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Abstract

:

Hydroxyapatite/tannic acid coating (HA/TA) were prepared on AZ31 magnesium alloys (AZ31) via chemical conversion and biomimetic methods. The characterization and properties of the coating were studied by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), corrosion testing, MC3T3-E1 cell proliferation assay, and MC3T3-E1 cell morphology observation. The results showed that tannic acid as an inducer increased the number of nucleation centers of hydroxyapatite and rendered the morphology more uniform. Compared to bare AZ31 magnesium (Mg) alloys (Ecorr = −1.462 ± 0.006 V, Icorr = (4.8978 ± 0.2455) × 10−6 A/cm2), the corrosion current density of the HA/TA-coated magnesium alloys ((5.6494 ± 0.3187) × 10−8 A/cm2) decreased two orders of magnitude, and the corrosion potential of the HA/TA-coated Mg alloys (Ecorr = −1.304 ± 0.006 V) increased by about 158 mV. This indicated that the HA/TA coating was effectively protecting the AZ31 against corrosion in simulated body fluid (SBF). Cell proliferation assays and cell morphology observations results showed that the HA/TA coating was not toxic to the MC3T3-E1 cells.
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1. Introduction


Compared with other metal materials for the current clinical application, magnesium alloys have some good advantages, such as their recoverability, lightweight nature, good mechanical strength, and good resistance against electromagnetic waves [1,2,3,4]. In particular, their elastic modulus is similar to natural bone tissue and can prevent the occurrence of stress shielding effects to facilitate the healing of bone tissue [2]. In addition, magnesium alloys have good biodegradable properties, which can avoid surgical removal of implants at the end of the treatment. This reduces the economic burden and health risks of patients [2]. Therefore, magnesium alloys have recently attracted attention as an implant material for orthopedic surgery and cardiovascular medicine [4,5,6]. However, magnesium alloys also have a very negative potential and poor corrosion resistance, which influences bone bonding and suppresses their development for biomedical applications [7].



To overcome these shortcomings and increase cytocompatibility, magnesium alloys are usually coated with bone-integrating or bone-inducing biological materials, such as hydroxyapatite (HA) [8,9,10]. HA coating on Mg alloys is prepared through many methods, such as sputter coating, pulsed laser deposition, sol-gel techniques, biomimetic coatings, and electrophoretic deposition [11,12,13,14,15]. Of these methods, the method of biomimetic mineralization is simple, easy to operate, and inexpensive. In addition, the method of biomimetic mineralization can not only prepare a bone-like apatite coating on the surface of materials which have a complicated shape, but can also add bone growth-stimulating factors to the coating [16]. However, due to a lack of nucleation centers for hydroxyapatite growth, direct biomimetic deposition of hydroxyapatite on untreated AZ31 magnesium alloy is very difficult [17]. Furthermore, the mechanical properties and chemical stability of the directly-prepared coating are deficient [18]. To solve these problems, organic additives can be applied to induce and accelerate the growth of HA [19,20].



Tannic acid (C76H52O46) as an organic compound can react with metal ions to form tannic acid-metal complexes. Therefore, tannic acid is used to prepare coatings to enhance the corrosion resistance of stainless steel in the 19th century and early 20th century [21]. Recently, tannic acid has again attracted attention as a coating for aluminum, aluminum alloys, stainless steel, and magnesium alloys via chemical conversion methods to increase their corrosion resistance [22,23,24].



However, the use of tannic acid as an inducer to prepare a hydroxyapatite coating on the surface of AZ31 magnesium alloys has not yet been reported. Our work explores the possibility of preparing hydroxyapatite coatings on the surface of AZ31 magnesium alloys with the assistance of tannic acid via biomimetic mineralization, and further improves the corrosion resistance and cytocompatibility of magnesium alloys.




2. Materials and Methods


2.1. Sample Preparation


The AZ31 magnesium alloys specimens were cut into 10 mm × 10 mm × 1 mm plates. The samples were mechanically polished using 600–1200 grit SiC abrasive papers. The samples were cleaned in acetone and anhydrous ethanol for 5 min each in an ultrasonic bath. All specimens were rinsed by using deionized water and dried in air. All samples were soaked in 1 mol/L NaOH solution for 24 h and then were heated at 150 °C in air for 1 h in a muffle furnace before the preparation of the tannic acid coating. This stabilized the surface of the AZ31 magnesium alloy [4,25].




