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This work aims to describe the effect of the surface modification of TiO2 nanotube (TNT) layers on Ti-6Al-4V (TiAlV) alloy by ultrathin TiO2 coatings prepared via Atomic Layer Deposition (ALD) on the growth of MG-63 osteoblastic cells. The TNT layers with two distinctly different inner diameters, namely ∼15 nm and ∼50 nm, were prepared via anodic oxidation of the TiAlV alloy. Flat, i.e., non-anodized, TiAlV alloy foils were used as reference substrates. Additionally, a part of the TNT layers and alloy foils was coated with ultrathin coatings of TiO2 by ALD. The number of TiO2 ALD cycles used was 1 and 5 leading to a nominal TiO2 thickness of ∼0.055 and ∼0.3 nm, respectively. The ultrathin TiO2 coating by ALD enabled to optimize the surface hydrophilicity for optimal cell growth. In addition, coatings shaded impurities of V- and F-based species (stemming from the alloy and the anodization electrolyte) that affect the biocompatibility of the tested materials while preserving the original structure and morphology. The evaluation of the biocompatibility before and after TiO2 ALD coating on TiAlV flat surfaces and TNT layers was carried out using MG-63 osteoblastic cells and compared after incubation for up to 96 h. The cell growth, adhesion, and proliferation of the MG-63 on TiAlV foils and TNT layers showed significant enhancement after the surface modification by TiO2 ALD.
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1 INTRODUCTION
Titanium (Ti) and its alloys stand out among commercially available metallic implant biomaterials, demonstrating consistent applicability attributed to their satisfactory mechanical properties, excellent biocompatibility, and corrosion resistance (Chen and Thouas, 2015; Sarraf et al., 2021). Approximately 50% of biomedical implants are manufactured using Ti-6Al-4V (TiAlV) alloy with an α + β phase composition (Singh and Dahotre, 2007). Nevertheless, the exposure of metallic implants to highly corrosive body fluids triggers corrosion processes that may negatively impact both the biocompatibility and mechanical integrity of the implants (Oliveira et al., 2006). In addition to corrosion, metallic implants may be susceptible to other forms of degradation, including wear and tribocorrosion (Campoccia et al., 2006). These processes can lead to the release of metallic particles and/or ions, often associated with inflammatory responses and the activation of bone-resorbing cells (osteoclasts) (Vasconcelos et al., 2016; Costa et al., 2019). This avalanche of events may result in osteolysis (bone resorption) and, ultimately, implant loosening. The biological effects associated with them remain incompletely understood, and their long-term impacts cannot yet be safely predicted (Zhao and Castranova, 2011; Konttinen and Pajarinen, 2013). To prolong the effective lifetime of implant materials, it is essential to further improve the osseointegration and corrosion resistance of the exposed implant material against undesired biochemical reactions of TiAlV (Nune et al., 2018; Im et al., 2022).
Microroughness has been extensively discussed in the literature to have a beneficial effect on the osseointegration of implants (Gittens et al., 2014). This can be achieved by nanostructuring the implant’s surface, leading to improved osseointegration, corrosion resistance, and longevity of the implants (Magesh et al., 2018; Subramani et al., 2018). Several techniques can be employed to nanostructure surfaces, allowing them to mimic the morphology of living tissue (Long and Rack, 1998), including chemical etching (Klokkevold et al., 1997), ion implantation (De Maeztu et al., 2003), or anodic oxidation (Matykina et al., 2007), which are accessible to enhance and modify the surface chemistry of an implant. Among all these techniques, anodic oxidation is a simple way to modify the surface of the titanium and its alloys by the formation of TiO2 nanotube (TNT) layers in F-containing electrolytes (Macak and Schmuki, 2006; Tsuchiya et al., 2007). Their exceptional features include a large surface area, unique surface chemistry, and low cytotoxicity, the combination of these factors has a beneficial impact on cellular adhesion (Park et al., 2009; Roy et al., 2011). The morphology of TNT layers can be easily manipulated by adjusting both the anodizing voltage and the electrolyte composition (Macak et al., 2008; Lee et al., 2014). Nevertheless, elements from electrolytes, such as F species, are also retained within the TNT layers and cause toxicity issues (Motola et al., 2020).
