported better osseointegration on high surface energy hydrophilic implant surfaces in comparison with hydrophobic ones [77,102,103,104]. However, in [77], the authors reported that above a certain value of surface energy cell growth and proliferation degrade. Finally, note that surface hydrophilicity and roughness may influence cell adhesion and osseointegration via combined actions and synergistic effect [85].




5. Conclusions and Future Perspectives


Even though titanium alloys are widely used as biomaterials, the mechanisms of their corrosion and tribocorrosion in presence of proteins are not fully understood and contradictory results are still published. While numerous publications suggest a detrimental effect of proteins that lead to accelerate material loss many others argue that the opposite occurs. Disagreements found between the results reported are probably due to differences in microstructure of the materials studied (same composition but not same microstructure, same phases), the nature of proteins used, experimental conditions and procedures (temperature, pH, the number of proteins used, etc.). In addition, the effect of a specific protein varies on different metals and alloys [105]. On the other hand, since there exist different chemical compositions (notably oxygen concentration), different pH values and different biological environment in the body, the implant will be submitted to more or less severe corrosion/tribocorrosion conditions depending on which part in the body it is implanted. Disagreements found between the results reported concerning the effect of proteins may also be due to the tests duration since it has been reported that beneficial effect of proteins may turn detrimental after some hours leading to increase material degradation. This transition does not have time to occur in short-term studies and may be missed [48].



Even though β titanium alloys are used as implants, on the basis of existing studies, their reliability and lifespan should be increased thanks to future research particularly in the following directions:




	
Development of corrosion resistant porous β titanium alloys by 3D printing technique. This technique allows conducting controllable and precise fabrication to obtain materials with a suitable Young’s modulus and controlled porosity that provide channels for bone growth [106,107]. Nevertheless, due to their inhomogeneity and the presence of cavities, β titanium alloys may be less resistant to corrosion in the same way as porous titanium alloys fabricated by the powder metallurgy [108,109,110,111]. Overcoming this drawback and fabricating corrosion resistant β titanium alloys by 3D printing techniques could be the subject of further research;



	
Development of soft computing techniques to design new β titanium alloys with suitable properties. Using soft computing techniques is the way to accelerate the development of new materials and reduce experimental studies [33]. CALPHAD (Calculation of PHAse Diagrams) approach that is a computational method to design new materials has been successfully used to design Ti-Zr-Ta alloys with high yield strength and low elastic modulus [112]. Other systems have been investigated by CALPHAD approach, among which include the two alloys Ti-Ni-Sn [113] and Ti-Zr-Sn [114]. In another work, the CALPHAD approach was combined with artificial intelligence algorithms to explore novel composition of the Ti-Nb-Zr-Sn system. This approach allowed the authors to determine suitable chemical compositions and temperatures for heat treatments that allow the formation of β phase while avoiding/minimizing formation of ω-phase [115];



	
Concerning osseointegration, there exist many techniques using additive or substrative mater processes (physical and chemical deposition methods, laser texturing, chemical and mechanical etching, etc.) that allow modifying topography and/or wettability of the implant material. Despite numerous studies and publications, one can say that, currently, the effect of roughness on osseointegration is not clear and contradictory results are still published even though a beneficial effect of nanostructuring is widely reported.








Multiscale structuration by combining micro and nano texturing or micro-texturation combined with sinusoidal form structure at the bottom of the grooves allowed positive results to be obtained in terms of cell behavior and osseointegration [77,85,116]. Multiscale structuration taking into account the size of cells is a promising avenue for future research that could lead to a marked improvement in osseointegration.



Enhancement of osseointegration may also be achieved by biochemical methods. These methods that have been developed during the last decade consist in immobilizing active molecules onto the surfaces in order to simulate the interaction between the implant and the biological tissue and consequently to favor osseointegration [117,118]. Since this treatment does not modify the roughness, when it is coupled with micro/nanostructuration, it might lead to obtain high quality of osseointegration especially when the molecules used inhibit bacterial adhesion [115].
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Figure 1. Complete hip joint prothesis. Reprinted with permission from [49]. Copyright 2008, ISTE Ltd and John Wiley&Sons, Inc. 
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Figure 2. Wear tracks recorded on 316 L (A), Ti-6Al-4V (B) and Ti-10Zr-10Nb-5Ta (C) after tribocorrosion tests in NaCl solution (1), PBS (2) and PBS + 1 g/L BSA (3). Adapted with permission from [38]. Copyright 2019 Taylor & Francis Ltd. 
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Figure 3. Wear rate measured at open circuit potential in various electrolytes after sliding against an alumina ball under an applied load of 5 N in (NaCl: [image: Cmd 04 00033 i001]), (Ringer’s solution: [image: Cmd 04 00033 i002]), (PBS: [image: Cmd 04 00033 i003]), (PBS + 1 g/L BSA: [image: Cmd 04 00033 i004]), (PBS + 5 g/L BSA: [image: Cmd 04 00033 i005]). 1: 316 L, 2: Ti-6Al-4V, 3: Ti-10Zr-10Nb-5Ta. Adapted with permission from [38]. Copyright 2019 Taylor & Francis Ltd. 
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