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Abstract

:

Micro-arc oxidation (MAO) is a surface modification technique used to improve the surface properties of titanium alloys, such as corrosion, wear resistance, and osseointegration. In addition to promoting the growth of a porous oxide coating on the sample’s surface, it is also possible to incorporate bioactive elements into this coating, such as calcium, phosphorus, and magnesium, as well as elements with antimicrobial action, such as zinc. Thus, this study aimed at the surface modification of the β Ti-30Nb-5Mo alloy by the MAO method, incorporating calcium, phosphorus, magnesium, and zinc to improve osseointegration and promote bactericidal character in the produced coating. The results showed that the porosity, roughness, and crystallinity of the coating tend to increase with increasing Zn concentration in the electrolyte, while the contact angle decreases. The antimicrobial activity was promoted against the E. faecalis and P. aeruginosa bacteria strains and the C. albicans fungus. Incorporating Zn on the surface also did not negatively affect adiposetissue-derived mesenchymal stem cell differentiation, and promoted more significant growth of these cells on the samples’ surface.






Keywords:


antimicrobial activity; micro-arc oxidation; surface modification; titanium alloy; Ti-30Nb-5Mo alloy; zinc












1. Introduction


Titanium (Ti) and its alloys are widely used for biomedical applications, mainly in implants, due to their excellent properties, such as corrosion, wear resistance, and acceptable biocompatibility [1]. Compared to other metallic biomaterials, Ti also possesses osseointegration characteristics. That is, it can form a direct interface between the implant and the native bone without ligament or cartilage fibers [2]. However, this capability is limited and may not be enough to prevent implant failures [1]. Furthermore, due to its artificial nature and lack of some bio-functional properties, many clinical problems still occur during Ti implant application, such as material fracture, stress shielding, cytotoxicity, corrosion, and infections [1,2,3].



Among these and other problems, infections deserve attention, as the implant is a foreign body that increases the risk of propagation and invasion of bacteria in an organism that has low resistance due to the secondary surgeries in order to replace this material [4]. Between 50 to 70% of hospital infections come from internal medical devices [5,6], and when talking about infections from orthopedic surgeries, the risk is from 2 to 5% [5]. The S. aureus bacteria strain is common in nosocomial infections, and it is estimated that approximately 34% of orthopedic implant infections are caused by it. The E. coli bacteria strain, on the other hand, has several adhesion mechanisms that make it capable of adhering to materials and instruments used in hospitals [6]. A further complication of the situation is due to conventional antibiotics that are often not efficient during treatment, leading to the need to remove the implant, causing stress, discomfort, and pain to the patient, and additional costs for healthcare. It is estimated that biofilms can develop resistance against antibiotics from 10 to 1000 times [7]. Therefore, studies seeking to prevent and control infections caused by implants are increasing [1,8].



It is known that some of the excellent properties of Ti and its alloys are due to the amorphous layer, on a micrometric or nanometric scale, of titanium oxide (TiO2) formed on its surface, which grows spontaneously soon after implantation [2,9]. Thus, the treatments and functionalization of Ti alloys’ surfaces are utilized to add bio-functional properties to the material. There are many techniques for modifying the surface of Ti alloys, such as sol-gel, sputtering, and anodization. However, there are some disadvantages in using these methods, such as the high cost of the sol-gel technique [10], and the difficulty of obtaining an adherent coating when high loads are applied to the implant that was treated using sputtering [11] or anodization [12] techniques.



Micro-arc oxidation (MAO) is a simple and inexpensive method, producing surfaces with high corrosion and wear resistance [13,14] and mechanical strength [15,16]. After surface treatment by MAO, the sample can still increase its adhesion and cell proliferation, depending on the electrolyte solution and oxidation time [17,18,19]. Different alloying elements can also influence the coating’s morphology, microstructure, and mechanical properties [19,20]. The MAO technique can easily incorporate bactericidal particles into the produced coating [2], supplying additional bio-functionality to the Ti alloy.