2.2. Preparation of Tannic Acid Coating (TA) on AZ31 Mg Alloys


According to Chen et al. [26], a tannic acid coating was formed on the surface of pretreated AZ31 magnesium alloy via chemical conversion. Tannic acid conversion solution was configured by 0.05 g Na3PO4, 0.25 g Na2B7O4, 0.04 g C76H52O46, 0.05 g NH4VO3, 0.055 g K2ZrF6, and 0.02 g HNO3 added in 50 mL deionized water. The pH of the solution was adjusted to 4 with HNO3. Subsequently, the samples were soaked in the tannic acid solution and then preserved in a constant temperature box at 37 °C for 9 h. Finally, the samples were washed twice by deionized water and then dried in air at room temperature, and then a visible and tawny coating formed on the AZ31 magnesium. The result is consistent with the result of Chen et al. [26].




2.3. Tannic Acid Coating-Assisted HA Formation


The calcium phosphate (CaP) solution was configured according to the Gui description [4]. The concentration of Ca(NO3)2, NaH2PO4, and NaHCO3 in the CaP solution was 14 mmol/L, 8.4 mmol/L, 4 mmol/L, respectively. The tannic acid-coated substrate (TA/AZ31) was immediately soaked in the CaP solution and placed in a constant temperature box for 48 h at 37 °C to assist the growth of CaP crystals. The CaP solution was replaced every 24 h. Then, the samples (HA/TA/AZ31) were rinsed with deionized water and dried in air at room temperature. Furthermore, the bare AZ31 was directly soaked in the CaP solution with the above method to prepare the HA coating on the AZ31 (HA/AZ31).




2.4. Surface Characterization


The corresponding characterization of the sample groups including AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 were performed by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and energy-dispersive X-ray spectroscopy (EDS). In order to observe the cross-sectional morphology of the samples under the scanning electron microscope, the samples were embedded in resin, and were then polished using 600–7000 grit SiC abrasive papers to expose the cross-section. Scanning electron microscopy (SEM; Hitachi S-4800, Hitachi, Ltd., Tokyo, Japan) was used to observe the sample surface and cross-sectional morphology. The distance from the interface of AZ31 magnesium alloy and its coating to the interface of the coating and the resin was measured by Image-Pro Plus 6.0 (version 6.0.0.260, Media Cybernetics, Inc., Bethesda, MD, USA, 2006), that is to say, the measurement was the thickness of the coating. We selected 10 different positions in each group to complete the above measurement. The results were expressed in the form of mean value ± standard deviation. The elemental compositions of the samples also were analyzed with energy-dispersive X-ray spectroscopy (EDS; Hitachi S-4800, Hitachi, Ltd., Tokyo, Japan). To specify the phase structure of the coating, X-rays diffractometry (XRD, D/MAX-2400, Rigaku Co., Ltd., Tokyo, Japan, λ = 0.154181 nm) with Cu Kα radiation was used at room temperature. The range of test angle (2θ), voltage, current, and the step length were 20° to 80°, 40 kV, 150 mA, and 0.02°, respectively. In addition, the characteristic functional groups of all samples were detected by Fourier transform infrared spectroscopy (FTIR; Nicolet, Madison, WI, USA) with acquisition range from 4000 to 500 cm−1, and a scan resolution of 4 cm−1. The FTIR experiments were performed on the pellet specimens, which were obtained by mechanically scratching the film from the substrate and mixing the obtained powder with KBr.




2.5. Corrosion Evaluation


2.5.1. Electrochemical Measurements


The potentiodynamic polarization test and electrochemical impedance spectroscopy were performed in a three-electrode cell and electrochemical workstation (Autolab PGSTAT302N, Metrohm, The Netherlands) to evaluate the corrosion resistance of samples (AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31). The corrosion solution was simulated body fluids (SBF), which was prepared according to Kokubo and Takadama [27]. Here, the SBF temperature was controlled at 37 °C. The working electrode, reference electrode, and the counter electrode were the specimen, an Ag/AgCl electrode (saturated with KCl), and a titanium plate, respectively. Before the start of the electrochemical test, the sample was soaked in SBF solution for 600 s to obtain a stable open circuit potential. The potentiodynamic polarization curve was obtained under a scanning rate of 1 mV/s. The electrochemical impedance spectrum frequency range was 0.01 Hz to 100,000 Hz, and the results were analyzed by ZView 2 (version 2.9c, Scribner Associates, Southern Pines, NC, USA, 2005) software. The exposed sample area was 0.5 cm2 in SBF. To ensure the repeatability of experimental results, the experiment was repeated three times. The corrosion potential (Ecorr) and corrosion current density (Icorr) of the AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 were also subjected to unpaired single tailed Student’s t-test. A value of p < 0.05 was considered as significant.




