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Abstract

:

Calcium ions and phosphate ions are usually present in biological organisms and human bodies. Different ratios of calcium to phosphorus result in different types of calcium-to-phosphorus crystals. Hydroxyapatite (HA) is the main component of human hard bony tissues. It has good biocompatibility and is often used in bone repair. With the addition of cobalt ions, it can act as a hypoxia-inducing factor to accelerate the regeneration of hard bony tissues. At present, the laser-assisted biomimetic (LAB) method can very quickly deposit calcium phosphate coatings, which can be used on polymer and titanium surfaces. In this study, we first used anodization treatment (with TiO2 nanotubes (TNTs)), alkali treatment (with NaOH), and acid treatment (with HCl) to form nanopore structures on titanium surfaces in the laboratory. Subsequently, LAB treatment was used to deposit calcium phosphate and cobalt-substituted hydroxyapatite onto titanium pieces with different surface treatments. The results showed that smaller holes resulted in better deposition (TNTs), and controlling the pH value in the solution changed the crystal morphology. LAB treatment imbued the titanium surface with super-hydrophilic properties and improved biocompatibility. A human osteoblast cell line (MG-63) used for the cell viability test showed that LAB treatment can improve cell growth. In particular, TNT-CoHA (cobalt-substituted hydroxyapatite) cells grew the best. Immersion in simulated bodily fluid confirmed that LAB treatment with a CoHA solution improved the hydrophilicity, biocompatibility, and bioactivity of titanium surfaces. It is hoped that this study provides useful information for surface coating of biomedical materials in the future.
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1. Introduction


Calcium phosphate (CaP) coatings are osteoconductive and are widely used in orthopedics and dental implants to increase osseointegration between the implant and hard bone [1]. In previously study, Susmita Bose et al. reported that the calcium phosphate (CaP) coating formed on the porous titanium surface can reduce the healing time by early enhance osseointegration in the body [2]. CaP can be divided into hydroxyapatite (HA), octacalcium phosphate (OCP), amorphous calcium phosphate (ACP), and dicalcium phosphate (DCPD), according to the calcium-to-phosphorus (Ca/P) ratio [3,4]. HA is the main component of human body tissues and enamel on the surface of the teeth. After HA is implanted into a hard bone defect, the surface of the material will form a chemical bond with the hard bone tissue to improve osseointegration [5]. However, the poor biodegradability of HA results in a rather slow induction of hard bone growth after implantation [6]. Therefore, the previous literature used metal ions instead of calcium ions to reduce the crystallinity and increase the degradation rate of HA. The substitution of cobalt ions not only reduces crystallinity but also acts as a hypoxia mimic, which can activate hypoxia-inducible factor (HIF)-1α in mesenchymal stem cells to help angiogenesis [7]. Previous studies showed that cobalt-substituted hydroxyapatite (CoHA) has good biological activity and can induce bone growth [8].



There are many methods for forming HA coatings such as sol–gel [9], plasma spraying [10], and laser-assisted biomimetic (LAB) [11,12]. LAB is a method of immersing a substrate in a supersaturated CaP solution and irradiating the sample with an Neodymium-dopedYttriumAluminiumGarnet laser (Nd-YAG, 200 mJ pulse−1 cm−2). The surface of the sample converts absorbed light energy into heat energy, which induces CaP to rapidly form a coating [13,14]. LAB can also be used on polymer and titanium surfaces [14,15,16]. Pecheva et al. reported the use of a high-energy laser (1 Kw mm−2) to form a CaP coating on the surface of titanium immersed in a CaP solution. The biocompatibility test with a human osteosarcoma cell line (MG-63) showed good cell adhesion [17]. Mahanti et al. found that near-infrared (NIR; λ = 1064 nm) laser pulses can replace ultraviolet (UV, λ = 355 nm) laser pulses used by LAB to avoid using too high of an energy, which can damage the surface of a sample [13].



In addition, surface treatment of titanium test pieces was proven to increase the pores on the surface of the material, thereby increasing the effect of osseointegration [11,18]. Clinical dentistry will also increase the success rate of surgery through the modification of the implant surface [19]. Surface treatment methods include plasma spray, sand-blasting, anodic treatment, and chemical etching. Among these, the modification methods of alkali treatment and acid treatment are relatively simple and can be applied to complex-shaped structures to produce many uniform nano-level holes on the surface [20,21]. Anodic oxidation treatment (with TiO2 nanotubes (TNTs)) can form an oxide film on the surface of titanium to improve biocompatibility and can attract apatite to the surface to promote the regeneration of hard bones [22].