Calcium (Ca), phosphorus (P), and magnesium (Mg) ions, for example, can also be added to the surface of micro-arc oxidized alloys, improving their osseointegration properties [21], wear resistance, and tribocorrosion [22]. Silver (Ag) and copper (Cu) are examples of elements that improve the bactericidal activity of the surfaces treated with MAO when added to the electrolytic solution [23,24,25,26,27]. However, there is some concern with using these elements, since their high concentrations in the human body can be harmful [28,29]. In addition to Ag and Cu, Zinc (Zn) is also used as a bactericidal agent [30,31]. Although it has lower efficiency and a cytotoxic character in high amounts [28,32], low concentrations of this element on the surface oxidized by MAO can promote cell adhesion, proliferation, and differentiation, according to Zhu et al. [33]. This is because the presence of Zn can influence the enzymes that participate in the synthesis of various components of the bone matrix. In addition, Zn is a crucial microelement of the human body that participates in several biological processes, such as enzyme activity, DNA synthesis, biomineralization, and acid metabolism [4,34].



The Ti-30Nb-5Mo alloy is a recently developed β alloy that has a low elastic modulus and hardness (but still high enough to have better wear resistance than Commercially Pure (CP)-Ti), in addition to promoting cell adhesion and proliferation without cytotoxicity [35,36,37]. Furthermore, niobium (Nb) is already known in the biomedical field for its ability to increase the corrosion resistance of Ti alloys [38,39]. Since it is a new alloy, no other literature references report on its surface modification.



Thus, the objective of this paper was to perform surface treatment of the Ti-30Nb-5Mo alloy using the MAO technique, in order to develop coatings containing Ca, P, and Mg, and to vary the Zn concentration in the electrolytic solution. In addition, the purpose was to evaluate the influence of Zn on cell and microorganism growth on the treated Ti alloy surface.




2. Materials and Methods


The Ti-30Nb-5Mo alloy was produced by arc-melting in an argon-controlled atmosphere and in a water-cooled copper crucible. The details of the cast and bulk properties of this alloy can be found in previous works [35,36,37]. After melting, the produced ingots were hot rolled to reach a thickness of 1 mm, and cut to obtain square samples measuring 10 × 10 mm2. Finally, the samples were heat-treated for 6 h, at 1000 °C, with heating and cooling rates of 10 °C/min.



MAO treatments were performed using a DC power source Keysight, N5751A (Keysight, Santa Rosa, CA, USA), with limited current of 2.5 A, 300 V, at room temperature, for 60 s. At first, a solution of 0.35 M calcium acetate monohydrate ((CH3COO)2Ca·H2O), 0.02 M β-glycerol phosphate pentahydrate (C3H7Na2O6P·5H2O), and 0.1 M magnesium acetate tetrahydrate ((CH3COO)2Mg·4H2O) was used as the electrolyte to produce the samples without Zn particles (0.0 Zn). To obtain the surface samples with Zn, the same solution was used with the addition of 0.5 mMol (0.5 Zn), 1.0 mMol (1.0 Zn), or 2.5 mMol (2.5 Zn) zinc chloride (ZnCl2). Table 1 shows a summary of the electrolyte solution used for each sample.



SEM images were obtained using a Zeiss scanning electron microscope (Carl Zeiss, Oberkochen, Germany), model 300 FE. Information of porosity and pore size was obtained from micrographs with the ImageJ software (version 1.53t) by analyzing eight regions on each sample’s surface, with different dimensions (ranging from 350 to 1200 μm2). The result was presented as the mean and standard deviation of the measurements. Regarding the pore size, this measurement represents the size of pores within each selected area.



XRD results were obtained by a MiniFlex600 diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54056 Å) ranging from 10° to 100°, with steps of 0.04° and 10°/min collection time.



XPS spectra were acquired by a SPECS Phoibos 100-MCD5 spectrometer (SPECS Berlin, Berlin, Germany) equipped with a AlKα (1486.6 eV) achromatic radiation source, operating at 100 W in FAT mode. Channel widths of 1 and 0.1 eV were used for wide and detailed regions, respectively.



