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Abstract

:

Featured Application


Tunable bioactive and bioresorbable metal implants.




Abstract


Magnesium and its alloys are not normally used as bioresorbable temporary implants due to their high and uncontrolled degradation rate in a physiological liquid environment. The improvement of corrosion resistance to simulated body fluids (SBF) of a magnesium alloy (AZ31) coated with poly-β-hydroxybutyrate (PHB) was investigated. Scanning electron microscopy, Fourier transform infrared spectrometer, and contact angle measurements were used to characterize surface morphology, material composition, and wettability, respectively. pH modification of the SBF corroding medium, mass of Mg2+ ions released, weight loss of the samples exposed to the SBF solution, and electrochemical experiments were used to describe the corrosion process and its kinetics. The material’s biocompatibility was described by evaluating the effect of corrosion by products collected in the SBF equilibrating solution on hemolysis ratio, cytotoxicity, nitric oxide (NO), and total antioxidant capacity (T-AOC). The results showed that the PHB coating can diffusively control the degradation rate of magnesium alloy, improving its biocompatibility: the hemolysis rate of materials was lower than 5%, while in vitro human umbilical vein endothelial cell (HUVEC) compatibility experiments showed that PHB-coated Mg alloy promoted cell proliferation and had no effect on the NO content and that the T-AOC was enhanced compared with the normal group and bare AZ31 alloy. PHB-coated AZ31 magnesium alloy extraction fluids have a less toxic behavior due to the lower concentration of corrosion byproducts deriving from the diffusion control exerted by the PHB coating films both from the metal surface to the solution and vice versa. These findings provide more reference value for the selection of such systems as tunable bioresorbable prosthetic materials.
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1. Introduction


Biological implants have been widely used in various applications, and most of these biomedical devices are made from different biomaterials designed to stay permanently in the body. However, due to complications such as long-term endothelial dysfunction, delayed reendothelialization, late thrombosis, permanent physical irritation, toxic metal ion release, and local chronic inflammation, such long-term implantations often need secondary surgeries to remove them [1,2,3,4].



Several bioresorbable materials have been therefore proposed to overcome these long-term limitations associated with permanent implant materials, and among these, magnesium is still attracting significant attention for its light weight, good mechanical properties, and compatibility with human physiology [5].



Another intriguing characteristic of magnesium is its osteoconductive activity, which has been described to occur in clinical trials as an increase of bone apposition in magnesium-based implants [6]. Since early studies [7,8], it has been assessed that the presence of Mg structures for human bone fracture reduction decreases the time for hard callous formation. The presence of Mg ions is a crucial cofactor for many enzymatic metabolic activities [6,7] that facilitate tissue healing [8]. Moreover, even when in excess, Mg ions do not often cause cellular toxicity since they are readily expelled with body excretions.



Unfortunately, pure magnesium is not directly suitable for such applications due to its insufficient mechanical and corrosion properties. Magnesium alloys have been considered to overcome most of these difficulties [8,9,10,11,12,13,14,15,16]. However, not all of them could be considered as proper materials for resorbable medical implants, especially those containing high concentrations of elements such as zirconium, aluminum, and rare earth metals that may induce inflammatory cascades and tissue damage [5,15,16,17,18,19,20]. The magnesium alloy AZ31, which is characterized by a relatively low content of aluminum (3%) and zinc (1%), has been experimentally proved to possess good biocompatibility [11,12].



Due to its good balance among mechanical, biocompatibility, and biodegradation characteristics, Mg AZ31 alloy may be a suitable bioresorbable implant material. However, it should be considered that because several clinical treatments, such as bone healing, may require up to 12 weeks to complete [5], material with more reliable and controlled corrosion kinetics should be adopted to prevent bioresorption from occurring before tissue healing is accomplished. Uncontrolled or high corrosion rates in the physiological environment may result in the bioresorbable implant’s early embrittlement and loss of structural integrity [14]. Technological solutions that enable reduction and control of degradation rates can favor a wider utilization of biodegradable temporary implants, avoiding concerns about metal fix implants [21,22].



Different approaches, such as alloy composition, surface modification, and conversion coatings, have been proposed to improve and to better control the corrosion kinetics of magnesium alloys [14,22,23,24,25,26]. Namely, ion implantation [27,28,29], organic coatings [30,31,32,33], alkali heat treatment, micro-arc oxidation [34,35,36], and polymer coating [37,38,39] have been proposed. Among these, biodegradable polymer coatings have been described to have better performance [40,41,42], even if not yet providing proper coating durability or good biocompatibility.



PHB (Poly-β-hydroxybutyrate) is a natural macromolecule polymer secreted by microorganisms under the condition of unbalanced growth that was chosen for our study as a biodegradable protecting and corrosion rate-controlling coating for magnesium alloy [32].



PHB and its copolymers are already used in a wide range of applications for drug release and tissue engineering, since it is naturally and not toxically biodegraded in CO2 and H2O by the human metabolism and does not cause body immune exclusion. Tissue response to PHB degradation byproducts is debated. Rat subcutaneous tissue reactions following implantation of PHB and PHB/VA have been reported [43] with the hypothesis that mononuclear giant cells infiltrate hyperplasia of fibroblasts, and mature fibrous capsules were a typical reaction associated with an increase in the collagen deposition induced by PHB degradation byproducts. However, in vivo tests run [44] using PHB films implanted subcutaneously in rabbits’ legs for 8 weeks showed that the presence of macrophages was not accompanied by any acute inflammation or abscess formation. The experiment suggested that PHB material has good biocompatibility and biodegradation [45] associated to good chemical and mechanical properties for biomedical applications [15,45,46,47,48,49,50,51,52,53].