Early studies on the anodization of TiAlV alloys have demonstrated the formation of TNT layers on the alloy’s surface (Macak et al., 2005; Luo et al., 2008). However, the α and β phases of the alloy have different (moderate) dissolution and nanotube formation rates in the anodization electrolyte, resulting in a thickness difference in the TNT layer formed on each phase. The β-phase, enriched in V, dissolves more easily, resulting in thinner nanotube layers than the nanotube layers obtained on the α-phase (Macak et al., 2005; Matykina et al., 2011).
Several studies have reported on the impact of nanostructured surfaces on the growth of different types of cells (Nune et al., 2018; Im et al., 2022), promoting bone-implant integration by providing more surface area for cellular adhesion. In other words, the TiAlV alloy surfaces that were first anodized, having a TNT layer on top, showed better cellular responses such as adhesion, morphology, differentiation, mineralization, and cell seeding rate compared to the bare TiAlV alloy. A recent study of TNT layers with different diameters of nanotubes formed via anodization on TiAlV alloy shows how the adhesion and differentiation of cells can be easily controlled (Filova et al., 2015). Therefore, anodization seems to be a promising technique to enhance the osseointegration of implants. However, these studies have not emphasized the negative impact of the toxicity of F- and V-species on the biocompatibility of these TNT layers. According to the literature, TiAlV alloy implants can release V-based speciesinto the body, causing adverse health effects (Szewczenko et al., 2010; Vaithilingam et al., 2016). Biologically, the role of V in living mammals, particularly in humans, remains a topic of controversy, with conflicting data regarding its biological activity and toxicity (Goc, 2006; Korbecki et al., 2015). In vivo studies suggest that V can accumulate in certain organs, including the liver, and lower concentrations in the kidneys, bones, and spleen (Goc, 2006). Concerning metallic implants that incorporate V, such as TiAlV alloy, Gomes et al. (2011) proposed that V-based species could potentially cause genetic damage, such as DNA breakage.
A possible solution to this problem is a shading of V and other undesirable elements that could compromise biocompatibility properties. Atomic Layer Deposition (ALD) is an effective technique to prepare homogeneous coatings with precise thickness control even in the low nm and sub-nm range (Zazpe et al., 2016). Our previous works (Motola et al., 2020; Baishya et al., 2023; Capek et al., 2024), showed that such ultrathin TiO2 ALD coating on top of TNT layers on Ti foils and TiAlV alloy foils results in shading of unwanted species, such as F- and V-based species, improving the biocompatibility of the materials without changing their surface morphology (Motola et al., 2020; Baishya et al., 2023; Capek et al., 2024). Several studies have described the antimicrobial activity of TiO2 ALD coatings, showing that modifying nanomaterial surfaces using TiO2 ALD coating can inhibit bacterial and yeast biofilm formation (Pessoa et al., 2017; Darwish et al., 2019; González et al., 2021). Nevertheless, a comprehensive approach with analyses that address the surface characteristics (i.e., wettability, roughness, composition, crystallinity, and biocompatibility) of smooth and anodized TiAlV alloy materials before and after ultrathin TiO2 coating via ALD is still lacking.
To address this gap and to understand the effects of V- and F-based species released from TiAlV alloy implants the effect of ultrathin TiO2 ALD coatings on the biocompatibility of TiAlV alloy foils and amorphous TNT layers on TiAlV alloy foils was evaluated in this work. At first, TNT layers with different diameters were grown on TiAlV alloy by anodization. The TiO2 ALD coatings were prepared on part of TNT layers using 1 and 5 ALD cycles, resulting in a nominal coating thickness of ∼0.055 and ∼0.3 nm, respectively. The cell growth and the cell mechanics, cytoskeleton structure, and adhesion on these ALD-coated compared to non-coated surfaces were evaluated using MG-63 osteoblastic cells and incubation times up to 96 h. The morphology, crystallinity, surface roughness, and wettability of the complete set of materials were assessed using SEM, XPS, static water contact angle (WCA), and Atomic Force Microscopy (AFM). Subsequently, fluorescence microscopy was employed to analyze cell growth on all evaluated materials.
