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A controllable degradable coating on Mg alloy based on plasma electrolytic oxidation (PEO) process is reported for the first time. The reported results show that introduction of silica nanoparticles into PEO electrolytes leads to their reactive incorporation in coatings and thus influencing the degradation behavior. Dissolution of amorphous phases facilitates chemical reaction with components of simulated body fluid, resulting in self-healing effect via redeposition of insoluble conversion products. The dynamic balance between dissolution of the original coating and reconstruction of corrosion layer is mainly determined by the phase composition of the coating as well as the surrounding corrosive medium.
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1 INTRODUCTION
Magnesium and its alloys are of great interest for biomedical applications (Hort et al., 2010; Cha et al., 2013). However, the uncontrollable corrosion or degradation rate is the main obstacle for Mg to be used as biodegradable implant material (Staiger et al., 2006; Miskovic et al., 2017; Song et al., 2020). Alloying and surface treatment are the main approaches to tailor the corrosion rate of magnesium-based biomaterials (Tie et al., 2021; Yang et al., 2021). It was found that some potential alloying elements raise certain alarms concerning toxicity and biocompatibility. Furthermore, it is also out of the question to control the degradation rate of Mg only by introduction of alloying elements (Wu et al., 2013; Sankara Narayanan et al., 2014). Therefore, a variety of surface treatment processes have been utilized to better protect Mg from corrosive attack (Song et al., 2007; Córdoba et al., 2016; Gnedenkov et al., 2016; Ke et al., 2016). Nevertheless, not all of them can be used for biomedical applications since certain coatings are designed for corrosion protection rather than controlling the degradation rate of Mg substrate. In general, coating material for biodegradable implants should meet several important requirements. The key properties are biocompatibility, controllable degradation rate, good adhesion to the substrate, and acceptable wear resistance. Among which, control of the initial degradation is of paramount importance (Kirkland et al., 2010). Although polymer coatings have been applied to control the degradation rate of metallic material, the main drawback is the poor adhesion to the metal surface when corrosion occurs (Hu et al., 2012). An attractive alternative is coating formed by plasma electrolytic oxidation (PEO) which is an environmentally friendly process to produce ceramic-like layers with certain barrier properties and high resistance against wear. These coatings have exhibited good biocompatibility and adhesion ability to the substrate (Blawert et al., 2015; Lu et al., 2015; Sun et al., 2016). The degradation behavior of PEO coating has been proved to be related to the microstructure and phase composition of the oxide layer. The extent of corrosion resistance is mainly dependent on internal coating structure, with the two key factors, namely the interconnected open porosity and the barrier layer (Arrabal et al., 2009; Zhang et al., 2015). Coatings composed of phases with high chemical stability normally demonstrate better corrosion performance (Mori et al., 2014). Besides the corrosive medium also plays an important role in the degradation process of PEO coatings, which should be taken into consideration if the coatings are used for specific applications, especially in the area of biomedical application. Recently the important activities on the degradation behavior of PEO coating on Mg alloys in simulated body fluid have been started (Zhang et al., 2017; Mei et al., 2020; Mei et al., 2021). Nevertheless, the difficulty in achieving an acceptable control over the degradation rate is still a matter of concern in fabricating PEO coating with a programmed lifetime. Most standard industrial PEO coatings are designed to be insoluble for permanent use and cannot be directly used for Mg implants. Therefore, finding a way of tuning the degradation rate of PEO coatings can lead to a breakthrough in application of Mg-based biodegradable implants.
2 MATERIALS AND METHODS
AM50 magnesium alloy in size of 15 mm × 15 mm × 4 mm was treated by a pulsed DC power supply with a constant current density of 37 mA/cm2 for 20 min. The duty ratio was 10% and frequency was 250 Hz. During the PEO process, the specimen and stainless-steel tube were used as the anode and cathode, respectively. The chemical composition of AM50 alloy, as measured with an Arc/Spark Optical Emission Spectroscopy system (Spark analyser M9, Spectro Ametek, Germany), is 4.74 wt.% Al, 0.383 wt.% Mn, 0.065 wt.% Zn, 0.063 wt.% Si, 0.002 wt.% Fe, 0.002 wt.% Cu and Mg balance. The specimens were ground using emery sheets up to 2,500 grit and then air-dried prior to PEO treatment. As the voltage was limited at 420 V, the coatings were finally produced under a constant voltage mode after reaching the voltage limitation. 2 and 5 g/L SiO2 nanoparticles with size of 12 nm avg. were added into phosphate based electrolyte (8 g/L KOH and 20 g/L Na3PO4). A stirrer and bubbling generator were used to facilitate the uniform distribution of the particles in the electrolyte. PEO coating without particle addition was produced for comparison. The corresponding coatings are named PPEO, PPEO (2 g_particle) and PPEO (5 g_particle), respectively. The temperature of the electrolytes was kept at 10 ± 2°C by a water-cooling system. A scanning electron microscope (TESCAN Vega3 SB) equipped with EDS was used to examine the microstructure and composition of the PEO coatings. X-ray diffraction (XRD) investigations were carried out using a Siemens diffractometer operating at 40 kV and 40 mA with Cu Kα radiation.
