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Abstract

:

In this study, films with different fluorine contents were prepared on an AZ31 magnesium alloy by using plasma electrolytic oxidation to study the corrosion resistance and cytocompatibility of the alloy. The morphology of the coating surface, phase, and chemical elements were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray spectrometry (EDS). The changes in the corrosion resistance with different fluorine contents were investigated by electrochemical experiments, hydrogen evolution, and long-term immersion tests. In addition, murine fibroblast L-929 cells were adopted for in vitro cytotoxicity tests using the cell counting kit (CCK)-8 assay, and the morphology of the cells was observed simultaneously by inverted microscopy. The results showed that the main form of the fluorine ions in the plasma electrolytic oxidation coatings was magnesium fluoride (MgF2). In addition, the corrosion resistance and cytocompatibilities of the coatings were improved by the addition of fluoride ions. When the content of potassium fluoride reached 10 g/L, the cell compatibility and corrosion resistance were the best, a finding which provides a basis for the clinical applications of the AZ31 magnesium alloy in the biomedical field.
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1. Introduction


In recent years, many studies have focused on the clinical application of magnesium and its alloys as temporary implants, mainly as fracture fixation materials and coronary stents [1,2,3,4,5,6]. Magnesium alloys have many excellent properties, including easy biodegradation in vivo due to their low corrosion potentials [7]. Magnesium is an essential nutritional element for healthy bodies, and the recommended daily intake for adults is 240–420 mg/d [8,9]. Therefore, in clinical applications of fracture fixation, follow-up operations can be avoided, and the economic and mental burdens on patients can be reduced. Furthermore, magnesium and its alloys differ from other biomaterials in terms of their densities and elastic moduli, which are close to those of human bone [2,10]. Compared to other implant materials, such as stainless steel, Co-based alloys, and Ti alloys [11], if magnesium and its alloys are used as implant materials, the stress shielding effect can be avoided [3,4]. Magnesium is one of the most abundant elements on earth, with a mass fraction of 1.93% in the earth’s crust and of 0.13% in the oceans [10], ranking as the eighth most abundant terrestrial and cosmic element [12].



However, from the first clinical trial, in which Lambotte applied pure magnesium for implants, to the present, the uncontrollable degradation and corrosion of magnesium alloys have been a limitation, especially in circumstances with chloride ions. The results of trials included extensive gas cavities, local swelling, and heavy pain [13]. In addition, the rapid degradation of magnesium alloys leads to local environment alkalization, and the strengths of the implants decrease rapidly [14]. Thus, magnesium alloys do not meet the requirements of medical implant materials.



Therefore surface modification is the best method to reduce the degradation rates of magnesium alloys. At present, the main methods of surface modification include sol-gel processes [15,16], biomimetic mineralization [17], laser surface melting (LSM) [18], anodic electrodeposition [19], and plasma electrolytic oxidation (PEO) [20] (also known as micro-arc oxidation [21]). Among these methods, PEO has been widely accepted over the last few years due to its low cost, environmentally friendly process, and ability to produce high-quality ceramic coatings that can simultaneously improve the corrosion resistance, wear resistance, and cell compatibility of substrates [22,23]. To meet the requirements of implant materials and improve the cytocompatibilities of PEO films, fluorine was added to the electrolyte to obtain a film containing magnesium fluoride and improve the biocompatibility.



According to some studies, the chemical stability of MgO is not as high as that of MgF2 in physiological environments. The higher the F/O ratio is, the better the corrosion protective ability of the coatings becomes [14,24]. In earlier works, it was demonstrated that the addition of fluorine ions to the electrolyte led to reduced corrosion of PEO-treated magnesium alloys [25,26]. Thus, the corrosion resistance of a magnesium substrate can be enhanced by increasing the F/O ratio of the surface coating. Furthermore, fluoride contributes to biocompatibility because it is an essential element in human bone structure. It is known to stimulate the proliferation of osteoblasts and increase the new mineral deposition of cancellous bone, as it substitutes for the hydroxyl group in hydroxyapatite to form fluorapatite [27,28]. At present, a large amount of research has focused on MgF2 coatings on magnesium and its alloys through chemical conversion using various concentrations of hydrofluoric acid and/or temperatures, which improved corrosion resistance and cytocompatibility [28,29,30,31,32].



