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Titanium has been widely used in orthopedics and dental implants due to its excellent biocompatibility and mechanical properties. However, the surface of titanium is biologically inert and lacks biological activity, resulting in poor integration between titanium-based implants and surrounding natural bone tissue, which is a common challenge in its clinical application. Surface modification is currently an effective means to improve the biocompatibility and bioactivity of titanium implants. The natural tissues of the human body are assembled from nanomodules, so from a biomimetic perspective, nanostructures should have better biological activity. TiO2 nanotubes have unique physical and chemical properties due to their elastic modulus, large specific surface area, and regular hollow structure similar to those of bone tissue. This study used anodic oxidation technology to prepare TiO2 nanotubes on the surface of titanium. The surface properties of the nanotubes were evaluated using field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), atomic force microscopy profilometry, contact angle measurements, etc. The corrosion resistance was tested using an electrochemical workstation. The results indicate that anodic oxidation can be used to successfully prepare titanium dioxide nanotube arrays on the surface of titanium. The nanotubes not only exhibit a good structure but also improve the surface hydrophilicity and corrosion resistance of titanium, thereby demonstrating potential for clinical application.
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1 INTRODUCTION
Titanium and titanium alloys have excellent mechanical properties, biocompatibility, and corrosion resistance and have been widely used in materials for medical implants such as artificial joints and oral implants. However, because titanium is biologically inert, it cannot directly bind to bone and cannot stimulate bone formation on the surface of the material during the early period after implantation. This leads to issues such as poor bone bonding and prolonged healing in the clinical application of titanium implants. At the same time, due to the weak chemical bonds between titanium and bone, when titanium implants are placed in the body, a fibrous tissue envelope may form around them, separating the implanted material from the surrounding bone, which can lead to dislocation and premature loosening of the implant (Kaur and Singh, 2019). Good osseointegration of titanium implants with bone tissue is the foundation for implant function. To achieve better and faster implant osseointegration, domestic and foreign scholars have given increasing attention to titanium surface modification methods. Among the related topics, how the titanium surface affects the biological reaction of the surrounding tissue to the implant and how bone tissue adapts to and ideally bonds with the titanium surface have become research hotspots in the field of implantation.
Various surface treatment methods have been used to optimize the surface of titanium implants, including electrochemical anodization, template methods, and hydrothermal methods (Jemat et al., 2015; Han et al., 2023). Anodic oxidation is an electrochemical treatment method that can produce nanotube morphologies on the surface of materials such as Ti, Zr, and C (Minagar et al., 2012). The morphology of TiO2 nanotubes formed on a Ti surface shows unique characteristics compared to those formed on other surfaces; that is, the nanotubes are perpendicular to the material surface and arranged in an orderly manner. Nanomaterials are an important research direction in the field of biomaterials due to their ability to better simulate the natural surface characteristics of tissues in vivo, making it possible to achieve ideal tissue binding (Kulkarni et al., 2015).
The surface characteristics of titanium implants are important factors closely related to bone integration. Surface morphology and surface chemical properties are key factors affecting the interaction of an implant with cells or extracellular matrix and are crucial for the attachment and formation of bone around an implant. An increasing number of studies have shown that material surface morphology plays a very important role in regulating tissue and cellular biological reactions (Le Guéhennec et al., 2007), and compared to optimization of material chemical composition, optimization of surface morphology offers better durability, stability, and controllability and can be used to simultaneously optimize parameters such as material surface roughness, wettability, and surface energy (Albrektsson and Wennerberg, 2019). As a prerequisite for successful clinical implantation, titanium and its alloys must exhibit excellent bone bonding ability at the bone-implant interface.
In recent years, the research and application of biomedical materials have shifted their focus from microscopic morphology to nanoscale morphology. A nanoscale surface morphology on titanium implants can increase the free energy, enhance the adhesion of osteoblasts, and promote subsequent bone maturation and bone formation processes (Souza et al., 2019). On titanium nanostructures, the high surface energy of the nanoscale surface can increase the initial level of protein adsorption, which is crucial for regulating cellular interactions on the implant surface (Khang et al., 2012). Hollow and highly ordered TiO2 nanotubes form an ideal surface, promoting the release of functional substances, especially nanoparticles. On the other hand, research has shown that the presence of titanium dioxide nanostructures has advantages in implant materials. At the same time, this nanoscale surface exhibits properties similar to those of physiological bone, and the nanoscale topological morphology can effectively promote multiple cellular responses, including improved osseointegration and increased differentiation of mesenchymal stem cells. Additionally, nanotube structures offer certain advantages in improving the biocompatibility of titanium dioxide materials (Minagar et al., 2013), and the diameter of TiO2 nanotubes can vary in the range of tens to hundreds of nanometers, which is beneficial for selecting sizes suitable for different tissue combinations. TiO2 nanotubes can simulate the size and arrangement of collagen fibrils in bone tissue, and their elastic modulus is similar to that of bone tissue, which may result in better biological activity (Das et al., 2009a).