This study investigated whether changes in the surface morphology and elemental composition of titanium after different surface treatment procedures (anodization, alkali treatment, and acid treatment) will affect LAB coatings. In addition, we used CaP and CoHA solutions with the LAB method to observe whether the structure and composition of the mineralized layer on the surface were affected, and we analyzed cell viability to evaluate the biocompatibility of test pieces. Finally, test pieces were immersed in simulated body fluid (SBF) for 7 days, and the surface morphology, crystal structure, and elemental composition were analyzed as evaluations of biological activities. This study is expected to provide useful information for developing bone repair material coatings.




2. Experimental Procedures


2.1. Surface Treatment of Titanium


Pure titanium pieces were cut into a fixed area (16 cm2). These pieces were washed with acetone, ethanol, and deionized water for 10 min. After that, (i) anodization, (ii) alkali treatment, and (iii) acid treatment were carried out (Figure 1A). (i) Anodic oxidation uses a pulse method for electrochemical reactions [23]. Ammonium fluoride at 2.7 g was added to 18 mL of deionized water and 900 mL of ethylene glycol. The titanium piece was used as the anode, and a stainless steel piece was used as the cathode. The electrolyte was heated to 55 °C, and a voltage of 30 V was used for 40 min (time on 150 s, time off 1 s). After the reaction, the titanium piece was immersed in ethanol and cleaned in an ultrasonic shaker for 20 min. (ii) For alkali treatment, a pure titanium sheet was immersed in 15 mL of a sodium hydroxide (NaOH) solution (5 M) and reacted in a 60 °C water bath for 24 h [20]. (iii) For acid treatment, a pure titanium sheet was immersed in 15 mL of a hydrochloric acid (HCl) solution (5 M) and reacted in a 60 °C water bath for 24 h [21]. Names of the completed samples are given in Table 1.




2.2. LAB Preparation


First, a CaP solution and a CoHA solution were prepared. The CaP solution used NaCl (142 mM), K2HPO4•3H2O (1.50 mM), HCl (40 mM), and CaCl2 (3.75 mM) added to deionized water, and the pH was adjusted to 7.4 [24]. The CoHA solution was prepared by adding calcium nitrate (42 mM) and ammonium dihydrogen phosphate (25 mM) to deionized water, adjusting the pH to 3.52, and finally adding cobalt chloride (7.9 mM) [8]. The LAB method uses NIR light as the light source. The pure titanium test pieces were placed in 70 mL of the CaP solution or CoHA solution and irradiated at 25 °C for 30 min (Figure 1B). The distance between the pure titanium sheet and the bulb was 5 cm. After irradiation, the titanium sheet was rinsed with deionized water and dried. The names of completed samples are given in Table 1.




2.3. Characterization


The surface morphology of samples was examined by field-emission scanning electron microscopy (FE-SEM) (JSM-6700F, JEOL, Tokyo, Japan). Infrared spectra of samples were recorded using a Fourier-transformed infrared (FTIR) system (FTIR-8000, Shimadzu, Tokyo, Japan) in the spectral range of 650–4000 cm−1 with a spectral resolution of 2 cm−1, using the attenuated total reflection (ATR) mode. Phase indication of samples was confirmed by X-ray diffraction (XRD) (Miniflex II, Rigaku, Tokyo, Japan), operated at 30 kV with Cu-Kα radiation within a scanning range of 10°–70° (2θ) and a scanning speed of 4° min−1.




2.4. Hydrophilicity Test


The contact angle is the angle between the liquid and the surface of a material. The contact angle is used to judge the hydrophilicity and hydrophobicity of a sample surface. A smaller contact angle indicates that the surface of a sample is hydrophilic, and a larger contact angle indicates that the surface of a sample is hydrophobic. The surface hydrophilicity of TiO2 nanotubes (TNTs) was evaluated with a contact angle meter (CA-D, Kyowa Interface Science, Tokyo, Japan). The static contact angle was determined at 25 °C and 70% relative humidity by employing drops of deionized water. The quantitative titration of the water drop used was 4 μL and the time was 1 s. After that, the image was analyzed using Drop-analysis software attached to Image J for the contact angle analysis.