However, the safety and tolerance of the added ions must be considered in biomedical applications, and there have been few studies on the preparation of fluoride films by plasma electrolytic oxidation. In this study, plasma electrolytic oxidation was used to prepare different fluorine-containing coatings on the surface of the AZ31 magnesium alloy to enhance its corrosion resistance and cytocompatibility and to quantify the optimum fluorine content. Thus, this study provides knowledge for the application of magnesium alloys in the field of biomedicine.




2. Materials and Methods


2.1. Sample Preparation


AZ31 (Al 3.0%–3.2%, Zn 0.8%–1.2%, Mn 0.2%, balance Mg) magnesium alloy samples were prepared with sizes of 30 × 20 × 5 mm3 by mechanical cutting, after which they were sanded and polished by 320#, 600#, 800#, 1000#, and 1500# SiC paper. The samples were ultrasonically cleaned in acetone and deionized water for 10 min followed by blow-drying.




2.2. Preparation of Fluoride-Incorporated Coatings on AZ31 Mg Alloys


In the process of PEO, a bipolar pulse power was used. The voltage was slowly increased in constant current mode. The frequencies were +1000 and −120 Hz. The energy levels were +40% and −20%, and the process lasted for 10 min. The sample designations and properties are summarized in Table 1, Table 2 and Table 3.




2.3. Surface Characterization


A digital eddy-current thickness gauge (1100, Elcktrophysic, Cologne, Germany) was used to measure the film thickness after the plasma electrolytic oxidation treatment, and the mean value of twenty measurement at different positions on the sample surface was taken as the film thickness. The phase compositions of the specimens were determined by an X-ray diffractometer (XRD, D/Max-2400, Rigakuco. Ltd. Tokyo, Japan), with the range of test angles (2θ) and grazing angles of 20°–80° and 2°, respectively. In addition, scanning electron microscopy (SEM, nSM-5600LV, JEOL, Tokyo, Japan) was used to observe the surface and cross-section microstructures of the films, and energy-dispersive X-ray spectroscopy (EDS, Hitachi S-4800, Hitachi, Ltd., Tokyo, Japan) was used to measure the surface element compositions of the films. In addition, to examine the interface between the substrate and film, the samples were embedded with epoxy resin and polished with silicon carbide sandpaper to 7000#, after which the cross-sectional morphologies were observed under SEM.




2.4. Evaluation of Corrosion Behavior In Vitro


2.4.1. Electrochemical Testing


Potentiodynamic polarization and electrochemical impedance are the most commonly used electrochemical methods to evaluate the corrosion of magnesium alloys in vitro. The electrochemical corrosion tests of the AZ31 magnesium alloy and plasma electrolytic oxidized samples were carried out using an electrochemical station (Autolab PGSTAT302N, Metrohm, The Netherlands) to evaluate corrosion resistance. At room temperature, the samples with surface areas of 0.5 cm2 were exposed to simulated body fluid (SBF) [33]. The saturated calomel electrode (SCE) system was adopted. The sample was the working electrode, the calomel electrode was the reference electrode, and the platinum plate was the auxiliary electrode. To obtain a stable open circuit voltage, the sample was immersed in an SBF solution for 30 min prior to the test. The electrochemical impedance spectroscopy (EIS) tests were performed over a frequency range of 0.01–100 kHz. The experiment was repeated three times to examine the reproducibility of the results.




2.4.2. Hydrogen Evolution Tests


Following previous research, the hydrogen evolution test of SBF was carried out in an oil bath using an inverted funnel burette system at 37 °C [34]. The water level was measured every day for 14 consecutive days to measure the amount of hydrogen released. Considering the low hydrogen evolution rate of the coating samples, three samples were used for each condition. The experiment was repeated three times to ensure precision.