2.5.2. Immersion Tests


The immersion test with hydrogen evolution was a simple and inexpensive way to measure corrosion behavior [28]. According to Bakhsheshi-Rad [28], immersion test was performed in SBF for seven days. Specimens (AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31) were immersed in a beaker containing 800 mL of SBF, where a funnel was located over the samples to collect evolved hydrogen in a burette (50 mL) placed above the funnel. During the experiment, the hydrogen release volume was recorded every 24 h and then replaced with fresh SBF. To ensure the repeatability of experimental results, the experiment was repeated three times, and the average value of the measurements was recorded as a final result of each group. Additionally, the samples after soaking were characterized by SEM and XRD.





2.6. Cell Proliferation Assay and Cell Morphology Observation


To evaluate the cytocompatibility of the samples (AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31), cell proliferation assays and cell morphology observations were used. The experiment was performed according to Lin [29] with a few changes. MC3T3-E1 cells were used to finish the experiment. Cells were cultured after one, four, and seven days in the leaching solution, respectively. Additionally, cells were cultured after one, four, and seven days in Dulbecco’s modified Eagle’s medium (DMEM) as negative group. Next, an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) test was completed to determine the cell proliferation. In order to quantitate the cell increment rate, the absorbance of each group was obtained using a microplate reader at 570 nm (Elx 800, Bio-Tek, Winooski, VT, USA), and the data were also subjected to an unpaired single tailed Student’s t-test [30]. A value of p < 0.05 was considered as significant. The experiment was repeated three times to ensure the reliability of the results. Pictures of the cells at seven days were taken with an inverted optical microscope (IX2, Olympus, Tokyo, Japan).





3. Results and Discussion


3.1. SEM Analysis of the Samples


The SEM results of bare AZ31 magnesium alloys (AZ31), tannic acid-coated AZ31 (TA/AZ31), HA-coated AZ31 (HA/AZ31), and hydroxyapatite/tannic acid-coated AZ31 (HA/TA/AZ31) are shown in Figure 1a–d. The surface of the AZ31 is flat, and it has some apparent grinding scratches (Figure 1a). Compared to AZ31, the scratches of TA/AZ31 are also less pronounced (Figure 1b). This suggests that the tannic acid coating covers the scratches on the surface of the AZ31. Furthermore, the surface of the TA/AZ31 is a uniform structure with a small amount of cracking. The surface of HA/AZ31 (Figure 1c) clearly shows the chunks of calcium phosphate crystal and the surface is not uniform. However, the surface of the HA/TA/AZ31 is a brush-like array and porous (Figure 1d). Compared with the direct formation of HA, tannic acid can induce a more uniform HA coating, which may be attributed to the increase in the number of the centers of HA growth [19,20]. The pores in the HA/TA coating may be caused by hydrogen evolution [23,31]. The cross-section morphologies of the HA, TA, and HA/TA coatings are presented in Figure 1e–g, and the thickness of the coatings are shown in Table 1. The coatings of HA/AZ31 are thinner and looser than HA/TA/AZ31, which suggests that the tannic acid may promote the growth of HA on AZ31 magnesium alloys. In addition, the connection of HA/TA coating and substrate is closer than the direct formation of HA on AZ31 magnesium alloy surface. In the cross-section morphology of TA/AZ31 (Figure 1f), we can see there are two boundaries, one of them is between AZ31 Mg alloys and its tannic acid coating, the other one is between the tannic acid coating and the resin. Obviously, there exists a certain thickness between those two boundaries. This indicates that the surface of AZ31 forms a new coating according to the results of Chen et al. [24,26], namely a tannic acid coating.