The degradation behavior of the PEO coatings was assessed with electrochemical impedance spectroscopy (EIS) test with an ACM Gill AC computer controlled potentiostat at room temperature. A typical three-electrode cell with the coated specimen as the working electrode, a saturated Ag/AgCl electrode as the reference electrode, and a platinum mesh as counter electrode was used. Electrochemical impedance spectroscopy (EIS) studies were performed at open circuit potential with AC amplitude of 10 mV RMS sinusoidal perturbations over the frequency range from 30 kHz to 0.01 Hz for 7 days, and further immersed up to 1 month for specific samples. Hank’s solution (8.00 g NaCl, 0.40 g KCl, 0.14 g CaCl2, 0.35 g NaHCO3, 0.20 g MgSO4·7H2O, 0.12 g Na2HPO4·12H2O, 0.06 g KH2PO4) was prepared according to ASTM-G31-72 (Shi et al., 2009; Gu et al., 2011).
The isolation of primary human osteoblasts was performed according to the Declaration of Helsinki. Human hip joints were obtained from consenting patients undergoing hip arthroplasty (Schön Klinik Hamburg Eilbek, Hamburg, Germany) with the approval of the local ethic committee. Cancellous bone pieces were removed from the hip joint bone and transferred to a cell culture covered with DMEM Glutamax-I (Life Sciences, Karlsruhe, Germany) with 10% fetal bovine serum (FBS, PAA Laboratories GmbH, Linz, Austria), and cultured under physiological conditions (5% CO2, 20% O2, 95% relative humidity, 37°C) until cell outgrowth. Then, bone pieces were removed and the cells were further cultured until reaching sub-confluent state. For this study osteoblasts were used up to the third passage. 100,000 osteoblasts were seeded on each sample beforehand sterilized with 70% ethanol and cultured for up to 7 days with media exchange every 2–3 days.
For the assessment of osteoblast cell viability and material coverage, the live/dead staining assay (Life Technologies, Darmstadt, Germany) was performed. The staining solution was prepared by adding 4 μl Calcein AM (green stain for viable cells) and 10 μl Ethidium homodimer-1 (red: dead cells) to 10 ml of sterile distilled water. The samples were washed with sterile distilled water to eliminate the non-adherent cells and then immersed in 1.5 ml of staining solution for 20 min under physiological conditions prior to fluorescent microscopy evaluation (Eclipse Ti–S; Nikon, Düsseldorf, Germany). Samples were then critical-point-dried before (SEM) evaluation (Phenom ProX; LOT-Quantum Design GmbH, Darmstadt, Germany). After a glutaraldehyde fixation step, carriers were stained in osmium tetroxide prior to an alcoholic dehydration row. Subsequently, samples were critical-point-dried in 2-propanol to preserve cell morphology by a Leica EM CPD300 (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany).
3 RESULTS AND DISCUSSION
A new particle-containing electrolyte formulation is used for fabricating PEO coating, aiming at designing an amorphous layer and controlling the coating degradation rate. Phase composition of the coating can be changed from crystalline to amorphous by addition of SiO2 nanoparticles under certain treatment parameters (Lu et al., 2015). The backscattered electron (BSE) micrographs of the surface and cross section of the coatings demonstrate the morphology of the coatings obtained in electrolytes with addition of different concentrations of nanoparticles (Figure 1). The layer with higher load seems to be more porous than the other two kinds of coatings. As can be seen from the cross section, the coating is slightly thicker in the presence of particles (63 ± 5 μm) when compared to the blank one (50 ± 5 μm), while the number of particles in the electrolyte has nearly no influence on the thickness of the coating. All PEO coatings consist of an outer relatively compact region divided by a central pore band layer, and an inner thin barrier layer which is hardly visible at the present micrographs.