2.4.3. Long-Term Immersion Tests


Before the immersion test, all the surfaces of the samples except for the working surface were sealed with protective paint to prevent the fringe effect. The AZ31 alloy, C-0, C-5, C-10, and C-15 samples were placed in a beaker containing 1 L of the SBF solution and then stored in a thermostat (37.5 °C). The solution was changed every 2 days, and the time of corrosion point appeared was recorded using a digital camera.





2.5. In Vitro Cytocompatibility Evaluation


Murine fibroblast L-929 cells (Shanghai qishi biotechnology co., LTD, Shanghai, China) were cultured in a humidified atmosphere of 37 °C with 5% CO2 using a complete culture medium to evaluate the surface cytocompatibilities of the AZ31, C-0, C-5, C-10, and C-15 samples. The complete culture medium was Roswell Park Memorial Institute (RPMI-1640, Hyclone, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone) with 100 µL/mL of penicillin and 100 mg/mL of streptomycin (Hyclone). The medium was changed every 2 days. The best cells in the logarithmic phase were selected as experimental cells.



The experiment was divided into six groups: a negative group, AZ31, C-0, C-5, C-10, and C-15, and each group of samples was sterilized by ultraviolet irradiation. Following the ISO 10993-12 standard [35], the extraction medium of the samples was prepared by immersing the materials in the complete culture medium. After 24 h in the environment at 37 °C and 5% CO2, the solution was obtained and stored at 4 °C. Meanwhile, the L-929 cells were seeded on a 12-well culture plate with a density of 5 × 104 cells/mL to test their cytotoxicity [36]. These cells were cultured for 24 h and sufficiently adhered to the walls. The culture medium was substituted by the extracts in the experimental groups, and fresh culture medium without any extract served as the negative control. The samples were incubated in plates for 1, 3, and 5 days. Next, a cell counting kit (CCK-8) was used to evaluate the cytotoxicities of the samples. The CCK-8 was mixed with the medium at a ratio of 1:10, and 500 μL of the mixture was added into each well in a dark environment. After 2–4 h of incubation, the mixture was transferred to a 96-well plate. Finally, the OD value (the absorbance value of the optical density) of each well was measured with a microplate reader (Elx 800, Bio-Tek, Winooski, VT, USA) at 450 nm. Each test was carried out three times.





3. Results


3.1. Phase Composition


Figure 1 shows the XRD pattern obtained from the coated surfaces. The coatings produced XRD peaks of Mg and MgO [37]. Normally, the characteristic peaks of MgF2 appear at 27.3°, 40.4°, and 53.5° [38]. The results indicated that MgO and MgF2 were the main constituents. As shown in Figure 1, the MgF2 peaks were present in the coatings prepared in the electrolyte containing KF, indicating that fluoride ions entered the discharge channel in the reaction process, participated in the plasma electrolytic oxidation reaction, and generated compounds. Meanwhile, the intensity of the MgF2 peak increased with the increase in the KF concentration, but no significant MgF2 peak was detected in the C-5 sample.




3.2. Surface and Cross-Section Morphologies


Figure 2 shows SEM images of the top surface of the plasma electrolytic oxidation film. Typical porous microstructures and molten matter were formed in the plasma electrolytic oxidation process. The KF additive in the electrolyte greatly influenced the surface morphologies of the PEO coatings. For samples C-0–C-15, upon increasing the concentration of KF, the electrolyte conductivity increased, the number of coating micropores decreased, and the pore diameters increased, all of which is consistent with previous studies [39]. Thus, the coatings obtained in the electrolyte with KF had much larger pore sizes than those obtained in the electrolyte without KF. This occurred because the electrolyte constituents contributed to the coating morphologies by changing the discharge behaviors [22]. In addition, some microcracks were evident on the surfaces of the coatings prepared from different fluorine contents solutions, which may have been initiated by the thermal stress during the rapid solidification of the melted oxide product in the discharge channel. This morphology and defect structure were closely related to the plasma characteristics [40].