In the present work, both the surface characterization and biological response of magnesium alloy AZ31 coated with poly-β-hydroxybutyrate (PHB) were evaluated to investigate whether it could induce low hemolysis and its effects on cell viability. Such experimental research provides a preliminary evaluation of magnesium alloys with PHB coating as vascular stents and hard tissue repair materials, and it will serve as a base and reference for their future potential clinical applications.




2. Materials and Methods


2.1. Materials


Magnesium AZ31 alloy extruded bars with chemical composition (wt.%) 2.89 Al, 0.92 Zn, 0.05 Mn, 0.01 Si, 0.002 Cu, 0.001 Ni, 0.004 Fe, and the complement 96.123 Mg were obtained from Guangdong Dongguan Hongxing Metal Materials co., LTD., Dongguan China. Reagent grade poly-β-hydroxybutyrate (PHB) was purchased from Santa Cruz Biotechnology, Santa Cruz CA, USA.




2.2. Preparation of Mg Alloy Disks and Coating Procedures


Specimens were cut from the AZ31 magnesium alloy bars. Small disks with dimensions 13 mm diameter and 2 mm thickness were obtained. Each sample was mechanically ground up with 1200-grit SiC paper, ultrasonically cleaned in acetone, and rinsed with ethanol and distilled water. PHB was dissolved in trichloromethane (analytical grade) at a concentration of 1 wt%. Organic PHB dip coating on Mg AZ31 alloy disk was carried out by a two-step process: first a 2 h hydrothermal treatment at 100 °C [43], the scope of which was to obtain an uniform surface for all samples with a homogeneous Mg(OH)2 layer that favors polymer coating adhesion, was carried out followed by dip coating in the PHB solution with subsequent solvent evaporation at 20 °C for 24 h. Magnesium AZ31 alloy control specimens without polymer coating were also collected after the hydrothermal treatment. Polymer coating thickness was indirectly determined by gravimetric measurements of the samples before and after the coating procedure. Sample weight increase after solvent evaporation of the 1% polymer solution was rationally assumed to be due to the formation of a homogeneous thin polymer film covering the entire sample surface, the thickness of which was extrapolated considering the exposed surface area of the sample (3.47 cm2) and PHB polymer density (1.25 g/cm3). The gravimetric calculated mean coating thickness was 52 ± 6 μm.




2.3. Alloy Surface Morphological and Chemico-Physical Characterization


The surface morphology of the specimens was analyzed by scanning electron microscopy (SEM) (VegaIII-LMH, Tescan, Czech Republic). Molecular structure and chemical composition of the surface material were investigated by Fourier transform spectrum (FTIR). Sample wettability was determined by using a contact angle meter (Future Digital Scientific, Taiwan).




2.4. Electrochemical Analysis


Electrochemical measurements were performed by utilizing an electrochemical workstation (Chen Hua CH604B, Shanghai) with a three-electrode setup: the specimen as working electrode (1 cm2 area exposed), a platinum sheet as counter-electrode, and a saturated calomel electrode (SCE) as reference electrode. Fifty milliliters of deoxygenated m-SBF incubated in a water bath at 37 ± 0.2 °C served as electrolyte. Potentio-dynamic polarization curves were scanned from −2 V to −1 V at a scan rate of 2 mV/s. The natural corrosion current (Icorr) and natural corrosion potential (Ecorr) were determined by Tafel extrapolation.




2.5. Static Degradation Tests


The corrosion tests on reference and PHB-coated Magnesium AZ31 alloy were carried out at 37 °C in a simulated body fluid (SBF), the composition of which in mmol/L is reported in Table 1, following metal corrosion test standard ASTM-G31-72. Specifically, solution volume-to-sample area ratio should be between 20 mL/cm2 and 40 mL/cm2; in our test, the selected ratio was 30 mL/cm2. Identical reference and coated samples were immersed in separate flasks containing the same corrosion fluid (SBF). We daily collected SBF solution samples to measure their pH values (by electrochemical pH meter) and magnesium ion concentration (by inductively coupled plasma-mass spectrometer) and as a culture medium to run the biological tests. After daily sampling, SBF solutions were renewed for all samples over the entire period of the corrosion tests (15 days). Uncoated and coated samples’ individual measurements had four repetitions. At one-day time intervals, a group of PHB-coated and uncoated AZ31 disks was daily removed from the SBF, gently rinsed, and cleaned with 180–200 g/L chromium trioxide for 5–10 min and then air dried for individual gravimetric measure of their daily weight losses as a function of SBF exposure time.



According to gravimetric measurements and inductively coupled plasma-mass spectrometry, corrosion rates were respectively evaluated as daily weight loss (mg/cm2 per day) and daily released Mg2+ ion mass (mg/cm2 per day). Moreover, following the ASTM-G31-72, corrosion rate was also evaluated as μm/day both from gravimetric and mass spectrometry measurements.




2.6. Cell Culture


HUVECs were cultured in endothelial basal media (RPMI 1640; HyClone, Cytiva, Saly Lake City, UT, USA) and Dulbecco’s Modified Eagle Medium/F12 (DMEM/F12), respectively. Both were supplemented with 10% fetal bovine serum (FBS; Cambrex Corp, E.Rutheford, NJ, USA) and 1% antibiotic/antimycotics solution (Gibco Industries Inc., Langley, OK, USA). Cells were grown to confluence in T-75 culture flasks (Falcon, BD Biosciences, San Diego, CA, USA) at 37 °C under 5% CO2.