Information about the wettability of the samples was obtained using contact angle measurements by the droplet technique on a Krüss DSHAT HTM Reetz GmbH goniometer (HTM Reetz GmbH, Berlin, Germany). Deionized water was used to test the fluid in three different regions of the sample to calculate the mean and standard deviation.



AFM imagers were registered by a Park XE-120 microscope (Park, Suwon, Republic of Korea) operating in non-contact mode. Two 30 × 30 μm images were acquired to evaluate the surface roughness.



Bactericidal growth data on the Ti-30Nb-5Mo alloy substrate and coatings were obtained using four bacteria strains (E. coli, S. aureus, E. faecalis, and P. aeruginosa) and one fungus (C. albicans). Before testing, all the samples were autoclaved at 121 °C for 20 min. Afterward, each sample was placed in tubes containing a suspension of a single microorganism in 5 mL of Brain Heart Infusion (BHI, DIFCO, Sparks, MD, USA). All assays were performed in triplicate to calculate mean and standard deviation, and tests performed only in BHI medium, without the presence of any sample, were used as control. Each microorganism was cultivated at its optimal growth temperature (37 °C for bacteria and 28 °C for fungus), with slow agitation, for 24 h. The growth of microorganisms was measured by reading the optical density at a wavelength of 600 nm (OD600) using a biophotometer (Eppendorf, Hamburg, Germany). The results were expressed in growth percentage with respect to the average OD600 of the microbial suspension without the samples.



MTT and differentiation tests were carried out using Adipose Mesenchimal Stem Cells (AMSC), which were isolated from the adipose tissue of three-month-old female lambs taken at the slaughterhouse. All assays were performed in triplicate to calculate mean and standard deviation, and, for positive control, the tests were performed by growing the AMSCs without the presence of any sample. After 24 h of incubation of the cells and substrates, the culture medium was removed, and 3 mL/well of a MTT solution (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide, Sigma-Aldrich, Gillingham UK) was added to the DMEM medium (Gibco, Loughborough, UK) containing 10% FCS (Fetal Calf Serum, Gibco, Loughborough, UK), and incubated for 3 h at 37 °C with 5% CO2. After that, the MTT solution was replaced by 3 mL of absolute ethanol (Sigma-Aldrich, Gillingham, UK), and the solubilized formazan was measured by a biophotometer (Eppendorf, Hamburg, Germany) at 600 nm.



For osteogenic differentiation, AMSCs were treated for 3 weeks with DMEM medium containing 10% FCS supplemented with 50 μg/mL ascorbic acid, 10 mM ß-glycerophosphate, and 107 M dexamethasone. After that, the AMSCs were fixed in 70% ethanol for 1 h at room temperature, then washed with distilled water and stained for 30 min with 2% Alizarin Red S (Carlo Erba, Cornaredo, Italy) to detect the calcium deposits that, after four washes, turned orange-red.



The OriginPro2018 software was used for statistical analysis. The independent Two-Sample t-test analysis was used to estimate the difference between two population means. The results were classified and presented according to the significance level (p < 0.05, p < 0.01, or p < 0.001).




3. Results


3.1. Surface Morphology


Micrographs of the surfaces after the MAO treatment are presented in Figure 1. All the samples’ surfaces showed a typical morphology usually obtained by the MAO oxidation, composed of pores of different sizes. Pores of 0.1 μm diameter can be seen in the 0.0 Zn image at 10k× magnification (Figure 1b—yellow arrow). On surfaces with the incorporation of Zn, cracks appeared at the highest concentration of this element. In the images at high magnification, smaller pores inside the larger pore cavities were observed. Agglomerates of micrometric particles of the introduced elements were observed on all the surfaces of the Zn-containing samples, which were not detected on the sample’s surface oxidized with the electrolyte containing only Ca, P, and Mg. Roknian et al. [40] studied the addition of ZnO particles on the surface of CP-Ti samples by the MAO method. They observed a similar effect of particle agglomerates on the surfaces containing Zn. During the MAO surface oxidation process, micro-arc discharges occur due to the dielectric breakdown of the anodic oxide coating [41]. As a result, a significant amount of heat is released, increasing the temperature [41,42]. However, the energy, and consequently the temperature of the process, was not high enough and, therefore, the Zn particles remained chemically unchanged, agglomerating on the sample’s surface [41]. Other studies [39,40,41] also identified particle agglomerates on the surface of Ti alloys oxidized by micro-arc using an electrolytic solution containing Zn.