2.5. Biocompatibility


We used a human osteosarcoma cell line (MG63) maintained in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Cromwell, CT, USA) at 37 °C in a 5% CO2 incubator (310, Thermo Fisher Scientifc, Waltham, MA, USA). Samples processed by the CaP and CoHA solutions LAB were sterilized with ethanol and irradiated with UV light for 1 h. MG63 cells were seeded in 24-well plates at 5 × 104 cells well−1. Finally, cells were cultured in a 37 °C, 5% CO2 cell incubator for 24 and 72 h. Biocompatibility was evaluated by a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance (O.D.) at a wavelength of 563–650 nm was read with an enzyme-linked immunosorbent assay (ELISA) reader (Sunrise, Tecan, Männedorf, Switzerland). Biocompatibility was expressed as a percentage compared to that of a control tissue culture plate (TCP).




2.6. Bioactivity


Surface-treated and LAB-treated titanium sheets were used as samples. Surface-treated titanium pieces were used as a control group. A sample was soaked in simulated body fluid (SBF) to evaluate the bioactivity of the material [25]. All samples were cut to a size of 2 × 1 cm2 and immersed in 15 mL of SBF in a water bath at 37 °C for 7 days, after which it was taken out, rinsed with deionized water, and dried. The morphology and crystalline form of apatite on the sample surface were observed by FE-SEM, ATR-FTIR, and XRD.




2.7. Statistical Analysis


All data are expressed as the mean ± standard deviation (SD) of three independent replicates. Data were analyzed with JMP 13 software (SAS Institute, Cary, NC, USA). A one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) post-hoc test was used to determine the level of significance, and p < 0.05 was considered significant. In the figures, values with different letters significantly differ from each other (p < 0.05, mean ± SD, n = 3).





3. Results and Discussion


3.1. Surface Treatment of Titanium


Results of different surface treatments of samples were determined by FE-SEM (Figure 2). The untreated titanium sheet had a smooth, flat surface. After anodization (TNTs) treatment, a TNTs structure with a diameter of about 18 ± 1.1 nm appeared on the surface. The formation of the nanotube structure could be divided into the formation of titanium dioxide and the chemical attack caused by fluoride ions in the electrolyte. In past research, the diameter of TNTs could be controlled by the voltage and electrolytic solution. In this study, the conditions of the electrolysis reaction were not adjusted, so the hole sizes were not changed. After both alkali treatment and acid treatment of the titanium sheet, a uniform nanoporous network structure was observed on the surface. Calculating the large pores of the titanium sheet after different surface treatments showed that acid treatment produced the largest pore structure followed by alkali treatment and anodization (Figure 3). The results of the surface elemental analysis showed that the pure titanium sheet had only titanium and a little carbon, indicating that the sample surface was not contaminated (Table 2). A small amount of the fluorine element remained on the surface of TNTs due to erosion of fluoride ions in the electrolyte. After alkali treatment, the surface contained sodium because of the phenomenon of sodium titanate (Na2Ti5O11) being formed on the surface of titanium metal after alkali treatment [26]. Finally, only titanium was observed on the surface after acid treatment. This may have been due to corrosion of the entire surface oxide layer by hydrochloric acid [27].




3.2. Hydrophilicity Test


Measuring the contact angle is a method of evaluating the hydrophilicity and hydrophobicity of a material surface and can be used to observe the effect of the material surface on cell adhesion. Therefore, the hydrophilicity and hydrophobicity of the material surface are two of the most important biological parameters of implants [28]. The literature points out that increasing the surface wettability of a material can improve its biological activity. In addition, a hydrophilic surface is better than a hydrophobic surface for the adhesion of bone cells in the early stage of implantation [29]. Hydrophilic and hydrophobic test results of titanium sheets after different surface treatments are shown in Figure 4. Masahashi et al. showed that TNTs produced after anodization are hydrophilic and hydrophobic. However, annealing treatment will produce highly crystalline anatase that expresses hydrophilic properties [30]. The titanium sheet had a relatively hydrophilic surface after alkali treatment (Figure 4A). These results are similar to those in the literature such as alkali treatment increasing the hydrophilicity of a metal surface [31]. Cheng et al. used NaOH to alkali-treat titanium flakes and showed that titanium flakes had better hydrophilicity as the concentration increased [20]. Results of acid treatment and anodic oxidation were similar as both were hydrophobic, which may have been caused by the same crystalline phase being formed.