2.7. Cytotoxicity Assessments


The effect of metal ions released from magnesium alloys was evaluated by using Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Shanghai, China) to determine the percentage of viable human umbilical vein endothelial cells (HUVECs) in extract solutions exposed to different concentrations. The cells were cultured in RPMI1640 media (Hyclone, USA), 10% fetal bovine serum, FBS (Gibco, USA), and Penicillin-Streptomycin at 37 °C in a humidified atmosphere with 5% CO2. The AZ31 alloys were immersed in RPMI1640 media for 72 h (the ratio of the sample surface area and extraction medium using 1.25 cm2/mL). The leaching solution was prepared at concentrations of 25%, 50%, and 100%. Cells were counted (2 × 104 cells) using a hemocytometer and plated in 96-well plates with 200 μL of culture media per well. The cells were incubated for 24 h to allow attachment. After the 24 h incubation, the culture media was replaced with culture media exposed to magnesium alloys. Pure culture media with cells was used as control. The cells were incubated for 24 h. After the 24 h, 100 μL of media were removed from the 96-well plates, and the remaining 100 μL media was treated with 20 μL/well CCK Solution Reagent. The 96-well plates were placed in the incubator for 4 h. After the incubation period, optical density measurements were recorded using an ELx800™ BioTek absorbance microplate reader controlled by Gen5 software with a 490 nm absorbance excitation filter.




2.8. Hemolysis Assessments


Healthy human blood from a volunteer containing sodium citrate (3.8 wt.%) in the ratio of 9:1 was taken and diluted with normal saline (4:5 ratio by volume). Samples were dipped in a 15 mL centrifuge tube containing 10 mL of normal saline that had been previously incubated at 37 °C for 30 min. Then, 0.2 mL of diluted blood was added to this standard tube, and the mixtures were incubated for 60 min at 37 °C. Similarly, normal saline solution was used as a blank control and deionized water as a positive control. After that, all the tubes were centrifuged for 5 min at 3000 rpm, and the supernatant was carefully removed and transferred to the 96-well plates for spectroscopic analysis at 545 nm.



The hemolysis, based on the average of three replicates, was evaluated by optical density (OD) measurements using an ultraviolet spectrophotometer (UNIC-7200, UNIC, Shanghai, China) according to Equation (1):


Hemolysis = (ODtest − ODnegative control)/(ODpositive control − ODnegative control) × 100%



(1)




where ODtest stands for the optical density of the test group, ODnegative control stands for that of the normal saline control group, and ODpositive control stands for that of the deionized water group.




2.9. Nitric Oxide (NO) Assessments


Cells were counted (2 × 104 cells) using a hemocytometer and plated in 24-well plates with 500 μL of cell suspension per well. Pure culture media with cells was used as control. After 24 h, SBF corrosion extraction fluids at different dilutions were used to replace the original culture medium, and the supernatant was obtained after 24 h of culture. Experimental procedures were performed in accordance with a nitric oxide (NO) assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing China). The absorbance of each well was measured at 570 nm of the microplate reader.




2.10. Total Antioxidant Capacity (T-AOC) Assessments


Cells were counted (2 × 104 cells) using a hemocytometer and plated in 24-well plates with 1 mL of cell suspension per well. The following experimental procedures were performed in accordance with a total antioxidant capacity (T-AOC) assay kit (Nanjing Jiancheng Bioengineering Institute, China).




2.11. Statistical Analysis


Each experiment was repeated at least three times, and the data are expressed as the mean ± the standard deviation (SD). Comparisons among values for all groups were performed by one-way analysis of variance (ANOVA). Holm’s t-test was used for analysis of differences between different groups. Differences were significant at p < 0.05.





3. Results


3.1. Morphological and Electrochemical Characterization of the Samples’ Surfaces


Scanning electron micrographs of the surface morphologies of the uncoated and PHB-coated AZ31 samples are shown in Figure 1a–d.



The surface of the thermally treated AZ31 magnesium alloy exhibits a relatively smooth noncontinuous surface with snaking lines that were probably due to the formation of a nonhomogeneous magnesium hydroxide layer during the hydrothermal treatment. Conversely, PHB-coated samples are characterized by much more homogeneous surfaces (Figure 1b). Details of the fractured sample section are reported in Figure 1c,d, where it is possible to see the PHB surface-coating film.



From these images, it appears that the polymer film was uniformly distributed across the surface and that it well adhered to the hydrothermally treated metal surface. From the image of the section of the cold fractured coated samples (Figure 1c and, in detail, Figure 1d), both adhesive and cohesive failures of the polymeric coating are visible.



Direct measurements of the adhesion strength during our time testing were carried out; however, no evidence of PHB corrosion was microscopically noticed after the 2 weeks of the tests.



The molecular characteristics and chemical compositions of AZ31 and PHB-coated AZ31 sample surfaces were spectroscopically investigated. FTIR spectra are compared in Figure 2a,b.



The left FTIR spectrum, Figure 2a, which represents the uncoated alloy, shows the presence of an absorption band at 3343 cm−1, which represents the existence of an (OH) bond possibly associated to a superficial layer of the magnesium hydroxides.



The surface absorption spectrum of the polymer coated samples, reported in Figure 1d, consistently with the standard spectrum of PHB, presents a 3437 cm−1 peak associated to the stretching vibration of hydroxyl OH; the 2978 cm−1 peak of the stretching of saturated CH; the 1725 cm−1 of the stretching of C = O; the 1456 cm−1 and 1381 cm−1 of CH3- and -CH2- deformation vibration; the 1291 cm−1~1058 cm–1 PHB ester band; and, finally, the 826 cm−1 absorption peak of CH2 groups.



These results confirm that the AZ31 alloy sample developed a magnesium hydroxide surface layer [43] after hot water treatment that was successively homogeneously covered by the thin film of PHB polymer.