Histograms of the pore area produced on the surface of the samples are presented in Figure 2. The Zn variation was not enough to significantly change the pore size, and the largest number of pores had an area size of up to 0.05 μm2. With the data obtained by the histograms on the pore size of the coatings, it was possible to prepare the graph in Figure 3, which shows the relationship between the (s/T) ratio and the variation in the amount of Zn in the MAO electrolytic solution. The (s/T) ratio is calculated by dividing the number of smaller pores (up to 0.25 μm2) by the total number of measured pores. Thus, it was possible to better analyze the variation in the relative size of the pores produced on the samples’ surface, since the higher the s/T is, the smaller the pores are. The addition of Zn increased the s/T ratio. This means that the number of smaller pores increased compared to the total number of the measured pores. For the 1.0 Zn sample, the number of small pores was even higher. However, for the 2.5 Zn sample, this ratio was again similar than that of the 0.5 Zn sample.



Figure 4 shows the porosity of the samples oxidized by MAO. The porosity of the 0.5 Zn sample does not suffer much variation with respect to the 0.0 Zn sample (p > 0.05) due to the low concentration of Zn. Considering the samples with Zn, the porosity varies inversely to the s/T variation, since when the pores are larger (s/T smaller), the area occupied by the pores increased. The decrease in the pores’ relative size and, consequently, the significant decrease (p < 0.05) in the porosity of the 1.0 Zn sample may be related to the closing of the pores due to particles accumulating on the sample’s surface [40], as can be seen in Figure 1. However, the porosity increased significantly again (p < 0.001) in the 2.5 Zn sample, despite the pores closing due to the increase in the number of metallic ions in the electrolyte solution, which raised the conductivity of the medium and, consequently, increased the energy during oxidation. As a result, the quantity and size of the bubbles produced in the liquid increased, forming a surface with higher porosity [43].




3.2. Structural Characterization


The XRD patterns of the samples are presented in Figure 5. In the Ti-30Nb-5Mo substrate, only characteristic peaks of the body-centered cubic (bcc) structure, known as β-Ti, were found [37]. This occurred due to the Nb and Mo, which are β-stabilizing elements. A β-stabilizing element has the characteristic of decreasing the Ti allotropic transformation temperature (β-transus), where its crystalline structure transforms from the α-phase (hexagonal closest-packet—hcp) to the β-phase [44]. Upon undergoing MAO treatments, peaks indicating the presence of TiO2 anatase and rutile phases were detected. As the amount of Zn increased in the electrolyte, other oxides were identified in the diffractograms: calcium phosphate (Ca(PO3)2) was detected in the 0.5 Zn, 1.0 Zn, and 2.5 Zn samples, while calcium oxide (CaO), and zinc oxide (ZnO) were found in the 1.0 Zn and 2.5 Zn samples. It was observed that the increase of Zn in the electrolyte favored the incorporation of the elements in the produced surface. This occurs because the increase in ions facilitated the transport of electrons in the sample, leading to a greater flow of elements from the liquid to the treated surface.



From the XRD data, the amount of oxide phase and surface crystallinity variation was calculated, and the results are shown in Figure 6. It is known that the activation energy required for the TiO2 anatase phase is significantly lower than that for the rutile phase [45]. Thus, it was observed that with the increase of Zn in the electrolyte, which gradually increased the energy of the MAO process, the amount of anatase phase decreased, while other phases, which require more energy for formation, increased. The research conducted by Zhang et al. modified the energy of the MAO treatment by changing the electrolyte composition [46] and varying the applied current density [41]. In both cases, with increasing the energy involved in the process, the TiO2 rutile phase increased, while the anatase phase decreased. Due to the high temperatures in the coating production process and very high cooling rate [47,48,49], the produced surface was characterized by low crystallinity, ranging between 10.6 and 18.4%. Other studies have also shown the low crystallinity of MAO coatings [50,51,52]. Komarova et al. [4] demonstrated that adding Zn caused a slight increase in the crystallinity of the coating produced on the Ti-40Nb alloy, although the coating was mainly amorphous. Kuroda et al. [13] studied the effect of thermal treatments on MAO coatings and observed that, even at high temperatures (800 °C), the coating remained amorphous.