3.3. Characterization


After the CaP solution was treated with LAB, CaP crystals were found on the surface. In addition, it was found that holes of different sizes affected the crystal shape and size (Figure 2). In pure titanium and alkali-treated test pieces, flake-like CaP crystals were observed, which was similar to the results of He et al. [32]. CaP crystals treated with the same alkalinity were smaller than those of pure titanium, which may have been caused by the influence of nanopores on the surface of the test piece. CaP observed on the surface after anodization showed a plate-like crystal structure. CaP formed on the surface after acid treatment presented a flower-like crystal structure composed of needle-like crystals. The morphology of HA with different crystal structures is consistent with that reported by Sadat-Shojai et al. [33]. LAB treatment of titanium flakes soaked in a CoHA solution showed different CoHA crystals (Figure 2). No crystals were observed on the untreated titanium piece. After anodic oxidation, it was observed that CoHA in the form of plate-like aggregates was consistent with the CaP synthesized by a hydrothermal method [34]. Surfaces treated with NaOH and those with HCl respectively exhibited flaky and plate-like crystal structures.



Surface element compositions of groups of CaP solution-treated titanium sheets were analyzed by EDX. The surface was mainly composed of oxygen, calcium, and phosphorus, which indicated that HA was deposited on the surface of the titanium sheet after LAB irradiation. The test piece treated with the CoHA solution, and LAB also revealed the presence of cobalt. This proved to be cobalt-containing HA crystals. Calculating the Ca/P ratio on the surface showed that Ca/P ratios of the CP solution and the CoHA solution were both <1.67, and both were calcium-deficient HA. Previous studies indicated that calcium-deficient hydroxyapatites have higher degradability. They are easily degraded in the body, allowing absorption by surrounding tissues [35].



Functional groups on the surface of the evaluation test pieces were analyzed by ATR-FTIR. No group had characteristic peaks of HA before LAB treatment (Figure 5A). After anodization treatment, tensile vibrations of amino groups (NH3+) were detected at 1072 and 1058 cm−1 on titanium [36]. Peaks observed at 869 and 970 cm−1 after alkali treatment were Ti-OH groups. This was the result of ion exchange between sodium titanate and H3O+ produced during alkali treatment [37]. There were characteristic peaks such as P-O, C-O, and O-H functional groups on specimens treated by LAB (Figure 5B,C). Among these, several bands between 900 and 1200 cm−1 represent the stretching mode of P-O bonds. The PO43−v1 bond is at 962 cm−1, and the PO43−v3 bond is at 1038 cm−1. However, there was a bifurcation at half height of 962 cm−1. This is not a typical HA functional group. This shape indicated the presence of hydroxylapatite with lower crystallinity [38]. Obvious absorption peaks were found at 1419–1486 cm−1 to be the C-O bonding group, and the v3 bonding of CO3 is located at 1400–1580 and 870 cm−1. The presence of the two peaks indicated that the phosphate position in the HA structure was replaced by carbonate [39]. Therefore, crystals formed on the surface were carbonated HAp (CHA, Ca10(PO4)6(CO3)). This reaction was caused by the participation of carbon dioxide dissolved in the air and water. At 1595–1630 cm−1, the characteristic peak produced by the vibration of H2O molecules was the bonding functional group of symmetrical H-O-H. The asymmetrical O-H bonding functional group appeared in the range of 3800–3200 cm−1. This characteristic peak represents water molecules adsorbed onto the surface [40].



The XRD analysis of the sample before LAB treatment indicated the crystal phase structure of titanium (Figure 5D). Compared to the literature, the crystalline phase structure of the titanium plate after LAB treatment (Figure 5E,F) showed the diffraction front of HA [41]. The CaP deposited on the surface of the titanium sheet treated with the CaP solution and LAB was mainly HA. A similar HA structure was also observed on the titanium sheet after immersion in the CoHA solution and LAB. However, it may be that the Co content was too small, so the diffraction peak of cobalt oxide was not observed (Figure 5F). In addition, it was found that diffraction of the deposited HA was more pronounced in the CaP solution compared to LAB treatment of the CoHA solution. It may be that the CaP solution was a supersaturated CaP solution suitable for the hydrothermal method with a pH of 7.4, and the CoHA solution was an electrolyte with a pH of 3.52, which is an acidic solution. The principle of the LAB method used in this experiment is to use thermally induced HA deposition similar to the hydrothermal method. Therefore, the CaP solution had an obvious crystallization performance. In addition, samples were transformed into super-hydrophilic surfaces after LAB treatment (Figure 4B). This helped improve the biocompatibility of the material surface and cell adhesion.