2 EXPERIMENTAL DETAILS
2.1 Synthesis and characterization of materials
The TiAlV alloy foils (Goodfellow, 0.1 mm thick, grade 5) were cut into square pieces (1.5 × 1.5 cm2), degreased via sonication in acetone and isopropanol in an ultrasonic bath for 1 min, respectively, and then dried in air. TNT layers were prepared via electrochemical anodization of TiAlV foils; with the growth process taking place at room temperature in a glycerol-based electrolyte containing 50 vol% water and 0.27 M NH4F at 3.3 V or 15 V for 3 h, resulting in TNT layers with an inner nanotube diameter of ∼15 and ∼50 nm in average, respectively. A Pt foil was used as a counter electrode during the process. A high-voltage potentiostat (HEIDEN, EA-PSI 9200-15, Germany) attached to a digital multimeter (Keithley 2100, United States) was used for voltage control. After anodization, the TNT layers were cleaned by sonication in isopropanol for 5 min and dried in air. The TNT layers are further noted as TNT15 and TNT50 layers.
A part of the TiAlV foils and TNT layers were coated by ultrathin TiO2 coatings using Atomic Layer Deposition (ALD, TFS200, Beneq). The process was carried out at 300 °C using TiCl4 (electronic grade 99.9998%, STREM) as the Ti precursor and Milli-pore deionized water (18 MΩ) as the oxygen source. High-purity N2 (99.9999%) was the carrier and purging gas at a flow rate of 400 standard cubic centimeters per minute (sccm). Under these deposition conditions, one ALD growth cycle was defined by the following sequence: TiCl4 pulse (500 ms)–N2 purge (3 s)–H2O pulse (500 ms)–N2 purge (4 s). The corresponding layers are later denoted as “+ 1c TiO2” and “+ 5c TiO2”. The nominal thicknesses of 1c and 5c TiO2 are ∼0.055 and ∼0.3 nm, respectively, according to our previous studies (Baishya et al., 2023; Capek et al., 2024). Table 1 provides an executive summary of the TiAlV foils and TNT layers examined in this study.
TABLE 1 | Overview of TiAlV foils and TNT layers evaluated in this study.
[image: Table 1]The surface morphology of all TNT layers and foils was characterized using Scanning Electron Microscopy (FE-SEM, JEOL, JSM 7500 F). The dimensions of the TNT layers were evaluated by statistical analyses of SEM images using proprietary Nanomeasure software.
The surface chemical composition of all TiAlV foils and TNT layers was assessed by X-ray Photoelectron Spectroscopy (XPS, ESCA 2SR, Scienta Omicron) using a monochromatic Al Kα (1486.7 eV) X-ray source. The X-ray source was operated at 250 W. The binding energy scale was referenced to adventitious carbon (284.8 eV). No charging neutralizer was used during the measurements. The spectra were fitted using Shirley-type background by CasaXPS software. The quantitative analysis was performed using the elemental sensitivity factors provided by the manufacturer.
The wettability was evaluated by measuring the static water contact angle (WCA) using a Surface Energy Evaluation System device (See System E, Advex Instruments) with proprietary image analysis software. WCAs were measured at room temperature, with 3 µL droplets of DI water deposited onto the material´s surface, allowing 5 s for stabilization. The contact angles of the water droplets were determined through the tangent line analysis method. Measurements were performed at 5 different positions on each material. All results were expressed as mean ± standard deviation (SD). The contact angle measurements were carried out on as-produced materials without further cleaning or pretreatment (nanotubes after anodization and washing, ALD samples after ALD processes, and foils as delivered). This strategy was used to prevent any uncontrolled and uneven modification of surfaces, particularly to maintain the same chemistry of the surfaces for the subsequent cell tests.
The roughness of TiAlV foils and TNT layers was determined by Atomic Force Microscopy (AFM, Bruker Dimension FastScan) on an area of 5 × 5 μm2. Scanasyst-Air tips (fo = 70 kHz) were used.