Figure 7 shows the high-resolution XPS spectra of the alloying elements incorporated during the MAO process to determine the oxidation state of the elements.



Upon the Ti peaks deconvolution, the doublet relative to TiO2 was observed, with a peak (2p3/2) at 458.5 eV [53]. The Nb spectrum showed the Nb2O5 peaks of the 3d, 3d5/2, and 3d3/2 doublets at 207.1 eV [47]. From the Ca spectrum, the peaks related to the CaCO3 doublet were observed at 347.2 eV [54]. For P, the spectrum showed incorporation of ions in the phosphate form (PO4)3− at 133 eV [55]. In the Mg spectrum, the MgCO3 peak was observed at 1305 eV [51]. The O1s spectrum showed the peaks of the metallic oxides (Ti and Nb) at 531.5 eV and from hydroxide (OH) at 533.6 eV. Due to the use of acetates in the electrolyte, contamination by carbon occurs. Therefore, the C1s spectrum showed peaks of C-C, C-O-C, and O-C=O bonds at 284.8 eV, 286.4 eV, and 288.6 eV, respectively [56]. Finally, the Zn 2p3/2 spectrum presented peaks at 1022 eV, indicating the presence of Zn2+ [57]. No peak associated with the Mo alloying element was detected due to its low concentration in the substrate (5 wt%), and due to the fact that it is a non-valve metal. This makes its oxidation by MAO less favorable kinetically, as the driving force for its oxidation is similar to or lower than that of hydrogen being converted to water [58].



The same peaks identified in this study were also identified by Kuroda et al., (TiO2, and Nb2O5) [47], Costa et al., (TiO2, CaCO3, PO43−, and OH) [59], Sousa et al., (TiO2, CaCO3, PO43−, and MgCO3) [51], and Leśniak-Ziółkowska et al., (TiO2, PO43−, Zn2+, and carbon bonds) [57].



Table 2 presents the atomic percentage of the elements detected by the XPS analysis. It is observed that the relatively low concentration of Zn is due to the non-uniform distribution of this element in the coating. In the MAO process, the elements present in the electrolyte are transported through a short circuit, leading to their incorporation into the resulting oxide. In this way, the elements tend to be incorporated into the coating through defects, such as discharge channels, pores, and cracks. The accumulation of particles on the surface of the coating, observed in the SEM images, suggested that the energy level during the process was not relatively high to allow the diffusion of the elements. As a result, there were fewer defects, and it was more difficult to incorporate Zn uniformly [41].




3.3. Surface Roughness


The AFM images and the surface roughness of the samples are shown in Figure 8. The average roughness tends to increase with the addition of Zn in the electrolyte. This is a consequence of the gradual increase in the energy of the MAO process, due to the increase in the number of ions in the electrolytic solution [43]. The same trend of increased roughness with increasing amounts of Zn was observed by Zhang et al. [10]. However, the values obtained in [10] are higher than those obtained in the present study with the Ti-30Nb-5Mo alloy. Another indication is that the energy of the MAO process for this alloy is relatively smaller, corroborating the SEM results (accumulation of particles on the surface) and the chemical composition determined by XPS (low Zn concentration).