Cathodic and anodic polarization plots are described in Figure 2c. The natural corrosion current (Icorr) and natural corrosion potential (Ecorr) determined by Tafel extrapolation (dotted lines) for the PHB-coated and uncoated Mg alloys are also reported in Figure 2c.



The Icorr value for the PHB-coated sample is two orders of magnitude lower than that of the uncoated AZ31 alloy. Since Icorr is directly proportional to the corrosion rate [38], a drastic improvement in corrosion resistance is achieved by PHB coating that can be attributed to the hindering of the oxidation and reduction reactions occurring at the metal interface.



Magnesium corrosion in aqueous media first implicates reaction of H2O with Mg to produce Mg(OH)2 and H2. The overall reaction comprises the anodic reaction Mg → Mg2+ + 2e− and the cathodic reaction 2H2O + 2e− → H2 + 2OH−, which accounts for the increase of the solution pH [53,54,55]. After a hydrothermal passivation treatment (as was the case for our samples), the Mg AZ31 alloy surface was covered by a Mg(OH)2 layer. During the polarization tests, metal cation transport controls the anodic Mg dissolution kinetic at the metal interface beneath the Mg(OH)2 layer. The unstable in aqueous environment and porous layer cannot hinder electrolyte penetration and diffusive transport. Charge transfer associated with cathodic reactions can, then, freely occur both underneath and on top of this layer, which can collapse, increasing the charge transfer at advanced stages of the corrosion process.



The natural corrosion current of the uncoated alloy, which was significantly higher than that measured for PHB-coated samples, depends on this high charged species mobility. For the PHB-coated alloy, conversely, the exchange current density from the cathodic reaction is reduced because the more hydrophobic polymer film acts as a physical barrier that retards water penetration as well as electron and ion transport.



The abrupt deviation of the anodic branch (a) in the Tafel polarization plot of the PHB-coated sample could be attributed to the passivation of the anode surface. The anodic metal passivation and dissolution rate reduction occur as the PHB coating significantly slows the diffusive mass transport of anions and cations [56].



The formation of polar secondary PHB-Mg2+ bonds (due to the high number of oxygens present in the polymer structure) at the metal–polymer interface may further hinder anodic reactions [56]. The layer of PHB coating also retards bulk polymer anion diffusion from the SBF corroding medium to the metal interface, resulting in a final natural corrosion current about two orders of magnitude lower of that of the bare AZ31 sample.



The shift of natural corrosion potential of the PHB-coated alloy towards the anodic direction and its passivation indicates that the polymer film acts as a physical barrier that strongly hinders the electrolytes anions migration from the SBF corroding solution to the cathode [56].



These anodic and cathodic polarization plots are further discussed in next section in relation to their correlations to wettability and the SBF corrosion tests in terms of PHB diffusive barrier characteristics.




3.2. Wettability, Polarization Curves, and SBF Corrosion Tests


Surface wettability of AZ31 Mg alloy was investigated by contact angle measurements. Water contact angles are reported in Table 2 for not hydrothermally treated and hydrothermally treated samples with and without PHB coating.



The wettability tests confirmed the presence of a continuous surface layer of Mg(OH)2 on the hydrothermally treated samples. As reported in Table 2, in fact, the not hydrothermally treated MG alloy showed significantly higher contact angle value and variance (46.1° and ±2.5° respectively) compared to those of the hydrothermally treated ones (42.2° and ±0.4°, respectively). It can be inferred, then, that the significantly lower data variance of the treated samples could be attributed to more homogeneous surface properties guaranteed by the formation of a homogeneous layer of Mg(OH)2.



In particular, the contact angle of the not hydrothermally treated AZ31 alloy was about 46.1°, indicating a mild hydrophilic character. However, after the hydrothermal treatment, the measured contact angle lowered to 42.2°, indicating that the hydrothermally formed magnesium hydroxide increased the sample surface’s hydrophilicity. Conversely, the presence of a PHB polymer coating on the hydrothermally treated AZ31 metal surface significantly increased the contact angle up to 62.3°, considerably lowering its wettability compared to that of the only hydrothermally treated one. The more hydrophobic the outer layer, the lower the surface wettability and the lower the water penetration rate [53,54,55].



Surface wettability, then, could play a relevant role in the corrosion and biological responses of implanted devices because it influences water and solution electrolyte diffusion, the chemistry of corrosion, protein absorption, and cell activity at the implant interface. This could be particularly significant in the case of magnesium alloy prostheses. When implanted in the body, the magnesium alloy is in contact with body fluids that wet its surface, starting a corrosion and resorption process that may become detrimental to its functionality if it occurs at too high rates [57].



Our wettability test indicates that the presence of a Mg(OH)2 layer increases magnesium alloy wettability and, therefore, any associated detrimental effects, while the use of the PHB coating, which significantly reduces surface wettability and protects the metal surface, could allow for better control of erosion processes, lengthening its functionality.



From the previous discussion, it can be inferred that for implanted prostheses, magnesium erosion and ion release in the biological surrounding environment could be directly related to the electrochemical character of the reduction and oxidation reactions occurring at the metal interface and the external electrolytic solution.



Information on the corrosion rate, passivity, pitting susceptibility, and cathodic and anodic behavior of an electrochemical system can be obtained by interpreting the polarization curves reported in Figure 2c for bare and PHB-coated Mg alloy.



The magnitudes of the natural corrosion current Icorr and natural corrosion potential Ecorr act as driving forces dictating the type and rates of anodic and cathodic electrochemical processes that could take place at the metal–corroding solution interface.



It is generally agreed that the larger the corrosion current density, the higher the corrosion rate, that is, the lower the corrosion resistance of the metal [53,54].