From a biomimetic perspective, natural tissues in the human body are assembled from nanomodules, so nanostructures should have better biocompatibility and biological activity. In view of this, we used anodic oxidation technology to prepare biomimetic TiO2 nanotubes on the surface of titanium. The surface properties of the nanotubes were evaluated using field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), atomic force microscopy (AFM), profilometry, contact angle measurements, and other methods. The corrosion resistance of the TiO2 nanotubes on the titanium surface was tested using an electrochemical workstation. At the same time, protein adsorption experiments were used to evaluate the protein adsorption ability of TiO2 nanotubes with the aim of laying a theoretical foundation for the clinical application of biomimetic TiO2 nanotubes on titanium surfaces.
2 MATERIALS AND METHODS
2.1 Preparation of experimental samples
Pure titanium (99.9%) was cut into titanium discs with a diameter of 10 mm and a thickness of 1 mm and then polished using a gradient of SiC sandpaper (200 #, 600 #, 800 #, 1500 #, and 2000 #). The titanium discs were ultrasonically cleaned with acetone, alcohol, and distilled water and then allowed to dry in air naturally.
Using a titanium disc as the anode and a platinum disc as the cathode, a diameter of approximately 80–110 nm nanotube array was formed on the surface of the titanium sheet when subjected to a voltage of 20 V in a 0.5 wt% HF reaction solution for 30 min. After the reaction was completed, the sample was washed with distilled water and dried for later use.
2.2 Surface characterization analysis
FE-SEM and AFM were used to observe the surface morphology of the experimental samples, XRD was used to analyze the surface composition of the samples, a profilometer was used to evaluate the roughness of the samples, and a contact angle measuring instrument was used to evaluate the hydrophilicity of the samples.
2.3 Hydrophilicity testing
A static water contact angle tester was used to test the surface hydrophilicity of the samples. First, 5 µL of deionized water was added dropwise onto the surface of each sample, and the contact angle instrument’s built-in imaging system was used to take photos of the droplet and analyze the contact angle. The test was conducted separately in three different areas on the surface of each sample.
2.4 Corrosion resistance
The Nyquist curve and potentiodynamic polarization curve of the samples in simulated body fluid were determined using an electrochemical workstation (model: Shanghai Chenhua CHI760E) with a three-electrode system, including a saturated calomel electrode (SCE) as the reference electrode (RE), a platinum electrode as the auxiliary electrode (CE), and the sample as the working electrode. The frequency testing range was 90 kHz–10 mHz, the potential scanning range for the polarization curve measurement was −1,000–600 mV, and the scanning speed was 1 mV/s.
2.5 Protein adsorption capacity
The protein adsorption ability of the sample surface represents the biological characteristics of the sample. In this experiment, each group of samples was immersed in a solution containing 10% FBS α-incubated in MEM culture medium for 2 h and rinsed with PBS to remove unadsorbed protein. Then, 1% SDS was added to dissolve the protein adsorbed on the surface of the sample, and a Micro BCA protein kit was used to detect the amount of protein adsorbed on the surface of each sample.
2.6 Statistical analysis
The experimental data results are all expressed as the mean ± SD, and statistical analysis was conducted using SPSS 14.0 statistical software. p < 0.05 was considered to indicate a significant difference.
3 RESULTS
Figure 1 shows the morphology of TNTs formed by anodization of titanium at different magnifications under SEM. The surface of the TNTs consists of an array of vertical tubular structures; the nanotubes are consistent in diameter, arranged neatly, and evenly distributed. The tube diameter is approximately 80–110 nm, with clear spacing between adjacent nanotubes.
[image: Figure 1]FIGURE 1 | SEM morphology of TNTs at different magnifications. ((A–C): Different magnifications; (D): Distribution plot of the tube diameter).
Figure 2 shows the XRD analysis results of the Ti and TNT samples. The Ti sample was mainly composed of the titanium phase, and after anodization, the TNT sample did not show TiO2. It is considered that it mainly consists of amorphous TiO2.
[image: Figure 2]FIGURE 2 | XRD analysis of Ti and TNT samples.
Figure 3 shows the surface morphology of the Ti and TNT samples under atomic force microscopy. The surfaces of the two groups of samples are not the same. Compared to the Ti sample, the TNT sample surface has more small particle-like protrusions.
[image: Figure 3]FIGURE 3 | AFM morphology of different samples ((A): Ti; (B) TNTs).