[image: Figure 1]FIGURE 1 | Surface and cross section morphology of the coatings. (A) and (D) PPEO, (B) and (E) PPEO (2 g_particle), (C) and (F) PPEO (5 g_particle).
All the produced coatings contain amorphous phase, as indicated by the large broad bump distributed over 20°–35° in the X-ray diffraction pattern (Figure 2). The Mg peaks originate from the substrate. Nevertheless, an important difference in phase composition can be observed. The coating in the absence of nanoparticles consists of crystalline MgO phase, while the layer tends to be fully amorphous with the incorporation of SiO2 nanoparticles. The intensity of MgO peak decreases to some extent with the addition of 2 g/L particles and then disappears when the particle concentration further increases to 5 g/L. A reactive incorporation between MgO, phosphate and SiO2 particles is suggested resulting in a new amorphous phase. The chemical composition of different coatings determined by EDS is given in Table 1. The content of oxygen and phosphorus is similar for all coatings. As expected, the silicon content in the coating is related to the particle concentration in the electrolyte, since electrolyte with higher concentration of particles leads to higher Si amount in the coating, e.g., 10 at. % for PPEO (5 g_particle) and 4 at. % for PPEO (2 g_particle), respectively. With the identification of P and Na in the coatings, it can be inferred that the amorphous material is composed of mixed oxides of Na2O·MgO·SiO2, while glassy solidification is supported by the presence of phosphorus.
[image: Figure 2]FIGURE 2 | XRD patterns of the PEO coatings. (A) PPEO, (B) PPEO (2 g_particle), and (C) PPEO (5 g_particle).
TABLE 1 | Surface composition (at. %) of the coatings before and after corrosion test.
[image: Table 1]A key feature is that the coatings also demonstrate significant difference in the degradation behavior. The surface and cross section of the corroded specimens can be observed in Figure 3. The coating surface is dominated by pores and cracks, and the layer seems to be peeled off from the matrix after preparation process, suggesting that the coating is severely corroded after immersion test. However, the surface porosity of the coating in the presence of particles is much less than the blank coating. Based on the EDS results (Table 1), it can be observed that the content of P and Na is reduced after performing corrosion test, while the content of Si and Al exhibits some kind of increase when compared to the uncorroded specimens. Ca is identified in all coatings, indicating that corrosion products are deposited on the coating surface by absorbing the soluble Ca2+ ions from the corrosive medium. Coating formed in the electrolyte containing 2 g/L nanoparticles has absorbed higher amount of Ca (5%) in contrast to the other two coatings, 0.5% for PPEO and 2.5% for PPEO (5 g_particle), respectively.
[image: Figure 3]FIGURE 3 | Surface and cross section morphology of the PEO coatings after 3-days corrosion test. (A) and (D) PPEO, (B) and (E) PPEO (2 g_particle), (C) and (F) PPEO (5 g_particle).
EDS maps were further performed to identify the element distribution of the corroded coatings after immersion for 3 days. For PPEO (Figure 3D), Ca is mainly enriched in the area between the outer and inner layer, namely the pore band, indicating that the corrosive medium has penetrated through the whole layer and reached the coating/matrix interface. A new layer (Figure 3E) composed of Ca, P, and O is clearly seen on the top of the primary outer layer for coating with addition of 2 g/L nanoparticles. In addition, some internal defects are sealed by the deposited corrosion products. As for the coating produced from electrolyte containing 5 g/L particles (Figure 3F), Ca signal is detected in the outer layer and also the inner part of the coating. Plenty of large-sized defects/cracks are observable in the layer, indicating that the dissolution rate of the original coating is faster than redeposition rate of the corrosion products formed by the components of the coating and corrosive electrolyte. Therefore, this type of coating is not applicable for acting as biodegradable layer for Mg alloy. According to the above-mentioned findings, it can be inferred that the amount and distribution of Ca element could be one criterion to judge the corrosion and self-repair degree of the coating. The crystallinity of the outer layer is also of great importance since it serves as primary protective barrier, and the redeposited corrosion layer acts as the secondary barrier layer for the matrix.