The results of the 15-day SBF corrosion test on PHB-coated and uncoated Mg AZ31 alloy carried out according to the ASTM-G31-72 are reported in Figure 3. In particular, the pH change of the SBF corroding medium, the mass of the Mg2+ corrosion ions released in the SBF, and the gravimetric samples’ weight losses were recorded each day before solution refreshing and are reported in Figure 3a–c, respectively. The curves interpolating the experimental data reported in Figure 3 were obtained by mobile mean curve fitting with a period of two.



The PHB-coated Mg AZ31 samples clearly exhibited in all three diagrams a significantly different corrosion behavior compared to that of the uncoated system.



At the end of each exposure day, the initial pH value of the corroding medium rose from 7.4 to values steadily ranging from 7.6 to 7.8 over the entire 15-day test for the PHB-coated metal samples (red curve in Figure 3a), while that of the uncoated alloy (blue curve in Figure 3a) presented a more scattered distribution and a higher basic character with pH values risen to 8.0–9.5. For all the uncoated samples tested, an abrupt increase of pH after day 9–10 of the corrosion test was observed. This event could be attributed to the previously described porous Mg(OH)2 layer collapsing due to the corrosion reactions and Mg2+ ion ablation from the metal–hydroxide interface [52,53].



Magnesium, when exposed to aqueous environments, develops a superficial porous hydroxide film that only moderately protects the metal from external aggressive liquid environments, thus only partially hindering and slowing down any potential corrosion process [56,57]. However, Mg(OH)2, although only slightly soluble in water, undergoes severe modifications in presence of chloride ions, which could occur in the case of use in contact with physiological solutions.



Mg(OH)2, reacting with Cl−, forms the highly soluble MgCl2 and molecular hydrogen [57]. This continuous dissolution process is accompanied by a progressive increase of the corroding medium basicity (as we have observed in our corrosion tests reported in Figure 3a). In these conditions, pitting of magnesium and embrittlement of the Mg(OH)2 layer could occur at advanced stages of the corrosion process.



The abrupt pH increase at days 9–10 can thus be associated to the collapse of the magnesium hydroxide layer, which caused the direct exposure of the metal surface to the corroding medium. This occurrence, consistently with our experimental data, i.e., observed daily released Mg2+ ions (reported in Figure 3b as mg per sample cm2) and daily gravimetrically measured sample weight losses (reported in Figure 3c as mg per sample cm2), led to an increase of Mg2+ ion concentration in the corroding medium and to a massive sample weight loss.



The mass of Mg2+ released from the uncoated magnesium alloy, in fact, was observed to be constantly higher than that from the PHB-coated ones. This higher tendency to release Mg2+ ions is consistent with the previously described measurements of anodic and cathodic polarization curves and values of the natural corrosion current reported in Figure 2c; the natural corrosion current Icorr of AZ31 coated with PHB was, in fact, two orders of magnitude lower than that of the uncoated alloy (1.68 × 10−3 mA cm−2 vs. 2.26 × 10−1 mA cm−2).



The electrochemical observations confirm the hypothesized corrosion mechanism of the SBF immersion corrosion tests, where a higher diffusion resistance and lower cation and anion mobility are induced by the PHB coating in AZ31 Mg alloy.



It can be supposed, then, that the degradation rate of the AZ31 coated with PHB was significantly reduced by the presence of the polymeric coating film, which acted as a membrane steadily controlling the diffusion flux of the ionic species (especially Cl− anions) from the SBF solution to the metal surface and the counterdiffusion of Mg2+ metal ions toward the external solution. Conversely, the mere presence of the less stable (especially in presence of chloride ions) porous magnesium hydroxide layer cannot equally guarantee constant and effective corrosion control.



The hypothesized diffusive nature of the control exerted by the PHB membrane protecting the metal can be confirmed by the experimental data in Figure 4, where the cumulative amount of Mg2+ ions released in the daily refreshed SBF corroding solutions (data reported in Figure 3b) is plotted as a function of the test time for PHB-coated and uncoated Mg AZ31 alloys.



A steady state constant flux of Mg corrosion ions for the uncoated system (blue line in Figure 4) can be observed from the early stages of the test, while a time lag before reaching stationary flux is observed for the PHB-coated system. A detail of the initial part of the Mg ions release curve is reported in the upper-left corner of Figure 4. The upward shape of the Mg ion release curve before reaching a steady, constant slope is a characteristic observed in permeability tests due to the initial diffusion and sorption of the solution components in the still unpenetrated polymer.



In presence of the PHB membrane, a diffusive control is exerted on electrolyte mobility before steady state conditions of ionic species flux can be reached. This diffusive resistance (time lag) in our tests can be evaluated from the intercept on the time scale (tlag) of the linear part of the curve, namely, 1.9 days. Corrosion rates can be directly evaluated for PHB-coated and uncoated alloys from the slopes of the curves at their stationary conditions. The corrosion rate for the PHB-coated Mg alloy was almost four times slower than that of the uncoated system at 1.25 and 5.5 mg/cm2day, respectively (which, according to ASTM-G31-72, correspond to respective metal corrosion rates of 7.2 and 31.6 μm/day).



Permeability test and time lag measurements in permeation tests have been proven [58,59] to be effective methods to characterize permeability and diffusion coefficients of dissolved species. In the case of the corrosion test, the driving force for diffusion was the difference in concentration of Mg2+ ions between the metal interface, where they are steadily generated by corrosion reactions, and the corroding solution, which is maintained at a low Mg2+ concentration guaranteed by the daily solution refreshments.