2.2 Cell culture
Human osteoblast-like cells MG-63 (ATCC No. CRL-1427; doubling time, DT = 31 h) were cultured in Minimum Essential Medium (Merck) with 10% (v/v) fetal bovine serum (Gibco), 2 mmol.L−1 glutamine, 1% non-essential amino acids solution, and 50 μg⋅mL-1 penicillin/streptomycin solution (Gibco), followed by incubation in an atmosphere of 5% CO2 at 37 °C. Cells were proven to be mycoplasma-free, and STR analysis confirmed the origin of all cell lines.
2.3 Cell growth on tested materials
The square-shaped substrates were cut into round shapes with a diameter of approx. 5 mm (using sharp scissors). All tested materials were sterilized in 70% ethanol for 30 min, washed with deionized water, and dried. Then, the foils were placed on eight-well chamber slides. MG-63 cells at a density of 2 × 103 cells/cm2 were seeded in each well of a chamber slide and cultured for 24, 48, 72, and 96 h. Cell counts were established to maintain optimal cultivation densities up to 96 h (the doubling time of the MG-63 cells was 31 h). Phalloidin-FITC and Hoechst 33,258 dyes were used to visualize actin filaments and cell nuclei, respectively. After cell culture for 24, 48, 72, and 96 h, cells were fixed with 3.7% formaldehyde (5 min; 37 °C; dark) and permeabilized with 0.1% Triton X-100 (15 min; 37 °C; dark). Then, 100 μL of phalloidin-FITC (1 µmol.L-1) was added and the samples were incubated at 37 °C. After 30 min of phalloidin-FITC loading, 10 μL of Hoechst 33,258 solution was added to cells. The final concentration of Hoechst 33,258 in a well was 2 μg⋅mL-1. After 10 min, the cells were washed twice with phosphate-buffered saline (37 °C). Actin filaments (FITC filter, 480/30 nm) and cell nuclei (DAPI filter, 375/28 nm) were observed with an Eclipse 80i fluorescence microscope (Nikon, Japan). The number of cells grown on the surface was counted from at least 35 fields of view using NIS-Elements AR (Nikon, Japan). All experiments were performed at least three times independently. The number of cell nuclei was related to 1 mm2 and expressed as mean ± standard error of the mean (SEM) taken from fluorescence images. Quantitative analysis of cells' elongation on tested samples was provided using NIS-Elements AR (Nikon, Japan).
2.4 Statistics
All cellular experiments were repeated at least three times independently. The number of estimated fields of view was (n = 35). The results are expressed as (mean ± SD). Statistical significance was analyzed after normality testing using a one-way ANOVA test followed by the Bonferroni posttest (OriginPro 9.0.0, United States) to compare results with each other at a significance level p = 0.05.
3 RESULTS AND DISCUSSION
3.1 Surface, structure, and composition characteristics
Figure 1 shows the representative top-view SEM images of all TiAlV foils and TNT layers before and after 1c and 5c TiO2 ALD coating. Self-organized TNT layers were obtained on TiAlV foils after the anodization. Detailed measurements revealed an inner diameter of ∼15 nm after anodization at 3.3 V (TNT15) and ∼50 nm after anodization at 15 V (TNT50). No significant morphological differences were observed before and after 1c and 5c TiO2 ALD coating on TiAlV foils and TNT layers by SEM as the nominal thickness of the 1c and 5c TiO2 ALD coating is extremely small (approx. ∼0.055 and ∼0.3 nm, respectively) (Motola et al., 2020).
[image: Figure 1]FIGURE 1 | SEM top-view images of TiAlV foils, TNT15, and TNT50 layers before and after 1c and 5c TiO2 ALD.
Figure 1 represents only the anodized α phase of the alloy, while in Supplementary Figure S1 the as-anodized α and β phases are depicted. Nevertheless, α-phase covers approximately 90% of the surface. It is worth noting that the TNT layers reflect the alloy’s two-phase nature. However, as this behavior is consistent across all samples, it can neither be altered, nor controlled, thus it does not raise concerns for our research. The thicknesses of the TNT15 and TNT50 layers before 1c and 5c TiO2 ALD coating are shown in Supplementary Figure S2, and the values determined from SEM cross-sectional images were ∼118 nm and ∼410 nm, respectively.