3.4. Wettability


The surface samples’ contact angles are shown in Figure 9. All surfaces are hydrophilic (<90°). Compared to the surface without the MAO treatment (#0), the porous surface slightly decreased the water drop contact angle in the sample without Zn (0.0 Zn). For the 0.5 Zn sample, the amount of Zn added to the electrolyte solution was not enough to change the value of its contact angle. However, as the Zn concentration increased, the contact angle progressively decreased. TiO2 (anatase and rutile) is a hydrophilic substance [60]. Thus, as the oxidation of the Ti alloy by the MAO produces this oxide on the surface, the contact angle of the treated samples tends to decrease in comparison with the substrate. Roughness, on the other hand, is another factor that alters the wettability of the samples, and a rougher surface has a greater contact area, increasing the free energy, which makes it more hydrophilic [61,62]. Also, the pores absorb the water deposited on the surface due to the three-dimensional capillary effect [61]. Zhang et al. observed that an increase in Zn amount in the electrolyte used in the MAO treatment caused an increase in roughness and a decrease in the surface contact angle of the Ti-6Al-4V alloy [10]. Xu et al. [63] varied the oxidation time of CP-Ti samples and observed a decreasing trend in the contact angle as the increase in treatment time made the surface more rough.




3.5. Antimicrobial Activity


The results of the growth of different microorganisms (E. coli, S. aureus, E. faecalis, P. aeruginosa, and C. albicans) on the samples’ surfaces are shown in Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, respectively. The most common microorganisms involved in surgical infections were chosen for this study. A similar choice was made also in other literature references [64,65,66,67].



Concerning the E. coli bacteria control, only the substrate (#0) had significantly lower bacterial growth. With the MAO treatment and, subsequently, with the addition of Zn, the growth of E. coli increased as the Zn concentration increased, reaching values very close to the control.



Only the 0.5 Zn sample had a significantly lower growth of S. aureus bacteria strain than the control, although it is possible to observe an apparent downward trend in this bacteria growth rate as the Zn concentration increased. However, the variation in Zn levels was insufficient to observe a greater interference with the results for the S. aureus.



The growth of the E. faecalis in the samples was highly impaired by the performed MAO treatments, since all the samples that went through this process had significantly lower bacterial growth than the control. By increasing the Zn concentration, the growth of the E. faecalis bacteria gradually decreased. The growth of E. faecalis in the 2.5 Zn sample was significantly lower than in the 0.0 Zn and 0.5 Zn samples.



The MAO treatment without Zn particles successfully prevented the growth of P. aeruginosa bacteria. However, as the amount of the added Zn increased, the effectiveness of the treatment decreased, reaching values that were similar to the control.



Finally, all the performed MAO treatments were effective against the growth of the C. albicans fungus, and the variation in Zn levels in the used electrolyte solution had no apparent influence on the results.



The substrate sample (#0), which did not undergo the MAO oxidation process, could reduce the growth of all the microorganisms tested. This result may be related to the bactericidal effect of molybdenum. Kawakami et al. studied the bactericidal effect of several commercially pure metals. They concluded that Mo has a bactericidal effect against E. coli and S. aureus. The antimicrobial activity of Mo (5.45) is close to that of silver (5.44) for the E. coli bacteria strain [68]. However, the authors did not investigate the impact of the metals on other types of bacteria [68].



Although Zn is known to possess antibacterial properties, other factors can influence the adhesion of microorganisms to the sample surface. The wettability, chemical composition, porosity, and roughness of the samples can influence the adhesion of bacteria to the surface. In particular, the probability of adhesion of microorganisms is higher on rough rather than on smooth surfaces [66,67]. Although favorable for cell adhesion, the hydrophilicity of the samples also contributes to the adhesion of bacteria, and the amount of Zn added to the samples may not be sufficient to eliminate this effect [65]. Leśniak-Ziółkowska et al. [57] investigated the antibacterial properties of oxides containing Zn produced via MAO on the Ti-15Mo alloy and found that the amount of S. aureus increased after the surface treatment. This outcome could be due to the surfaces’ roughness or solid particles in the coatings, which can also create a suitable environment for bacterial adhesion. These characteristics were verified in the Ti-30Nb-5Mo alloy samples treated by the MAO in the present study.