Electrochemical impedance spectroscopy (EIS) was employed to investigate the degradation behavior of the PEO coatings in Hank’s solution, as can be seen in Figure 4. The high frequency time constant, corresponding to the outer layer of PEO coating, has been maintained for the first 1 week. It disappears after 1-month corrosion test, suggesting that the protective capability of the outer layer is strongly weakened. Taking the corroded coating microstructure into consideration, the maintenance of the time constant at high frequency suggests that the outer porous layer is sealed by the redeposited conversion products, and the merged time constants at the medium and low frequency could be associated to the inner layer and corrosion process respectively. This is an indication that the coating is corrosion resistant at the initial stage and is degradable after relatively long-term immersion test.
[image: Figure 4]FIGURE 4 | Electrochemical impedance performance of PPEO and PPEO (2 g_particle) in Hank’s solution.
Additionally, the cytotoxicity of the coatings without and with addition of 2 g/L nanoparticles was evaluated by live/dead staining coupled with the SEM observation (Figure 5). The cytotoxicity of the uncoated sample was also investigated to compare with the coatings. As expected, cells cannot survive on the uncoated Mg without coating protection. The beneficial effect of PPEO coating on cell viability can be seen clearly and human osteoblasts were able to grow all over the surface. Furthermore, the cells appeared healthy, well-spread and possessed flattened morphology. Such phenotype is required for proper proliferation of anchorage-dependent cells (Walker et al., 2005). However, the results obtained from particle-containing coating are somehow unexpected, as only few cells were found after 7 days. The lower cell density could be explained by the rapid degradation of the coating rather than toxicity of the coating itself as flower-like corrosion products were observed on the coating surface. The discrepancy between degradation behaviors in various in vitro tests can be mainly attributed to the different total amount of the Ca2+ ions in the corrosion medium used for testing. The volume of Hank’s solution (330 ml) for electrochemical measurements is much higher than that of DMEM solution (6 ml) used for cytotoxicity test, although the concentration of Ca2+ ions of each medium is comparable. There is a high probability of depletion of Ca2+ in the DMEM electrolyte which leads to unrealistically low concentrations of this cation after certain time. As it is demonstrated above, Ca2+ ions play a crucial role in the controllable degradation of PEO coated Mg alloy. Consequently, the reduced concentration of Ca2+ in the testing media could suppress the self-healing ability of the developed coatings. Moreover, cytotoxicity test was performed under physiological conditions, e.g., cell culture media, 37°C, 5% CO2, and presence of proteins, which are known to influence the corrosion rate of the coating (Willumeit et al., 2013).
[image: Figure 5]FIGURE 5 | Live/dead staining and SEM observation on the surface of uncoated and coated Mg alloy after cell culture for 7 days. (A) and (D) uncoated Mg, (B) and (E) PPEO, (C) and (F) PPEO (2 g_particle).
Summarizing, introduction of SiO2 nanoparticles to the electrolyte results in PEO coatings with different microstructure and phase composition, as the crystalline coating turns into amorphous layer due to the reactively incorporated nanoparticles, which have huge effects on the corrosion response and degradation behavior. It can be inferred that the degradation process of the coating is also influenced by the place of implantation, which determines the volume, flow velocity and chemical composition of the surrounding corrosive medium, leading to huge discrepancies when using different in vitro testing methods. Principally the corrosion mechanism and degradation process of the coating can be summarized as follows. Due to dissolution of unstable amorphous material, reprecipitation of low-solubility compounds initiates when the corrosive surroundings provide appropriate ions. For example, Ca2+ ions from the body fluid/blood can react with the dissolved phosphate, silicate or hydroxide ions from the dissolved layer and redeposit on the coating surface. Meanwhile, the pore band between the outer and inner layer can be considered as a reservoir for the newly formed conversion products, most likely to be calcium compounds. In that sense, the porosity of PEO coating can be taken as advantage to significantly improve the bonding area with the corrosive medium to form a new protective bioactive layer. It is noteworthy that the designed coatings are only capable of delaying the degradation of Mg alloy at the initial stage rather than the later stage, which is of paramount importance for biomedical application. The degradation process of the coating in flowing surrounding should be investigated in future work.
4 CONCLUSION
The degradation rate of PEO coating in simulated body fluid could be controlled by varying the coating composition, which is mainly balanced by dissolution of the unstable amorphous material and reconstruction of the redeposited conversion products. The crystallinity of the outer layer is of great importance since it serves as primary protective barrier, while the redeposited corrosion layer acts as the secondary barrier layer, which is primarily related to the degree of amorphization of the coating. The self-healing capability enables PEO process to be an applicable surface treatment approach for Mg based implant materials. With these findings it is possible to design PEO coatings with certain degradation rate for biomedical application.
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