Due to the simple nature of the permeation experiment, it can be schematized in our case that diffusive resistance can be directly obtained from experimental transient data preceding steady state permeation (time lag). The diffusion coefficient of Mg2+ ions in the PHB protective membrane can be evaluated using the standard time lag equation [58,59]:


DMg2+ = l2/6 tlag



(2)




where tlag is the time lag (1.9 days), l is the membrane thickness (5.2 ± 0.6 × 10−3 cm), and DMg2+ is the resulting diffusion coefficient, which in our testing condition is 2.7 ± 0.5 × 10−11 cm2/s. This Mg2+ ion diffusion coefficient, which accounts for the mutual cation and anion self-diffusion coefficients 𝐷+ and 𝐷− and solubilities in the polymer, is coherent with the values observed for highly crystalline and hydrophobic polymers [60] such is PHB polymer. Due to the charge neutrality, the Mg2+ cation diffusion in the PHB bulk coating toward the external SBF solution is also dependent on the counterdiffusion of the anionic species (especially the Cl− ions that are directly involved in the metal corrosion process). As previously emphasized when analyzing the potentiometric polarization curves of the electrochemical characterization, the very low natural corrosion current and the shift of natural corrosion potential of the PHB-coated alloy towards the anodic direction indicate that the polymer film principally acts as a physical barrier that strongly hinders electrolyte anion migration from the external SBF corroding solution to the metal.




3.3. Cytotoxicity (CCK-8 Assay)


Application of an indirect method provided experimental assessments for the biocompatibility assays. Potential detrimental effects on host cells of Mg alloy materials and treatments were tested in vitro using the international standards ISO-10993-5 and ISO-10993-12, which are commonly used to evaluate Magnesium alloys [45,46,47,48,49,50,51,52,53].



The SBF corrosion test solutions (which we will name “extraction fluids”) of the PHB-coated and uncoated AZ31 alloy samples, which contained the corrosion byproducts after 1 day of exposure, were used to perform cytotoxicity trials at different dilutions, namely, 25%, 50%, and 100% of the initial concentrated extracted medium.



HUVEC viability in these two types of extraction fluids at different dilutions after 1 day, 3 days, and 5 days, respectively, is summarized in Figure 5 as percentage of viability in standard control fluid (RPMI1640 medium).



After 1 day of exposure, significant, high differences in cell proliferations compared with the control were observed for 100% AZ31 extraction fluid and its 50% dilution, and for exposure to the 100% PHB-AZ31 extraction fluid. No significant differences with the control were observed for the other groups.



After 3 days of culture, significant differences for cell proliferation compared to the control were observed in 100% AZ31 extract fluid, in its 25% dilution, and in the 25% dilution of the PHB-AZ31 extraction fluid.



Finally, after 5 days of culture, only the 100% AZ31 extraction fluid had a significant effect on cell proliferation, while there were no significant differences between the other groups and the control.



It can be inferred that many favorable and adverse factors jointly influenced cell viability. The presence of Mg ions is one of these factors; it can act positively at lower concentrations (day 1), while cell growth adverse factors may arise at higher Mg ion concentrations (day 5). This point is to be further considered in future investigations.



The extraction fluid of the PHB-coated magnesium alloy, which was characterized by a significantly lower Mg ion concentration (see Figure 3b) had a significant effect on cell proliferation only in the early stage of the culture (1 day).



Table 3 includes the details of the relative growth rate (RGR) and cytotoxicity levels for the AZ31 and PHB-coated AZ31 extraction fluids and their dilutions. Levels of cytotoxicity were grade 0 for all extraction fluids and their dilutions when cultured for 1 day. After 3 days of culture, two of the three concentrations (25 and 100%) of the AZ31 extraction fluid exhibited a cytotoxicity level of grade 2, while the 50% was grade 1; all cytotoxicity levels for the PHB-coated samples were of grade 1. After 5 days of cell culture, the cytotoxicity levels of the AZ31 sample fluids were all of grade 1, while two concentrations (25 and 50%) of the PHB-coated sample fluids showed a cytotoxicity of grade 0 and the other of grade 1.



It can be noticed that the PHB-coated AZ31 magnesium alloy extraction fluid has a less toxic behavior and the capacity to promote cell proliferation. This peculiar behavior derives from the lower concentration of corrosion Mg2+ ions that directly originates from the diffusion control exerted by the polymeric coating films on the fluxes of the dissolved ionic species (both from the metal surface to the solution and vice versa).




3.4. Hemolysis


As previously discussed, the PHB polymer coating significantly reduced the Mg AZ31 alloy corrosion rate in SBF and reduced the concentration of corrosion byproducts in the corroding medium.



Table 4 reports the optical density measurements utilized for the evaluation of the hemolysis ratio from the spectroscopic analysis of incubated extraction fluids of magnesium alloy with and without PHB polymer coating with diluted blood and the positive and negative controls. In the last column is reported the Mg2+ concentration of the respective extraction fluids after 72 h of PHB-coated and bare alloy sample conditioning.



The results indicate that the corrosion medium of the bare uncoated magnesium alloy induces a serious hemolysis process, with a rate that was as high as 37.61%, compared to that of the PHB-coated alloy samples, where the hemolysis rate was 4.19%, showing better blood compatibility and meeting the requirements for application as medical material (5%).



The concentration of magnesium ions has a great influence on blood as well as on tissue cells. An AZ31 magnesium alloy implanted in the body, if characterized by a too high degradation rate, will lead to an excessive and dangerous increase of magnesium ion concentration in the fluid surrounding the implant with a detrimental effect on patient health.



After 72 h SBF conditioning, the content of Mg2+ ions in the bare magnesium alloy corrosion fluid was as high as 22.9 ± 1.3 mmol/L, while that of the PHB-coated alloy corrosion fluid was only 2.4 ± 0.2 mmol/L, which remains in the range of variability of physiological fluids.