Figure 3 and Table 2 show the cross-sectional structures of the PEO films obtained by SEM, as well as the thicknesses of the films. Based on the images for C-0 and C-5, when the KF in the electrolyte reached 5 g/L, the thickness of the fluorine-containing coating nearly doubled, which indicated that the growth rate of the film increased simultaneously and that KF played a very important role in promoting the growth of the coating. Furthermore, since the growth of the PEO coatings mainly occurs in the second stage of plasma electrolytic oxidation [41], the plasma electrolytic oxidation may have occurred earlier in the electrolyte containing fluorine. Presumably, due to addition of KF and the subsequent decrease in the arcing voltage, the energy consumed by the plasma electrolytic oxidation process was reduced, the surface spark of the sample was larger, and more breakdowns occurred simultaneously. This promoted the progress of the film-forming reaction and accelerated the growth of the film layer [39,42]. Further observations revealed that with the increase in the KF concentration, the adhesion between the coating and substrate was more compact, which may have been due to the easier adsorption of fluorine to the surface of the magnesium alloy to form a protective layer.




3.3. Elemental Composition


Figure 4 and Table 3 show the main components of the plasma electrolytic oxidation film. Without KF, the main elements of the film were O, Mg, and P. With the addition of KF, the fluorine content in the coating increased, and the oxygen and phosphorus content decreased.




3.4. Corrosion Resistance


3.4.1. Electrochemical Measurements


Figure 5 shows the electrodynamic polarization curves of the samples treated with plasma electrolytic oxidation in SBF at room temperature, and Table 4 shows the corrosion current density (Icorr) and corrosion potential (Ecorr) obtained by fitting the polarization curves.



MgO (C-0) had more positive Ecorr (−1.448 ± 0.014 V) and lower Icorr ((1.397 ± 0.004) × 10−7 A/cm2) values than the AZ31 magnesium (−1.465 ± 0.003 V, (4.804 ± 0.080) × 10−6 A/cm2). However, the Ecorr (−1.375 ± 0.005 V) value of the MgF2 (C-15) was the most positive, and its Icorr value ((8.677 ± 0.023) × 10−9 A/cm2) was the lowest. Compared to the AZ31 substrate, the Ecorr of MgF2 (C-15) increased by approximately 90 mV, and the corrosion current density decreased by a factor of 1000. The corrosion resistance of AZ31 was improved by the plasma electrolytic oxidation treatment, especially with the fluorine electrolyte. This improvement was related to the decreased surface porosity and increased oxide layer thickness, as proven by the surface and cross-section SEM images. Moreover, the amount of the MgF2 phase was positively correlated with the corrosion resistance [43].



To further explore the corrosion characteristics of the coated and uncoated samples, impedance spectroscopy was conducted, and the resultant EIS plots and fitting equivalent circuits of the coated samples were shown in Figure 6, where Rs is the solution resistance, R1 is the resistance of the PEO coating paralleled with constant phase element (CPE)1, and R2 is the coating/substrate interface resistance in parallel with (CPE)2 [44]. The impedance parameters derived from the plots are given in Table 5. The polarization resistance, which is regarded as a measure of corrosion resistance, is calculated by R1 and R2, and the impedance of the spectrum is mainly determined by R2 [45,46]. Figure 6 shows that R1 and R2 increased with increasing KF content in the electrolyte, which indicates that the films had a better corrosion resistance with an increase in KF concentration, as is consistent with the results of Ecorr in Table 4. Meanwhile, the parameter values show that the resistance of the inner layer, R2, was generally much higher than that of the outer layer, R1, indicating much higher contribution of the inner layer than that of the outer layer to the overall corrosion resistance of the coatings.