Figure 4 shows the profilometer surface morphology of each group of samples. Similar to AFM, profilometry showed that the surface of the Ti sample was relatively flat, while the surface of the TNT sample was rougher. Quantitative analysis showed that the roughness of the TNT sample was significantly greater than that of the Ti sample.
[image: Figure 4]FIGURE 4 | Contour meter morphology of different samples.
Figure 5 shows the contact angle test results of each group of samples. The hydrophilicity of a material surface is usually measured by the contact angle or free energy of the material surface. The smaller the contact angle is, the better the hydrophilicity and biocompatibility of the sample. It is obvious that compared with the Ti sample, the contact angle of the TNT sample was significantly reduced, indicating that the hydrophilicity of titanium was significantly improved after anodic oxidation.
[image: Figure 5]FIGURE 5 | Water droplet spreading on different samples.
Figure 6 shows the results of the corrosion resistance tests of each group of samples. Figure 6A shows the Nyquist curves of the two sets of samples; both samples show similar impedance curves and a capacitive arc. The diameter of the capacitive arc of the TNT samples was larger than that of the Ti samples, demonstrating good corrosion resistance. Figure 6B shows the polarization curves of the Ti and TNT samples. According to the Tafel curve extrapolation method, the corrosion current Icorr was fitted. The corrosion current Icorr (5.13*10–9) of the TNT samples was smaller than that of the Ti samples (1.73*10–7 A). According to the mixed potential theory, under similar cathode plans, the corrosion rate is generally proportional to the magnitude of the corrosion current Icorr. Therefore, in simulated body fluid, the TNTs would show a slower corrosion rate, indicating stronger corrosion resistance.
[image: Figure 6]FIGURE 6 | Nyquist curves and polarization curves of different samples ((A): Nyquist curves; (B): Polarization curves).
Figure 7 shows the protein adsorption capacity of each group of samples. The protein adsorption ability of a sample surface represents the biological characteristics of the sample. In this study, compared with the Ti samples, the amount of protein adsorbed by the TNT samples was significantly increased, indicating that the TiO2 nanotube structure is conducive to protein adsorption.
[image: Figure 7]FIGURE 7 | Surface protein adsorption of each group of samples.
4 DISCUSSION
Titanium (Ti) and its alloys have been widely used in orthopedic implants due to their superior mechanical properties. However, the surface of titanium is inert, which is not conducive to implant osseointegration. Therefore, the modification of titanium-based surfaces is necessary to improve the early osseointegration of titanium implants. Surface modification methods mainly enhance the osseointegration potential of titanium materials by changing the surface chemical composition, wettability, roughness, surface energy, microstructure, and nanomorphology (Kreve et al., 2022).
Among the numerous nanostructures used on implant surfaces, TiO2 nanotubes are currently a research hotspot. The equipment and method for the preparation of TiO2 nanotubes are simple, and the diameter and length of the nanotubes can be accurately controlled. At present, there is a clear understanding of the mechanism of TiO2 nanotube formation. After the start of anodic oxidation, a dense oxide film barrier layer is rapidly formed on the surface of the material. As the electric field intensity increases sharply, random breakdown dissolution occurs under the combined action of F- ions and the electric field, gradually forming evenly distributed small pores. There are small pits at the junction of the pores, and both the pits and pores continuously dissolve downwards. As a result, the undissolved oxide film gradually forms the walls of the nanotubes. The growth and elongation of nanotubes are actually the result of the continuous dissolution of the oxide layer toward the titanium matrix (Cipriano et al., 2014).
In this study, we used anodic oxidation technology to prepare TiO2 nanotubes on the surface of titanium. The nanotubes were uniformly sized and had a diameter of approximately 100 nm. The array consisted of vertically arranged nanotubes, and the pore size could be precisely controlled by adjusting the anodic oxidation process parameters. The influence of nanotube structures with different diameters on cell proliferation and differentiation varies. The main factors affecting the nanotube diameter include the type of electrolyte, electrolyte concentration, and anodizing voltage (Wang et al., 2014). In this experiment, we placed titanium sheets in HF electrolyte and prepared titanium dioxide nanotube structures with a diameter of approximately 100 nm by anodic oxidation at a voltage of 20 V. Experiments have shown that nanotube structures with a regular morphology and stable chemical structure can be prepared under this voltage.
Improving the biological activity and osseointegration of titanium through surface treatment, as well as improving the bone induction capability of titanium implants, can shorten the treatment time and enhance the initial stability of implants. Research has shown that TiO2 nanotubes may be more capable of promoting specific protein interactions than traditional materials, thereby promoting the function of osteoblast-related cells and vascular endothelial cells, indicating that TiO2 nanotubes have good tissue compatibility (Khudhair et al., 2016). In addition, TiO2 nanotubes can also be loaded with bioactive factors or antibacterial ions to promote their binding to tissues and cells (Wu et al., 2021) while exerting certain antibacterial effects.