The surface composition in atomic % was assessed through XPS, with the outcomes given in detail in Table 2. Variances in surface atomic composition were observed between uncoated TiAlV foils and those coated with 1c and 5c TiO2 ALD, as well as between TNT15 and TNT50 layers. Across all 1c and 5c TiO2 ALD-coated TNT layers, the levels of F and N, originating from anodization electrolytes, as well as V and Al, originating from the alloy, decreased. The V was not detectable on the surface of TiAlV foils, which can be explained by its very low content in the native oxide grown on the alloy upon atmospheric influence. In an earlier work (Macak et al., 2005), once sputtering of the alloy surface was conducted, V species could be clearly detected. However, the V was detected as part of the mixed Ti-Al-V oxide on the TNT layers, the amount decreased with the increment of ALD cycles. This can be explained by the fact that TiO2 is shading the mentioned elements. On the other hand, C (adventitious carbon) exhibited no significant change after 1c and 5c TiO2 ALD coating due to its appearance in the environment.
TABLE 2 | Surface chemical composition in atomic % before and after 1c TiO2, and 5c TiO2 ALD coating, on TiAlV foils, TNT15, and TNT50 layers, measured by XPS.
[image: Table 2]Additionally, the contents of O and Ti increased by adding 1c and 5c TiO2 ALD. Simultaneously, the ratio between O and Ti changed after the TiO2 ALD coating (i.e., the ratio gets closer to 2:1), which is clear evidence of the high purity of TiO2 ALD coatings (Albu et al., 2008; Capek et al., 2024). The reason can be attributed to the uniform TiO2 coating, achieved through a robust ALD protocol that ensures sufficient precursors and time for the growth of a TiO2 uniform layer (Motola et al., 2020).
3.2 Wettability measurements
Table 3 and Supplementary Figure S3 present the WCA values and photographs, respectively, for all materials, before and after 1c and 5c TiO2 ALD coatings. As-prepared TNT layers on TiAlV alloy show a hydrophilic behavior due to the formation of hydroxylated TNT layers. This agrees with the results reported by Shin et al. on anodized TiAlV surfaces using F-containing electrolytes (Shin et al., 2011). Nevertheless, after TiO2 ALD coating, the TNT layers possess significantly higher contact angles, yielding a somewhat more hydrophobic nature compared to the uncoated TNT layers (Balaur et al., 2005). In fact, according to the literature, the surface wetting properties are influenced by two parameters: surface free energy (SFE) and surface roughness (Neumann and Good, 1972; Giljean et al., 2011). All elements present on the surface of investigated samples exhibit distinct SFE values. Therefore, when WCA measurements are performed on TNT layers formed on TiAlV alloy and modified with TiO2 ALD coating, the water’s bonding tendency relies on the SFE of the elements on the surface that contact the water. This can affect the WCA, making the surface area in contact with water smaller, when the elements exhibit a lower SFE (Neumann and Good, 1972; Yuan and Lee, 2013). As a result, the surfaces of TNT15 and TNT50 layers became more hydrophobic after the TiO2 ALD coating, with the 5c TiO2 ALD-coated TNT15 layer showing the highest WCA values among the TNT layers.
TABLE 3 | Water contact angles before and after 1c TiO2, and 5c TiO2 ALD coating on TiAlV foils, TNT15, and TNT50 layers.
[image: Table 3]On the other hand, the WCA of non-anodized TiAlV foil surfaces was ∼74.9° due to the low surface free energy present on this alloy consisting of Ti, Al, and V (Neumann and Good, 1972). The deposition of 1c and 5c TiO2 ALD coatings on TiAlV foils resulted in slightly enhanced hydrophilic properties of the surfaces, as evidenced by the lower WCA values observed for all foils. In this case, the result is due to the smoothening of the original surface that the TiAlV foils present after the TiO2 ALD process. The literature also reported a decrease in the contact angle of TiO2 surfaces after the TiO2 ALD coating (Liu et al., 2017). Overall, this behavior indicates that the wettability is influenced not only by the surface chemistry (with and without ALD coating) but also by the roughness of surfaces, as shown in the literature (Anselme et al., 2000; Basiaga et al., 2017) and as discussed further.