3.4.2. Hydrogen Evolution Tests


Figure 7 shows the hydrogen evolution from the AZ31, C-0, C-5, C-10, and C-15 samples over a period of 14 days at a constant temperature (37 °C) in the SBF solution. The total hydrogen evolution of the bare AZ31 alloy reached 50.9 mL. In contrast, the amounts of hydrogen released by the C-0, C-5, C-10, and C-15 samples were 19.2, 11.9, 8.7, and 8.1 mL, respectively. As expected, the bare AZ31 alloy rapidly released copious amounts of hydrogen upon immersion. In addition, the degradation rate gradually decreased after seven days for the bare AZ31, which was attributed to a protective layer on the AZ31 alloy, consistent with previously reported results that the formation of corrosion product layer helps to reduce the corrosion rate of the matrix [47,48]. Furthermore, the PEO samples showed comparatively smaller volumes of released hydrogen, but the degradation rate gradually amplified after 10 days for C-0, because the layer was damaged and hydrogen was produced by the degradation of the freed AZ31 substrate. The other three groups were uniformly corroded, which indicated a high level of protection of the substrates by the coatings.




3.4.3. Long-Term Immersion Test


Figure 8 shows photographs of the five groups of samples after different soaking times. The AZ31 magnesium alloy group was corroded during the first day of immersion. However, no abnormalities were found on the surface of the coated group. Figure 8 shows that the C-0 sample suffered localized corrosion damage after immersion for 432 h; however, on the C-5 and C-10 samples, the corroded area appeared after immersion for 696 h in SBF. Finally, the slowest corrosion occurred in the C-15 group, which took 1488 h. In general, with the extension of the immersion time, the corrosion area increased, and the corrosion pits deepened. Finally, extensive corrosion occurred under both coatings. The results proved that the fluoride coating had better corrosion resistance than the fluoride-free coating, which was in good agreement with electrochemical analysis results.





3.5. Cytotoxicity Test


An indirect assay was performed to evaluate the L-929 cell responses to the PEO-coated and uncoated AZ31 alloy samples. Figure 9 shows the changes in the cell viability with culture time. According to previous studies [49], AZ31 has a relatively good biocompatibility, which is a major reason that we selected AZ31 as the substrate. However, with the prolongation of culture time, the cell activity of the AZ31 magnesium alloy group decreased, possibly because the pH value was too high to be suitable for cell growth. Meanwhile, the cell viability of the coated group had a faster increase than the uncoated AZ31 alloy with increasing incubation time, showing a significantly higher value at every time point. With the addition of KF, the cytocompatibilities of the coatings showed a tendency to first rise and then fall, which indicated that too low or too high of a fluoride content was not suitable for cell growth and proliferation. However, the cells in the extracts of C-5, C-10, and C-15 showed no cytotoxicities, indicating that the protective coating was well tolerated by the L-929 cells. In particular, between one and five days, the cell survival rate of the C-10 group increased from 96% to 118%, which indicated that the coatings could promote the proliferation of the cells and exhibit a desirable cytocompatibility.



Cytotoxicity tests are important for evaluating the biocompatibility of a new biological material. The elements added to biomedical magnesium alloys should be carefully selected to ensure that there is no cytotoxicity. The interactions between the cells and materials can be monitored by L-929 cell co-cultures with the extracts of the alloys. Figure 10 shows the morphologies of the cells cultured in different extracts with inverted microscope images (20×). As shown in Figure 10, the density of the cells decreased for the AZ31 magnesium alloy, which suggested that the extracts of the coating may have inhibited cell growth. In addition, the cells of the C-5, C-10, and C-15 groups grew well, and the number of cells was similar to that of the negative group. These details are consistent with the cytotoxicity tests. Based on the above analysis, the extract of the C-10 group exhibited the best cytocompatibility.





4. Conclusions


Fluorine-free and fluorine coatings were successfully prepared by plasma electrolytic oxidation in a phosphate electrolyte on AZ31 magnesium alloy surfaces. The compositions, structures, corrosion behavior, and cytotoxicity of the coatings were studied, and the following conclusions were drawn:




	(1).

	
The main component of the coating prepared in the fluorine-free electrolyte was MgO, and the coating components in the fluorine electrolyte were MgO and MgF2. Moreover, with increasing KF contents in the electrolyte, the porosity of the coating surface decreased and the coating thickness increased.




	(2).

	
A corrosion resistance analysis showed that the corrosion resistance of the fluorine-containing plasma electrolytic oxidation film was superior to that without fluorine. Moreover, with increasing KF content in the electrolyte, corrosion resistance increased, which reduced the degradation rate of the AZ31 magnesium alloy.