This result is in line with the hemolysis results discussed before. The too high Mg2+ ion concentration resulted in an increase of hemolysis that is to be attributed to the significant increase of solution ionic strength [53,54]. As Mg2+ ion concentration increases, the osmotic pressure of the solution rises. The osmotic differential can cause erythrocyte swelling and cell membrane rupture with release of free hemoglobin and consequent hemolysis of red blood cells.




3.5. NO Assay


Vascular endothelial cells are directly related to angiogenesis, and nitric oxide (NO) which is an important regulatory signal of angiogenesis. In Figure 6 are reported the absorbance values of NO during the test time. The results indicate that there was no difference between each group. We think the reason for this may be that the NO signal pathway is not closely related with the content of magnesium ions. Each group showed a better NO release compared with the normal group. This indicates that the magnesium alloy material is appropriate for NO release.




3.6. T-AOC Assay


The normal physiological metabolism process of biological tissue can produce reactive oxygen species, and some environmental factors, such as ultraviolet radiation, γ-ray irradiation, environmental pollution, and other factors, can also induce the production of reactive oxygen species. Producing reactive oxygen species can lead to intracellular lipid, protein, and DNA oxidative damage, therefore inducing oxidative stress and then causing tumors, atherosclerosis, rheumatoid arthritis, diabetes, liver damage, etc. For these reasons, it is particularly necessary to detect the total antioxidant capacity of the cells.



Figure 7 shows the results of the total antioxidant capacity assay. In general, the overall antioxidant capacity of the magnesium alloy with PHB surface coating was significantly higher than that of the normal group, and the total antioxidant capacity was significantly improved, indicating that the magnesium alloy material induced a very good enhancement on the total oxidation capacity of cells.





4. Discussion


The polymer coating was prepared by the PHB dip-coating method, while a magnesium hydroxide film, as confirmed by FTIR spectra, was formed on the alloy metal surface by hydrothermal treatment. The hydroxyl of magnesium hydroxide promoted the formation of hydrogen bonds with the PHB hydroxyls, improving adhesion strength between the polymer coating and the magnesium alloy surface. The corrosion natural current of uncoated magnesium AZ31 alloy was two orders of magnitude higher than that of the PHB-coated one, demonstrating that charge transport was drastically reduced by the presence of the polymeric coating.



It can be inferred that the reduced degradation rate of the AZ31 PHB-coated system is to be associated to the presence of the polymeric coating film, which acts as a membrane steadily controlling the diffusion flux of the ionic species (especially Cl− ions) from the SBF solution to the metal surface and the counter-diffusion of Mg2+ metal ions toward the external solution. The results of static corrosion experiments on PHB-coated and uncoated AZ31 samples showed that under the same experimental conditions, weight losses were drastically reduced by the presence of the polymer coating, and Mg ion concentration and the pH value of the corrosion SBF medium were lower than those of the uncoated AZ31. The corrosion rate for the PHB-coated Mg alloy was more stable and almost four times slower than that of the uncoated system at 1.25 and 5.5 mg/cm2day, respectively, which, according to ASTM-G31-72, correspond to surface ablation rates of 7.2 and 31.6 μm/day, respectively.



These findings showed that the polymer coating can not only significantly enhance the corrosion resistance of magnesium alloy materials but, due to the diffusive nature of the processes that driving the corrosion, it can also be used to program targeted resorption times. Control of resorption rates after implantation of and, hence, of Mg2+ ion concentration in body fluids could enlarge the field of application of these systems.



However, after implantation in the human body, a metal prosthesis’s biocompatibility must fulfill a complex chain process [48,49,50]. First, blood and cell biocompatibility must be evaluated. The hemolysis rate of PHB-AZ31 was lower than 5%, meeting the requirements of medical materials. Conversely, the hemolysis rate of bare AZ31 was 37.61%, which might induce more severe hemolytic phenomena because of the higher dissolution of magnesium ions of the uncoated AZ31. When red blood cells contacted with materials, a hemolysis phenomenon appeared because of the different osmotic pressures on both sides of the cell walls [51]. The hemolysis rate test proved that coated magnesium alloy materials showed good blood compatibility. Cell compatibility tests were also investigated; the results showed that corrosion extraction fluids with different concentrations infected endothelial cells differently. The higher extract concentration of the uncoated AZ31 induced greater endothelial injuries. The PHB-AZ31 extracts had no significant detrimental effect on cell proliferation because of the protection and diffusive control exerted by the polymer coating film, which maintained low, physiological levels of Mg2+ ions concentrations.



Cellular compatibility evaluation plays an important role in the evaluation of biological materials [52]. According to CCK-8 kit testing, PHB as a protective layer promoted cell proliferation. Angiogenesis means the formation of vascular lumen structures by endothelial cell proliferation and a migration process based on the existing network of blood vessels. Vascular endothelial cells are directly related to angiogenesis. On the other hand, NO is one of the most important control signals of angiogenesis. Before and after coating, NO content was not affected. Biological tissues can produce reactive oxygen species during normal physiological processes; in addition, some environmental factors, such as ultraviolet radiation, gamma radiation, and environmental pollution, can induce production of reactive oxygen species. When the reactive oxygen species is generated, it can lead to oxidation damage to cell lipids, protein, and DNA. Once oxidative stress is induced, it in turn leads to the occurrence of a variety of tumors, atherosclerosis, rheumatoid, nervous system diseases, etc. Therefore, T-AOC detection of cells is particularly necessary. Compared with normal groups, the T-AOC of PBH-AZ31 had significant enhancement.