The physical and chemical properties of materials may greatly affect their biological activity and function. Research has shown that compared to pure titanium surfaces, surfaces altered to have a nanomorphology and different surface chemical properties have been shown to induce new bone tissue formation, thereby promoting implant osseointegration (Zhu et al., 2021). Further research has shown that compared to Ti surfaces without nanostructures or surfaces with nanostructures with an average diameter of 30 nm, surfaces with nanostructures with an average diameter of 100 nm have higher hydrophilicity (Faghihi and Eslaminejad, 2014). There is currently no consensus on the optimal nanostructure morphology for osteogenesis, but the optimal size is generally believed to be 50–100 nm, which is suitable in terms of cell diameter (Ocampo and Echeverría, 2021). According to research, the mechanism by which the nanoscale surface morphology of this titanium implant promotes osteogenesis is as follows. First, from a cellular dynamics perspective, nanostructures induce osteoblasts to extend filamentous and plate-like pseudopodia, resulting in the recombination of extracellular matrix proteins and cytoskeletal proteins, which is beneficial for osteoblast adhesion and spreading. Second, nanostructures act as mechanical stimulation signals, which are mediated by calcium channel proteins to regularly aggregate and elongate the cytoskeleton, thereby altering the morphology of the cell nucleus and chromosome sequence, which is beneficial for osteoblast proliferation. In addition, by regulating cell signaling pathways, nanostructures can induce cell differentiation toward the osteogenic lineage (Gulati et al., 2016).
The contact angle can reflect the hydrophilicity or hydrophobicity of a surface. The surface characteristics of titanium materials, such as hydrophilicity and surface energy, are also important factors affecting their bioactivity and osseointegration capability. A decrease in the contact angle between a material surface and water indicates an improvement in the hydrophilicity of the material, which is beneficial for cell adhesion (Menzies and Jones, 2010). The results of this experiment indicate that the contact angle of the TNT samples was significantly reduced compared to that of the Ti samples, indicating that TiO2 nanotubes have good hydrophilicity. The reason why TiO2 nanotubes increase hydrophilicity may be related to the following two aspects. First, due to the nanomorphology, TiO2 nanotubes can better promote cell adhesion than flat Ti. Second, the characteristics of the nanotubes themselves can enhance the hydrophilic surface properties of TiO2 (Das et al., 2009b).
After a material is implanted into an organism, various proteins first adsorb onto the surface of the material in stages, forming a layer of biological protein molecules. Mediated by this process, cells within the tissue adhere to the surface of the material, with greater protein adsorption to the surface being more conducive to cell adhesion (Ngandu Mpoyi et al., 2016). Research has shown that the protein adsorption capacity of the surface of biomaterials reflects the biological effects of the biomaterial, and the number, type, and configuration of adsorbed proteins on the material surface largely determine the subsequent tissue reactions (Barberi and Spriano, 2021). In this study, compared to the control titanium samples, the TiO2 nanotube samples adsorbed more proteins, indicating that the nanotube structure could promote protein adsorption.
Through surface modification technology, TiO2 nanotube arrays with nanometer morphology characteristics were prepared on the surface of titanium to combine the titanium surface structure and biomedical function. Nanostructured biomaterials are closer to the natural bone tissue morphology and have chemical properties, which may provide a more ideal growth support environment for bone tissue regeneration (Hill et al., 2019). Nanomorphologies such as nanocrystals (Wang et al., 2021), nanohydroxyapatite (Bezerra et al., 2017) and electrospun nanofibers (Dumitriu et al., 2014) have been prepared on the surface of titanium implants, and biological experiments have found that cells are very sensitive to these nanomorphologies and that nanostructures can better induce multiple biological functions, such as alkaline phosphatase activity and extracellular bone matrix mineralization ability of bone marrow mesenchymal stem cells (BMSCs). Based on the perspective of biomimetics, TiO2 nanotube arrays were prepared on the surface of titanium implants by anodic oxidation in this study. By studying the preparation and properties of TiO2 nanotube arrays on the surface of titanium, a new method for improving the biological activity of titanium implants was provided, which has potential application prospects.
In summary, this study used anodic oxidation technology to prepare biomimetic TiO2 nanotubes on the surface of titanium. The nanotubes formed an array of vertical tubular structures with a uniform diameter, which not only improved the roughness and hydrophilicity of titanium but also increased its corrosion resistance. More importantly, the TiO2 nanotube structure was conducive to protein adsorption, thereby exhibiting good biocompatibility and potential for clinical application.
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