Based on the above SEM observations, test pieces with different surface treatments were treated with the CaP solution and the CoHA solution and LAB. The results showed that in addition to pure titanium, no crystallization was observed after LAB treatment, but other groups had found the presence of CaP and CoHA crystals. The EDX analysis of the surface elemental composition had calcium and phosphorus in the CaP solution treated with LAB. In the CoHA solution treated with LAB, calcium, phosphorus, and cobalt were present, except in the untreated group. The results of ATR-FTIR confirmed that CaP and CoHA synthesized in this study were indeed composed of HA groups. XRD results showed that the surfaces of the CaP solution and CoHA solution after LAB treatment consisted of all HA structures. The titanium sheet being irradiated by LAB caused CaP and CoHA deposition on different surface-modified materials to improve the hydrophilic properties of titanium.




3.4. Biocompatibility


In this study, TCPs were used as the control group. The results showed that MG63 cells experienced no cytotoxicity after 24 and 72 h of culture (Figure 6). The MTT assay showed that the TNT-treated and NaOH-treated test pieces in the CaP solution group had cell survival rates significantly higher than that of pure titanium after 72 h of culture (p < 0.05). However, rates of the TNT CaP and NaOH CaP groups did not significantly differ from that of the TCPs (p < 0.05) (Figure 6A). In addition, the biocompatibility result of LAB CoHA solution is Figure 6B. Rates of the TNT CoHA, NaOH CoHA, and HCl CoHA groups were all significantly higher than that of the Ti CoHA group (p < 0.05). In particular, the cell survival rate of the TNT CoHA group after 72 h of culture was significantly higher than that of the TCPs (p < 0.05). This may have been caused by the release of cobalt ions. A previous study found that cobalt ions can mimic a hypoxic environment and activate HIF-1α to promote vascular epithelial growth factor (VEGF) production [42]. The differentiation of MG63 cells improved under the influence of cobalt ions released by TNT CoHA [43]. In addition, Ignjatovic et al. reported that synthesized CoHA was implanted in the mandible of a rat model of osteoporosis, and results showed that the mineral deposition rate of cobalt ion-filled sites was higher than that of pure HA, and cobalt promoted the rate of bone formation [44]. This is similar to results of our study, indicating that cobalt ions contributed to the growth and differentiation of MG63 cells.




3.5. Bioactivity


We uses an SBF solution in which to soak test pieces for 7 days to evaluate the bioactivity of the titanium sheet after anodization, alkali treatment, and acid treatment. The results showed that there were different mineralized crystals on the surface of the titanium sheet (Figure 7). Mineralized crystals on the surface were mainly calcium carbonate (CaCO3). Calcium carbonate has three crystal forms: rhombic calcite, needle-shaped aragonite, and spherical vaterite [45]. Diamond-shaped crystals observed in the Ti group were calcite. Mineralized crystals observed in the TNTs group were not calcium carbonate but mineralized crystals resembling mountain shapes. A mineralized layer other than calcite was observed in the alkali-treated group, and needle-shaped crystals in the mineralized layer were aragonite. In the acid treatment group, calcite deposition was observed in holes of the titanium piece. In the CaP solution group, flaky crystals that originally formed on the surface of the test piece were also transformed into needle-shaped aragonite (Figure 7). In the CoHA solution group, the calcium and phosphorus deposits deposited on the surface under the influence of cobalt ions were transformed into round and rod shapes. This was similar to a previous report on CoHA which confirmed that cobalt ions affect the morphology of surface deposits [46]. Gopi et al. reported that the circular morphology of HA can enhance cells adhesion [47]. However, it was confirmed from SEM images that irradiation via LAB induced HA deposition to increase the surface bioactivity.