	(3).

	
In vitro cytotoxicity tests indicated that the cytocompatibility of the fluorine-containing coating was better than that of the fluorine-free coating and that the MgF2/AZ31 coating had no cytotoxic effect on the L-929 cells. In particular, with the increasing fluorine content, the cell proliferation was accelerated. However, after a certain amount of fluorine was added, it inhibited the cell growth. Thus, the proper fluoride content in the coating should be carefully determined to meet a balance between good corrosion resistance and cytocompatibility.
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Figure 1. X-ray diffraction (XRD) patterns of plasma electrolytic oxidation (PEO) coatings on the AZ31 Mg alloy. 
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Figure 2. Surface morphologies of PEO coatings on the AZ31 Mg alloy. 
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Figure 3. Cross-sectional images of all PEO coatings. 






Figure 3. Cross-sectional images of all PEO coatings.



[image: Coatings 09 00826 g003]







[image: Coatings 09 00826 g004 550] 





Figure 4. Elemental compositions of C-0, C-5, C-10, and C-15, analyzed by energy-dispersive X-ray spectrometry (EDS). 
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Figure 5. Potentiodynamic polarization curves for the samples in simulated body fluid (SBF) at room temperature. 
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Figure 6. Nyquist curve and fitting equivalent circuits for samples in SBF at room temperature. 
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Figure 7. Hydrogen evolution of AZ31, C-0, C-5, C-10, and C-15 samples in SBF for 14 days. 
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Figure 8. Immersion test results for the AZ31 Mg alloy, C-0, C-5, C-10, and C-15. 
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Figure 9. Absorbance of the negative and samples. 
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Figure 10. Inverted microscope images (20×) for the L-929 cells cultured with extracts originating from the negative group, AZ31 magnesium, C-0, C-5, C-10, and C-15 for three days. 
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Table 1. Composition and concentration of MAO electrolytes in each group.
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	Group\Electrolytes
	(NaPO3)6 (g/L)
	NaOH (g/L)
	KF (g/L)





	C-0
	3
	2
	0



	C-5
	3
	2
	5



	C-10
	3
	2
	10



	C-15
	3
	2
	15
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Table 2. Thicknesses of coating surfaces (mean ± SD).
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	Group
	C-0
	C-5
	C-10
	C-15





	Thickness (µm)
	5.84 ± 2.37
	9.49 ± 1.96
	25.61 ± 3.26
	27.83 ± 3.51










[image: Table] 





Table 3. Elemental compositions of the coating surfaces (mean ± SD).
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	Elements (wt %)
	Mg
	O
	F
	P
	Na





	C-0
	33.00 ± 0.12
	46.66 ± 0.32
	0
	18.38 ± 0.04
	1.18 ± 0.10



	C-5
	37.80 ± 0.02
	38.70 ± 0.17
	7.67 ± 0.09
	12.66 ± 0.35
	2.66 ± 0.13



	C-10
	35.86 ± 0.02
	32.96 ± 0.28
	15.48 ± 0.04
	10.20 ± 0.02
	2.69 ± 0.04



	C-15
	35.20 ± 0.04
	25.61 ± 0.14
	25.74 ± 0.07
	7.90 ± 0.11
	2.05 ± 0.04
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Table 4. Corrosion potential (Ecorr) and corrosion current density (Icorr) of the samples in SBF (mean ± SD).
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	Samples
	Ecorr (V vs. SCE)
	Icorr (A/cm2)





	AZ31
	−1.465 ± 0.003
	(4.804 ± 0.080) × 10-6



	C-0
	−1.448 ± 0.014
	(1.397 ± 0.004) × 10−7 *



	C-5
	−1.457 ± 0.002 *
	(2.419 ± 0.317) × 10−8 *



	C-10
	−1.393 ± 0.006 *
	(3.151 ± 0.071) × 10−8 *



	C-15
	−1.375 ± 0.005 *
	(8.677 ± 0.023) × 10−9 *







*The results of the group had significant differences from the AZ31 group (p < 0.05).
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