The surface morphologies of AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 specimens after immersion in SBF for seven days are shown in Figure 2a–d. The surface of the bare AZ31 after soaking in SBF solution for seven days has a large number of wide, deep cracks and pits with a small amount of scattered spherical particles. Compared with bare AZ31 after soaking, the cracks and pits of the surface of tannic acid-coated AZ31 after soaking is significantly decreased, and the cracks and pits are narrower and shallower. The crack formation can be ascribed to water loss of the corrosion products and surface shrinkage [32]. In addition, the surface of tannic acid-coated AZ31 after soaking forms uniform, dense, spherical particles. The HA/AZ31 after soaking displays more obvious cracks compared to the HA/AZ31. However, compared to HA/AZ31 after soaking, the HA/TA/AZ31 after soaking became denser and the cracks and pits also apparently decrease. The results show that the samples after soaking underwent CaP redeposition.



The element compositions of the TA/AZ31, HA/TA/AZ31 surface are analyzed by EDS in Figure 3a,b. The C, O, and Mg are detected on two groups. The elements of C and O are detected on TA/AZ31 surface, which shows that there is a new coating on the surface of AZ31. Compared to TA/AZ31, Ca and P are detected on HA/TA/AZ31 surface, the atomic ratio Ca/P is 1.62, and this is close to that of hydroxyapatite (1.67). Additionally, the relatively low Ca/P also illustrates that Ca is insufficient in the HA/TA coating, and this may be due to a small amount of magnesium ions replacing the calcium ion in the HA [33]. According to Ren et al. [34], the replacement is good for mimicking natural bone tissue.



Figure 4 shows the XRD pattern of AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 specimens before (a, c, e, g) and after (b, d, f, h) soaking in SBF for seven days. The diffraction peaks of Mg are detected for all specimens. Furthermore, there is no obvious difference in the XRD patterns between AZ31 and TA/AZ31. This result may be caused by the non-crystallinity of the tannic acid coating [29]. In HA/TA/AZ31, new peaks are seen at 2θ = 25.9°, 29.1°, 31.7°, and 2θ = 53.4° in the XRD pattern besides the AZ31 peaks, and these peaks originate from the (002), (210), (100), and (004) reflections of HA [29]. In addition, the some HA peaks are detected for all samples after being immersed for seven days, which is consistent with the scanning electron microscopy result (Figure 2a,b). Therefore, we infer that the surface of the AZ31 and TA/AZ31 after soaking forms a CaP coating in the SBF according to the study by Fragal et al. [35].



The FTIR spectra of AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 are shown in Figure 5. For the TA/AZ31 sample, several characteristic peaks of benzene are seen at 1600–1450 cm−1, and 1300–1000 cm−1 [26]. Therefore, the presence of the benzene ring peaks proves that the tannic acid film is successfully prepared on AZ31 Mg alloys by tannic acid treatment. For the HA/TA/AZ31 sample, the OH− peak is seen at 3483 cm−1, and the characteristic peaks of the phosphate group are detected at 1037 cm−1 and 561 cm−1 [29]. This indicates the formation of HA on tannic acid-coated AZ31 magnesium alloy surface. The carbonate band (CO32−) at 1649 cm−1 and 870 cm−1 indicates that the hydroxyapatite structure contains carbonate ions. However, the special peaks of HA and TA coatings are not obvious in the spectrum of AZ31.



The above material characterization results confirm the hydroxyapatite coating is formed on the AZ31 magnesium alloy with the assistance of tannic acid in the CaP solution. We infer that the formation is due to the hydroxyl groups of tannic acid adsorbing Ca2+ in solution, which forms positively-charged groups of the surface, and then many negatively-charged groups, such as OH−, PO43−, etc. in the solution combine with calcium ions. As a result, the AZ31 magnesium alloy surface forms the hydroxyapatite coating [35].




3.2. Corrosion Resistance Analysis


3.2.1. Polarization Measurements


The polarization curves, corrosion potential (Ecorr), and corrosion current density (Icorr) of the AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 samples in SBF at 37 °C are shown in Figure 6 and Table 2, respectively. The HA-coated AZ31 has more positive Ecorr (−1.391 ± 0.007 V) and lower Icorr ((3.9337 ± 0.2465) × 10−7 A/cm2) compared with the AZ31 substrate (Ecorr = −1.462 ± 0.006V, Icorr = (4.8978 ± 0.2455) × 10−6 A/cm2). However, the Ecorr (−1.304 ± 0.006V) value of the HA/TA/AZ31 is the most positive, and its Icorr value ((5.6494 ± 0.3187) × 10−8 A/cm2) is the lowest. Compared with the bare AZ31, the Ecorr for HA/TA/AZ31 was increased by about 158 mV, and the Icorr was decreased 100-fold. Therefore, the HA/TA coating can significantly improve the corrosion resistance of AZ31 compared to the TA coating and HA coating. This may be because the coating on the surface of the magnesium alloys blocks the corrosion ions from directly contacting the AZ31 magnesium alloy [36].