The surface elemental compositions of groups of test pieces after being soaked in SBF solution for 7 days by an EDX analysis are shown in Table 3. The deposition of HA after LAB irradiation was significantly greater than that of samples without LAB treatment. The CaP solution group showed that titanium elements of TNTs, NaOH, and HCl decreased, which represented an increase in the deposition area of HA. After the CoHA solution was irradiated, cobalt was observed among the groups to show the deposition of CoHA. Comparing the Ca/P ratio on the surface of each group of test pieces showed that the Ca/P ratio increased after LAB treatment. In particular, the Ca/P ratios of the TNT CoHA and NaOH CoHA groups were both 1.67, which were similar to the Ca/P ratio of human bone (Table 3). This shows that the surface after LAB treatment was calcium-deficient HA. However, calcium-deficient HA can release ions into SBF to facilitate the deposition of HA. ATR-FTIR spectra show characteristic peaks of test pieces after soaking in the SBF solution for 7 days (Figure 8A–C). There were no significant differences in samples of each group. Functional groups such as P-O, C-O, and O-H were detected on the surface. Bifurcation (1038 cm−1) before soaking in SBF indicated that the phosphate signal was weak (Figure 5B,C). The disappearance of the branching of the PO43− group after SBF soaking indicated that the crystallinity of HA had greatly improved.



Crystal structures of different surfaces after being soaked in SBF for 7 days by LAB treatment were analyzed by XRD (Figure 5D–F). Each group of samples had a diffraction front showing HA after being soaked for 7 days. However, most of the non-irradiated and CaP solution-irradiated groups were mainly composed of calcium carbonate and titanium [48]. The sample with the CoHA solution and LAB mainly had an HA structure after being irradiated. This was similar to ATR-FTIR results. Deposition of the CoHA solution after irradiation was better dissociated in solution. Therefore, more ions were induced to bind and deposit HA. Another factor is that the ionic radius of cobalt (152 pm) is smaller than that of calcium ions (194 pm), which makes it easier for cobalt to combine with phosphorus ions [49]. This may also have resulted in samples irradiated with the CoHA solution being able to induce greater HA deposition. The effect of surface treatment on HA deposition showed that the pure titanium surface was smoother, which made it more difficult for HA to adhere. This study used various methods to make surface junctions with different pores, and results showed that smaller pores (of about 18–196 nm) had better deposition effects. In addition, the pH value of the solution and the substitution of ions also affected the type of HA.



Further, Yingchao Su et al. reported that the CaP coating on the metal implants surface is still a challenge in clinical applications, especially in controlling the coating structure and degradation rate [50]. In addition, Antonio Scarano et al. improved the integration of the implant with the surrounding bone tissue by forming a titanium dioxide layer on the surface of the titanium alloy (Ti6Al4V) [51]. Therefore, our study will evaluate the degradation and biological behavior of the coating and provide more novel clinical methods and applications.





4. Conclusions


In this study, different surface treatments were used to produce holes of different sizes in titanium sheets. We evaluated the effects of LAB treatment with different solutions on the surface structure. Results showed that all samples treated with LAB deposited CaP and CoHA. In addition, smaller holes (TNTs) on the titanium sheet exhibited better deposition, and the type of crystal could be altered by controlling the pH value of the solution. LAB treatment can imbue the surface of titanium sheets with super-hydrophilic properties and improve biocompatibility. The release of cobalt ions through surface CoHA improved the cell survival rate of TNT CoHA. Results of the final immersion in SBF confirmed that LAB treatment with a CoHA solution can improve the hydrophilicity, biocompatibility, and bioactivity of surfaces of titanium sheets. In the future, we hope to make useful contributions to surface coatings of biomedical materials.
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Figure 1. Compendium illustration showing the experimental procedures. (A) Surface treatment of titanium. (B) Preparation of laser-assisted biomimetic (LAB). (C) Characterization and biocompatibility of samples. 
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Figure 2. Surface topography of the titanium sheet with different surface treatments and samples after LAB treatments (calcium-to-phosphorus (CaP) solution and cobalt-substituted hydroxyapatite (CoHA) solution) by SEM. 
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Figure 3. The holes size of the titanium sheet after different surface treatments. Means with different letters were significantly different (p < 0.05, mean ± SD, n = 10). 
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Figure 4. The surface wettability titanium sheet has different surface treatments. (A) Image of surface contact angle. (B) Quantitative analysis of the contact angle was performed. Means with different letters were significantly different (p < 0.05, mean ± SD, n = 3). 
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Figure 5. The characteristics of the titanium sheet with different surface treatments and samples after LAB treatments. (A–C) FTIR spectra obtained from original, LAB CaP solution and LAB CoHA solution. (D–F) XRD patterns of the original, LAB CaP solution, and LAB CoHA solution. 
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Figure 6. Proliferation determined according to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of MG63 cell for 24 and 72 h. (A) LAB CaP solution. (B) LAB CoHA solution. Means with different letters were significantly different (p < 0.05, mean ± SD, n = 4). 
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Figure 7. The surface topography of the LAB-treated samples after soaking in simulated body fluid (SBF) for seven days by FE-SEM. 
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Figure 8. The characteristics of the LAB-treated samples after soaking in SBF for seven days. (A–C) FTIR spectra obtained from original, LAB CaP solution, and LAB CoHA solution. (D–F) XRD patterns of the original, LAB CaP solution, and LAB CoHA solution. 
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Table 1. Summary of samples for the synthesis systems.
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Sample