3.3 Surface topography and roughness
The roughness of the TiAlV foils and TNT layers was obtained by AFM measurements. Table 4 shows the root means square (RMS) values representing the roughness deviation calculated for each set of materials. A decrease in the RMS values among TiAlV foils was observed with the increasing TiO2 ALD coating thickness. The TiAlV alloy presents a smoother surface compared with the Ti foils presented in our previous studies (Baishya et al., 2023; Capek et al., 2024). This can be related to the different processing techniques, such as rolling, annealing, or other heat treatments, that may be applied to TiAlV and Ti foils, resulting in variations in surface roughness (Wittenauer and Walser, 1990; Wang et al., 2019). On the contrary, the roughness of TNT layers increased after ALD coating in all cases. This increase can be attributed to a combination of surface nucleation effects inherent to the ALD technique (Wind et al., 2009; Puurunen et al., 2011), and mechanical interactions (Zazpe et al., 2016; Baishya et al., 2023). A slight roughness difference among the TNT layers with different diameters can be distinguished and in all cases (whether without or with TiO2 ALD coating), the measured roughness was larger for 15 nm TNT layers. These trends are in good correlation with our previous studies on Ti foils (Motola et al., 2020; Capek et al., 2024).
TABLE 4 | Roughness of TiAlV foils, TNT15, and TNT50 layers before and after 1c TiO2, and 5c TiO2 ALD coating, respectively.
[image: Table 4]The AFM topographical image scans before and after 1c and 5c TiO2 ALD coating of TiAlV foils, TNT15, and TNT50 layers are shown in Supplementary Figure S4, S5. One can see that no metallic grains are visible on the surface of TiAlV foils and TNT layers. The remnant grooves, or grain boundaries have disappeared on substrates containing TNT layers after the anodization process (i.e., formation and dissolution of TiO2 by the voltage-induced etching of the TiAlV alloy by fluoride ions) (Macak et al., 2005; Motola et al., 2020). Overall, the ALD coating did not detectably change the morphology of all materials, as visualized by the AFM.
3.4 Cell growth and proliferation
An evaluation of the cell growth, i.e., their adhesion and proliferation, of MG-63 cells during incubation up to 96 h was carried out on TiAlV foils, TNT15, and TNT50 layers with and without 1c and 5c TiO2 ALD coating. In the present study, the MG-63 cell line was used, because this type of cell has been frequently used to evaluate cell growth on surfaces modified by the ALD technique (Motola et al., 2020; Nazarov et al., 2022). This study follows our previous works evaluating the biological effects of TiO2 ALD coating on nanomaterials (Motola et al., 2020; Capek et al., 2024). The short-term cultivation effect of TiAlV foils, TNT15, and TNT50 layers coated by 1c and 5c TiO2 ALD on cell adhesion and proliferation was assessed in this work. Several previous studies evaluated long-term performance in an environment similar to body fluids (Grigal et al., 2012; Abbass et al., 2018). A study by Abbass et al. (2018) proved the corrosion resistance and low toxicity of the material coated by TiO2 ALD in long-term incubation (2 weeks) in the simulated body fluid. This is also confirmed by another study (Grigal et al., 2012), where the stability of the amorphous TiO2 coating was better compared to the anatase phase. Figure 2 shows photomicrographs of MG-63 cells cultured on TiAlV foils, TNT15, and TNT50 layers, which were uncoated or coated with 1c or 5c TiO2 ALD. To identify the functional morphology of MG-63, staining of cell nuclei and actin filaments with fluorescent probes was used according to other authors (Iwata et al., 2017; Li et al., 2020). Subsequently, the images were subjected to image analysis. Cell nuclei were counted in individual fields of view and related to an area (=mm2), which is also a common approach for the quantification of cell growth in other studies (Kim et al., 2005; Zhang et al., 2012). Figure 3 shows an increased number of cells in all 1c and 5c TiO2 ALD-coated materials (TiAlV foils, TNT15, and TNT50 layers), compared to their uncoated counterparts at all time intervals. The highest increases in cell densities were observed in both TiAlV foils and TNT15 layers with 1c and 5c TiO2 ALD coating, compared to the uncoated ones after 96 h. As the doubling time of the MG-63 cells was 31 h, it can be assumed that the TiO2 coating had a beneficial effect not only on the cell adhesion but also on the cell proliferation. Other reports used a wide range of TiO2 ALD film thicknesses achieved by a range of ALD cycles, i.e., 1-250c (Motola et al., 2020; Capek et al., 2024), 250-1000c (Huang et al., 2019), and more than 1000c TiO2 (Huang et al., 2019).