3.2.2. EIS Studies


Electrochemical impedance spectroscopy checks the charge transfer or hindrance at different phases. It can monitor the status and behavior of conducting phases interfaces [37]. Figure 7 shows the Nyquist plot for the bare, TA-coated, and HA/TA-coated AZ31 in SBF. Furthermore, the fitting equivalent circuits of the TA/AZ31 and HA/TA/AZ31 are shown in Figure 8a,b, respectively. Here, Rs represents the solution resistance of the system, R1 and C1, R2 and C2, and R3 and C3 represent the resistance and capacitance of bare AZ31, TA coating, and HA coating, respectively. This proves that HA/TA/AZ31 has two time constants that are attributed to the inner, dense TA coating and outer, porous HA. The polarization resistance (Rp) is 6203 Ω cm2, 25,634 Ω cm2, and 63,637 Ω cm2 for AZ31, TA/AZ31, and HA/TA/AZ31, respectively. Compared with AZ31, the TA/AZ31 has a higher Rp value, which can be attributed to the effective protection of TA coating as the passivation film. However, the HA/TA double-coated AZ31 Mg alloys shows the largest value of the polarization resistance due to the superposition of the protection of double coating [31]. It is also clear that the Nyquist plot of the HA/TA/AZ31 has two capacitive semicircles—the first semicircle is attributed to the porous HA coating, and the second semicircle to the dense TA coating [31]. We infer that the HA/TA double coating can significantly improve the corrosion resistance of AZ31.




3.2.3. H2 Evolution Testing


Cumulative hydrogen gas evolution plots for the bare, TA-coated, HA-coated, and HA/TA-coated samples in the SBF solution for seven days at 37 °C are shown in Figure 9. The results show that the bare AZ31 Mg alloys have the highest hydrogen evolution rate (0.52 mL/cm2/day) during the immersion, while the hydrogen release rate of the HA-, TA-, and HA/TA-coated samples are 0.196, 0.363, and 0.161 mL/cm2/day, respectively. This suggests that the corrosion of bare AZ31 Mg alloys in SBF solution is more likely to occur. However, TA and HA/TA films could significantly hinder the corrosion of AZ31 magnesium alloys, which is consistent with the potentiodynamic polarization data and EIS studies.





3.3. Cytotoxicity Evaluation


The MTT results assess the cytotoxicity of the AZ31, HA/AZ31, TA/AZ31, and HA/TA/AZ31 (Figure 10). The viabilities of MC3T3-E1 cells cultured with the extract media of AZ31, HA/AZ31, and HA/TA/AZ31 for 1, 4, and 7 d are higher than 80% suggest that the AZ31, HA/AZ31, and HA/TA/AZ31 samples are non-toxic. In particular, the cell viability of the HA/TA/AZ31 sample is higher than 100%. We infer that the HA coatings can improve the proliferation of MC3T3-E1 cells in vitro—this result is consistent with Lin et al. [29,38,39]. The reason that the dissolved HA from the coating might act as a growth factor to encourage proliferation of MC3T3-E1 cells [39,40] and the porous structure of HA/TA coating can accelerate the differentiation and proliferation of osteoblasts and promote new bone reconstruction [40]. However, the cell viability of TA/AZ31 after 1, 4, and 7 days is lower than 80%, indicating mild toxicity; this may be that tannic acid, as a fixed agent, can cause proteins and sugars in the cell membrane to be destroyed [41].



Figure 11 shows the morphologies of the MC3T3-E1 cells cultured in extraction medium from AZ31 (a), TA/AZ31 (b), HA/TA/AZ31 (c), and negative control (d) for seven days by optical microscopy. The amount of cells incubated in the extract medium of HA/TA/AZ31 and the negative group is significantly more than TA/AZ31 and AZ31, which suggests that HA improves the cytocompatibility of TA/AZ31 and AZ31. Compared to the negative control group, the morphologies of MC3T3-E1 cells cultured in the extract medium of TA/AZ31 are significantly different. This shows that the TA coating has slight cytotoxicity. The morphologies of MC3T3-E1 cells cultured in the extract of AZ31 and HA/TA/AZ31 are normal and healthy, which is similar to that of the negative control group. In terms of the results of cell morphology, the HA coating can significantly improve the cytocompatibility of AZ31 and TA/AZ31, which is consistent with the MTT results.