	
Original

	
LAB




	
CaP Solution

	
CoHA Solution






	
Control group

	
Ti

	
Ti CP

	
Ti CoHA




	
Anodic oxidation

	
TNT

	
TNT CP

	
TNT CoHA




	
Alkali treatment

	
NaOH

	
NaOH CP

	
NaOH CoHA




	
Acid treatment

	
HCl

	
HCl CP

	
HCl CoHA
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Table 2. Surface element analysis of the titanium sheet with different surface treatments and samples after LAB treatments by EDX.
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Atomic%

	
C

	
Ti

	
O

	
Na

	
F

	
Ca

	
P

	
Ca/P

	
Co

	
Ca + Co/P






	
Original

	
Ti

	
12.88

	
87.12

	
-

	
-

	
-

	
N.D




	
TNT

	
7.92

	
29.83

	
48.57

	
-

	
13.68




	
NaOH

	
5.61

	
31.45

	
58.91

	
4.03

	
-




	
HCl

	
-

	
100

	
-

	
-

	
-




	
LAB

CaP solution

	
Ti

	
11.50

	
83.93

	
1.65

	
-

	
-

	
1.5

	
1.4

	
1.07

	
N.D

	
N.D




	
TNT

	
3.00

	
16.10

	
37.16

	
-

	
-

	
2.18

	
1.81

	
1.20




	
NaOH

	
7.01

	
6.69

	
68.32

	
1.14

	
-

	
8.65

	
7.37

	
1.17




	
HCl

	
3.67

	
18.42

	
63.95

	
-

	
-

	
7.46

	
6.50

	
1.15




	
LAB

CoHA solution

	
Ti

	
13.23

	
86.77

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
TNT

	
-

	
-

	
69.31

	
1.50

	
-

	
12.52

	
15.81

	
0.79

	
0.41

	
0.82




	
NaOH

	
-

	
-

	
68.06

	
1.82

	
-

	
12.97

	
15.68

	
0.83

	
0.65

	
0.87




	
HCl

	
0.61

	
-

	
68.27

	
3.14

	
-

	
11.19

	
13.17

	
0.85

	
0.66

	
0.90
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Table 3. Surface element analysis of the LAB-treated samples after soaking in SBF for seven days by EDX.
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Atomic%

	
Ti

	
Ca

	
P

	
Ca/P

	
Co

	
Ca + Co/P






	
Original

	
Ti

	
28.71

	
0.82

	
0.77

	
1.06

	
N.D




	
TNT

	
28.02

	
0.49

	
0.41

	
1.20




	
NaOH

	
14.88

	
6.88

	
6.11

	
1.13




	
HCl

	
32.24

	
2.14

	
1.76

	
1.22




	
LAB

CaP solution

	
Ti

	
23.45

	
1.17

	
1.02

	
1.15

	
N.D




	
TNT

	
1.00

	
8.67

	
6.03

	
1.44




	
NaOH

	
3.48

	
9.50

	
7.80

	
1.22




	
HCl

	
3.23

	
8.90

	
6.80

	
1.31




	
LAB

CoHA solution

	
Ti

	
26.73

	
2.97

	
3.68

	
0.81

	
0.55

	
0.96




	
TNT

	
15.92

	
4.22

	
3.21

	
1.31

	
1.15

	
1.67




	
NaOH

	
23.03

	
2.18

	
1.75

	
1.24

	
0.78

	
1.69




	
HCl

	
12.10

	
14.20

	
11.76

	
1.21

	
3.09

	
1.47
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