[image: Figure 2]FIGURE 2 | Photomicrographs of MG-63 cells grown on uncoated or 1c and 5c TiO2 ALD-coated TiAlV foils, TNT15 and TNT50 layers for 72 h (No ALD = without TiO2 ALD coating; 1c ALD = 1c TiO2 ALD coating; 5c ALD = 5c TiO2 ALD coating). The actin filaments were stained with the Phalloidin-FITC probe (green), and the cell’s nuclei were stained with the Hoechst 33,258 probe (blue).
[image: Figure 3]FIGURE 3 | Density of MG-63 cells grown on uncoated or 1c and 5c TiO2 ALD-coated TiAlV foils, TNT15 and TNT50 layers for 24–96 h (0 = without TiO2 ALD coating; 1 = 1c TiO2 ALD coating; 5 = 5c TiO2 ALD coating). Data originated from three independent experiments presented as mean ± SEM (*, p < 0.05; **, p < 0.01; ***, p < 0.001, vs 0c at appropriate time interval).
WCA measurements shown in Table 3 provided findings of decreased hydrophilicity for all coated TNTs (i.e., 1c and 5c TiO2 ALD) compared to uncoated ones. In the case of the TiAlV foil, the wettability remained more or less unchanged after TiO2 ALD coatings. To ensure the cell adhesion to a surface, the optimal range of water contact angles has been reported in several studies to be between 60° and 80° (Arima and Iwata, 2007; Kim et al., 2007; 2015; Lv et al., 2015; Yao et al., 2019). Our results showed that WCA in both tested TNTs after 1c and 5c TiO2 ALD reached values nearer to the optimal range of 60°–80° in comparison to WCA values of uncoated TNTs. However, WCA is not the only factor influencing cell growth, the whole situation is more complex. The number of MG-63 cells cultured on uncoated TiAlV foils (as such or with TNT layers) was lower compared to coated counterparts with 1c and 5c TiO2 ALD, as shown in Figures 2, 3. In particular, the increased cell number can be assigned to the reduction of the cytotoxic effect of V and F elements that are present on the uncoated surfaces. In samples coated with 1c and 5c TiO2 ALD, the concentrations of V and F elements were reduced (as demonstrated by XPS results in Table 2) due to the shading effect that TiO2 ALD coating gives to the surfaces and thus their cytotoxic effect was reduced. This effect was already described in the literature, either as the negative effect of V and F elements on the cell proliferation (Goc, 2006; Szewczenko et al., 2010), or the possible involvement of V and its compounds in the induction of the formation of ROS, which can suppress cell growth (Cortizo et al., 2000; Aureliano et al., 2023).
3.5 Cell elongation
The cell elongation was evaluated from photomicrographs obtained (examples of which are given in Figure 2), as it correlates with increased adhesion of cells to a material (Motola et al., 2020; Nazarov et al., 2022). Figure 4 shows the resulting analysis of the elongation of MG-63 cells incubated for 72 h on TiAlV foils, TNT15, and TNT50 layers with and without 1c and 5c TiO2 ALD coating. Cells cultured in TiAlV foils and TNT layers with TiO2 ALD coatings had a more elongated structure, compared to those cultured in uncoated samples. An increase in elongation by approximately 20% was observed in cells cultured on TiAlV foils, TNT15, and TNT50 layers coated with 1c and 5c TiO2 ALD compared to uncoated samples. Interestingly, cells grown on TiAlV foils and TNT50 layers coated with 1c TiO2 ALD had a significantly increased elongated structure compared to materials coated with 5c TiO2 ALD. The increase in the elongation in cells on TiO2 ALD coated materials compared to uncoated materials can be attributed to the achievement of WCA values in the optimal range of 60°–80°. The difference in the elongation of cells grown on 1c and 5c TiO2 ALD coated materials could be likely ascribed to the combined effects of differing wettability and surface structure and chemistry, according to AFM and XPS results. The photomicrographs of MG-63 cells after 24, 48, and 96 h are provided as supplementary data in Supplementary Figures S6–S8, and the evaluation of elongation in MG-63 cells grown on TiAlV foils, TNT15, and TNT50 layers for 24 and 48 h is provided as supplementary data in Supplementary Figure S9. MG-63 cell elongation analysis was not performed in the 96-h time interval due to the high cell confluence that is nearly 100%.