3.6. AMSC Viability


The results of the MTT tests performed on samples treated with the MAO, with and without Zn particles in the electrolyte solution are shown in Figure 15. The data obtained for samples #0, 0.0 Zn and 0.5 Zn are close to the control, showing no great interference with the AMSC growth. However, the addition of higher amounts of Zn (1.0 Zn and 2.5 Zn) led to an increase in the AMSC growth on the surface of the samples. In addition, the results demonstrated that the addition of Zn did not have any cytotoxic effect during in vitro testing. The rough and porous surface produced by the MAO treatment facilitates the adhesion and proliferation of osteoblastic cells [69,70,71]. Hydrophilic surfaces also influence cell adhesion and proliferation on the surface of the samples, consequently improving the bone healing process [62]. This was studied and verified by Park et al. [72] and Rupp et al. [73]. Regarding improving cell adhesion results of 1.0 Zn and 2.5 Zn samples, some studies report that the addition of Zn can positively influence cell proliferation and viability [57,74,75].




3.7. Osteogenic Differentiation


The images of the cell monolayers in the different samples after staining with Alizarin Red S, which highlights in red the calcium deposits, are presented in Figure 16. The positive control is represented by the AMSCs (without substrate) differentiated into the osteogenic lineage, while the undifferentiated AMSCs represent the negative control. All the images are comparable with the positive control (+Ctrl). Therefore, all the investigated samples do not disturb the differentiation into the AMSC osteogenic lineage.





4. Conclusions


From the results obtained in this study, it can be concluded that it is possible to incorporate Zn into the surface of the Ti-30Nb-5Mo alloy through the MAO technique. The relatively low energy of the MAO process and the short treatment time led to the inhomogeneous Zn incorporation. With the increase of the Zn concentration in the electrolyte, the treatment energy increased due to the increase in the total amount of ions in the electrolyte solution. The incorporation of Ca, P, Mg, and Zn into the coating increased with the increase of Zn content in the electrolyte. With the increase of Zn, the coatings’ porosity, roughness, and crystallinity increased from 14.2 to 17.1%, 0.69 to 0.82 μm, and 10.6 to 17.6%, respectively. The Zn incorporation reduced the E. faecalis, P. aeruginosa, and C. albicans growth on the samples’ surfaces, with 2.5 Zn sample presenting (55.2 ± 1.3)%, (82.7 ± 8.9)%, and (45.8 ± 1.6)% growth, respectively. The increase of the roughness and decrease of the contact angle (from 46.5 to 29.8°) with the Zn increase promoted higher E. coli and S. aureus adhesion, being necessary to increase the Zn incorporation to nullify the contributions of the surface characteristics to the growth of microorganisms. The addition of Zn to the surface of the Ti-30Nb-5Mo alloy promoted the AMSC growth by (105.5 ± 2.4)% and (106.4 ± 3.3)%, for 1.0 Zn and 2.5 Zn samples, respectively. The variation in the Zn concentration had no impact on the osteogenic differentiation of the AMSC, and all samples were comparable to the positive control (without substrate).
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Figure 1. SEM images of 0.0 Zn (a,b), 0.5 Zn (c,d), 1.0 Zn (e,f), and 2.5 Zn (g,h) samples’ surfaces after MAO treatment. Images (a,c,e,g) correspond to 2k× magnification, and (b,d,f,h) to 10k× magnification. 
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Figure 2. Pore area histogram of 0.0 Zn (a), 0.5 Zn (b), 1.0 Zn (c), and 2.5 Zn (d) samples. 
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Figure 3. Relative pore size of the MAO coatings. 
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Figure 4. Porosity of the MAO coatings. 
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Figure 5. XRD patterns of the Ti-30Nb-5Mo alloy substrate and the MAO coatings. 
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Figure 6. Phase composition and crystallinity of the MAO coatings. 
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Figure 7. High-resolution XPS of the alloying elements (Ti (a), Nb (b), and Mo (i)) and Ca (c), P (d), Mg (e), O (f), C (g), and Zn (h) in the outer layer of the samples. The red lines are the background lines. 
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Figure 8. 3D topography images and surface roughness of 0.0 Zn (a), 0.5 Zn (b), 1.0 Zn (c), and 2.5 Zn (d) samples. 
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Figure 9. Contact angle of the Ti-30Nb-5Mo alloy substrate (#0) and the MAO coatings. 
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Figure 10. E. coli growth on theTi-30Nb-5Mo alloy substrate and on the MAO coatings (** p < 0.01, compared with Ctrl group; # p < 0.05, ## p < 0.01, compared with #0 group; X p < 0.05 compared with 0.5 Zn group). 
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Figure 11. S. aureus growth on the Ti-30Nb-5Mo alloy substrate and on the MAO coatings (* p < 0.05, compared with Ctrl group; ■ p < 0.05, compared with 0.0 Zn group). 
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Figure 12. E. faecalis growth on theTi-30Nb-5Mo alloy substrate and on the MAO coatings (** p < 0.01, *** p < 0.001, compared with Ctrl group; # p < 0.05, compared with #0 group; ■ p < 0.05, compared with 0.0 Zn group; X p < 0.05, compared with 0.5 Zn group). 
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Figure 13. P. aeruginosa growth on the Ti-30Nb-5Mo alloy substrate and on the MAO coatings (* p < 0.05, ** p < 0.01, compared with Ctrl group; ## p < 0.01, compared with #0 group; X p > 0.05, compared with 0.5 Zn group). 