4. Conclusions


The hydroxyapatite/tannic acid coatings on AZ31 magnesium alloys are successfully prepared by chemical conversion and biomimetic method. The corrosion resistance results reveal that the corrosion rate of the hydroxyapatite/tannic acid-coated AZ31 substrate is apparently decreased, which is beneficial to reduce the biodegradable rate of magnesium alloys. The cytotoxicity tests indicate that the HA/TA/AZ31 did not produce a cytotoxic response for MC3T3-E1 cells, and this promotes cell proliferation. The results verify that the formation of HA coatings on TA/AZ31 magnesium alloys to increase corrosion resistance and improve cytocompatibility is feasible.
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Figure 1. The SEM images showing the surface morphologies of (a) AZ31, (b) TA/AZ31, (c) HA/AZ31, (d) HA/TA/AZ31 and the cross-sections of (e) HA/AZ31, (f) TA/AZ31, and (g) HA/TA/AZ31. 
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Figure 2. The SEM images showing the surface morphologies of AZ31 (a), TA/AZ31 (b), HA/AZ31 (c), and HA/TA/AZ31 (d) specimens after soaking 7 days in SBF. 
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Figure 3. The elemental compositions of the TA/AZ31 (a) and HA/TA/AZ31 (b) surfaces are analyzed by EDS. 
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Figure 4. The XRD pattern of AZ31, TA/AZ31, HA/AZ31, and HA/TA/AZ31 specimens before (a, c, e, g) and after (b, d, f, h) soaking in SBF for 7 days. 
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Figure 5. The FTIR spectra of (a) AZ31, (b) TA/AZ31, (c) HA/AZ31, and (d) HA/TA/AZ31. 
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Figure 6. The PDP curves of (a) AZ31, (b) TA/AZ31, (c) HA/AZ31, and (d) HA/TA/AZ31 samples in SBF. 
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Figure 7. The Nyquist plot of the AZ31-, TA-, and HA/TA-coated samples in SBF. 
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Figure 8. The fitting equivalent circuits of TA/AZ31 (a) and HA/TA/AZ31 (b). 
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Figure 9. The hydrogen evolution volumes of AZ31, HA/AZ31, TA/AZ31, and HA/TA/AZ31 in SBF for seven days. 
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Figure 10. The cell viabilities of MC3T3-E1 cells cultured in extraction mediums of (a) negative group; (b) AZ31; (c) HA/AZ31; (d) TA/AZ31; and (e) HA/TA/AZ31. 
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Figure 11. The optical microscopy images (20×) representing the morphologies of MC3T3-E1 cells cultured for 7 d in AZ31 (a), TA/AZ31 (b), and HA/TA/AZ31 (c) extracts, and the negative control (d). 
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Table 1. The coating thickness of HA/AZ31, TA/AZ31, and HA/TA/AZ31 (mean ± SD μm).






Table 1. The coating thickness of HA/AZ31, TA/AZ31, and HA/TA/AZ31 (mean ± SD μm).





	Samples
	Thickness





	HA/AZ31
	4.66 ± 0.25



	TA/AZ31
	1.66 ± 0.22



	HA/TA/AZ31
	15.61 ± 0.64










[image: Table] 





Table 2. The corrosion potential (Ecorr) and corrosion current density (Icorr) of the AZ31, TA/AZ31, HA/AZ31, HA/TA/AZ31 samples in SBF at 37 °C (Mean ± SD).
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	Samples
	Ecorr (V)
	Icorr (A/cm2)





	AZ31
	−1.462 ± 0.006
	(4.8978 ± 0.2455) × 10−6



	TA/AZ31
	−1.416 ± 0.011
	(3.7334 ± 0.3461) × 10−6



	HA/AZ31
	−1.391 ± 0.007 *
	(3.9337 ±0.2465) × 10−7 *



	HA/TA/AZ31
	−1.304 ± 0.006 *
	(5.6494 ±0.3187) × 10−8 *







* The results of the group had significant difference related to AZ31 group (p < 0.05). 
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