[image: Figure 4]FIGURE 4 | Analysis of elongation of MG-63 cells grown on uncoated or 1c and 5c TiO2 ALD-coated TiAlV foils, TNT15 and TNT50 layers for 72 h (No ALD = without TiO2 ALD coating; 1c ALD = 1c TiO2 ALD coating; 5c ALD = 5c TiO2 ALD coating). Data originated from three independent experiments presented as mean ± SEM (**, p < 0.01; ***, p < 0.001, vs 0c; oo, p < 0.01; ooo, p < 0.001, 1c vs 5c).
The increased number of elongated cells after cultivation on materials modified by TiO2 ALD was also observed in several studies by other authors (Chuang et al., 2021; Abushahba et al., 2023). For instance, the elongated structure of human dental pulp stem cells was observed after culture on Si substrates coated with 50c TiO2 after 24 h. The cells grown on ALD-modified Si substrates exhibited higher average aspect ratios (i.e., ratio of the cellular major and minor axes) compared to unmodified materials (Chuang et al., 2021). The MC3T3-E1 osteoblasts growth on Ti sheets with ALD coating have been studied in the literature (Kylmäoja et al., 2022; Abushahba et al., 2023), showing an elongated structure for instance with/without 4000 cycles of hydroxyapatite coating were assessed after 48 h (Kylmäoja et al., 2022). Cells on hydroxyapatite-coated Ti sheets had higher average aspect ratios compared to uncoated Ti sheets. For cells grown on Ti sheets, a circular structure was detected in the contrast to cells grown on Ti sheets coated with hydroxyapatite having elongated morphology.
4 CONCLUSION
The influence of the surface morphology and chemical composition of TiAlV foils and TNT layers grown on TiAlV foils on the cell growth of MG-63 osteoblastic cells before and after 1c or 5c TiO2 ALD coating was investigated for the first time. The addition of ultrathin TiO2 ALD coatings improved the biocompatibility of TNT layers for the cell growth. All the surfaces were evaluated in terms of morphology, composition, and wettability. SEM images did not show any significant changes in the morphology of surfaces after 1c and 5c TiO2 ALD coating in any of the substrates. However, XPS analysis revealed that the chemical composition of all surfaces changed after 1c and 5c TiO2 ALD coating, resulting in a decrease in the occurrence of F and V elements. WCA results demonstrated that the surface remained stably hydrophilic for TiAlV foils after 1c and 5c TiO2 ALD coating, contrary to the case of TNT layers, when the WCA strongly increased after 1c and 5c TiO2 ALD coating towards more hydrophobic character. The change of WCA was probably caused by changes in the surface free energy and the roughness after TiO2 ALD coatings. The AFM results showed a significant increase in the roughness after TiO2 ALD coating on all TNT layers, but for the TiAlV foils the roughness did not change very significantly. In terms of the biocompatibility, the growth of MG-63 cells on all materials was estimated. The cell growth evaluation showed a significant increase in the number of cells cultivated on TiAlV foils, TNT15 or TNT50 layers coated with 1c or 5c TiO2 ALD, in comparison to uncoated samples. These outcomes were supported by findings of elongated cells cultured on all tested 1c or 5c TiO2 ALD coated materials demonstrating more beneficial circumstances for cell growth after 1c or 5c TiO2 ALD coating. This effect is ensured by the combination of F and V shading and achievement of WCA values near the range of 60°–80° being optimal for the cell adhesion to a surface in general. Overall, the results presented here bring new and very valuable findings, on how to increase the biocompatibility of TiAlV-derived materials using ultra-thin TiO2 ALD coating, although additional detailed cellular studies are required to describe the exact mechanism accounting for the increased proliferation of MG63 cells.
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