Figure 13. P. aeruginosa growth on the Ti-30Nb-5Mo alloy substrate and on the MAO coatings (* p < 0.05, ** p < 0.01, compared with Ctrl group; ## p < 0.01, compared with #0 group; X p > 0.05, compared with 0.5 Zn group).
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Figure 14. C. albicans growth on the Ti-30Nb-5Mo alloy substrate and on the MAO coatings (** p < 0.01, *** p < 0.001, compared with Ctrl group; # p < 0.05, compared with #0 group). 
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Figure 15. AMSC growth on the substrate and on the MAO coatings (# p < 0.05, compared with #0 group; X p < 0.05, compared with 0.5 Zn group). 
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Figure 16. Alizarin Red S staining of AMSCs differentiated in vitro into the osteogenic lineage for positive control (a), negative control (b), substrate (c), and 0.0 Zn (d), 0.5 Zn (e), 1.0 Zn (f), and 2.5 Zn (g) MAO coatings. 
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Table 1. Summary of the sample labels and electrolyte solution composition used during the MAO treatments.






Table 1. Summary of the sample labels and electrolyte solution composition used during the MAO treatments.





	Sample Label
	Calcium Acetate (mol/L)
	β-Glycerol Phosphate (mol/L)
	Magnesium Acetate (mol/L)
	Zinc Chloride (mmol/L)





	#0
	-
	-
	-
	-



	0.0 Zn
	0.35
	0.02
	0.1
	-



	0.5 Zn
	0.35
	0.02
	0.1
	0.5



	1.0 Zn
	0.35
	0.02
	0.1
	1.0



	2.5 Zn
	0.35
	0.02
	0.1
	2.5










 





Table 2. Quantification of elements obtained by XPS.






Table 2. Quantification of elements obtained by XPS.





	Element
	0.0 Zn
	0.5 Zn
	1.0 Zn
	2.5 Zn





	Ca (at %)
	(7.10 ± 0.22)
	(8.73 ± 0.35)
	(5.85 ± 0.14)
	(6.19 ± 0.52)



	P (at %)
	(10.7 ± 2.8)
	(8.8 ± 2.4)
	(4.8 ± 1.1)
	(10.1 ± 3.2)



	Mg (at %)
	(0.60 ± 0.88)
	(2.5 ± 2.9)
	(2.2 ± 2.6)
	(3.3 ± 3.6)



	C (at %)
	(44.2 ± 5.9)
	(42.8 ± 4.5)
	(62.6 ± 5.7)
	(35.1 ± 4.8)



	O (at %)
	(34.7 ± 9.1)
	(33.7 ± 8.3)
	(23.8 ± 7.2)
	(40.8 ± 9.0)



	Ti (at %)
	(1.93 ± 0.87)
	(2.41 ± 0.66)
	(0.54 ± 0.20)
	(3.35 ± 0.60)



	Nb (at %)
	(0.84 ± 0.25)
	(0.94 ± 0.31)
	(0.23 ± 0.01)
	(0.94 ± 0.35)



	Zn (at %)
	-
	(0.14 ± 0.13)
	(0.02 ± 0.02)
	(0.19 ± 0.19)
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