Compared to other Mg alloys currently used as bioresorbable implant materials (such as ZX00, which contains 0.45% of Zn, 0.45% of Ca, and WE43, a rare earth Mg alloy containing up to 9% of yttrium, zirconium, and rare earth elements), AZ31 and PHB-AZ31 have been described to present improved corrosion resistance. Higher corrosion rates were observed [61] for rare-earth and lean Mg alloys compared to the AZ type; current–voltage curves and electrochemical impedance measurements confirmed that, for all Mg alloys, intermetallic particles acted as local cathodes; and more protective films were formed on the alloys’ surface compared with pure Mg. The higher the presence of such intermetallic particles, the higher the corrosion resistance of the alloy. Mechanical, degradation, and osseointegration properties and the bone–implant interface strength of the AZ31 bioabsorbable magnesium alloy have been recently investigated [62,63].



Despite the promising biocompatibility performance of ZX00 for bone-implant applications, these Mg alloys still need an investigation of the materials’ mechanical performance, and no information on alloys’ ability of fracture stabilization or load-bearing efficiency is available. To further make these materials suitable for deployment in osteosynthesis, adequate stability during fracture healing must be guaranteed [64].



Poly-hydroxy-alkanoates (PHAs), bio-polyesters such as PHB synthesized by many bacteria, have been produced in large quantities for several research fields, including medical applications [65]. It has been demonstrated by many studies that PHAs possess the required mechanical, biodegradable, and tissue-compatible properties for implant applications. PHAs’ biodegradation by products such as oligomers and monomers has been verified to be nontoxic to cells and tissues. Mechanisms of PHA bioactivity for cell growth have also been described [66]. PHAs have been therefore largely demonstrated as suitable bioactive matrices to support bone tissue growth and attachment and proliferation of bone marrow cells. These cells on PHB scaffolds, in fact, have been described to present typical osteoblast phenotypes such as round cell shape, high alkaline phosphatase activity, strong calcium deposition, and fibrillar collagen synthesis, indicating that PHBs are suitable biomaterial for bone tissue regenerations from bone marrow cells [67].



Literature on biodegradation indicated that the degradation of Polyalkenoates (such as PHB) may be targeted to occur in controlled time spans from few weeks to one year depending on blend or copolymer composition and that it is accelerated by the presence of enzymes [68].



Although not investigated in our paper, the effect of alloying elements (comprising Al, Mn, Cu, and Ni) on biodegradability and biocompatibility is described in literature on dissolved immersion media testing for cytotoxicity, hemolysis, and platelet adhesion [69]. The results showed that none of the tested alloying elements appreciably impaired the viability of vascular smooth muscle cells except for Mn, which increased the viability of the ECV304 cell line. The hemolysis percentage of these Mg alloys was less than 5%, and no sign of thrombogenicity was observed [70].



These investigations showed that the AZ31 alloy, although containing low percentages of Al and Ni that could induce some allergic reactions, associated with PHB (or other PHA) coatings may represent a promising material and a good compromise among biocompatibility, mechanical properties, and corrosion resistance, making this system tunable according to the timing of the specific application according to the corrosion properties required for the resorbable implant.




5. Conclusions


The scope of the present paper was initially addressed to understand the corrosion mechanism and to evaluate by biocompatibility tests the possibility using such system as a targetable viable system for bioresorbable implants.



The major drawback of using magnesium and its alloys in many engineering applications is its low corrosion resistance, especially when exposed to aqueous electrolytic environments. However, this characteristic may become an intriguing property for biomedical applications, where the in vivo corrosion of the magnesium-based implant, if adequately controlled, involves the formation of a soluble, nontoxic oxide and Mg ions that are harmlessly and easily excreted in urine. In addition, due to its functional roles and presence in bone tissue, magnesium may have stimulatory effects on the growth of new bone tissue [27,28,29,30].



Thus, it is predictable that magnesium and its alloys could be applied as lightweight, degradable, load-bearing orthopedic implants, which would remain present in the body and maintain mechanical integrity over a planned, controlled time scale while the bone tissue heals, eventually being replaced by natural tissue using biomechanical approaches [31,32,71,72]. The unfortunate complication is that pure magnesium can corrode too quickly in the physiological pH (7.4–7.6) and the high-chloride environment of the physiological system; polymer PHB was therefore investigated in our study as a potential magnesium alloy corrosion-controlling coating. SEM analysis showed that the morphology of the AZ31 magnesium alloy was changed, depicting smooth and flat features formed after PHB coating treatment. FTIR spectra confirmed the molecular and chemical composition for AZ31 and AZ31 coated with PHB. It indicated that AZ31 indeed formed a magnesium hydroxide layer on its exposed surface after hot water treatment. Wettability studies confirmed that PHB coating made the surfaces less hydrophilic. Static degradation and electrochemical experiments demonstrated that the corrosion rate decreased for PHB-coated AZ31 as compared to untreated surfaces. The corrosion controlling ability can be related to resistance to corroding molecules’ diffusion to the metal surface, and to Mg ions’ counter-diffusion to the solution, exerted by the polymeric film. The degradation rate can be then further reduced by increasing the polymeric film thickness and, hence, the diffusive hindering. This feature can allow specifically tailoring the coating thicknesses for different specific resorbable prosthetic applications.



In vitro analysis by indirect MTS assay showed that the experimental group may promote the proliferation of cells due to the presence and control of the PHB polymer coating. The hemolysis rate of the material indicated that PHB coating was indeed effective to slow down the degradation rate of magnesium alloy. Finally, NO and T-AOC analysis displayed PHB coating showed good biocompatibility.



This demonstrates that the PHB polymer coating can effectively avoid, in a potential clinical application of this Mg alloy, the detrimental effect of an intense and uncontrolled release in the body of Mg ions by reducing the metal degradation rate (which was evaluated. from the corrosion tests reported in Figure 4a. to be four times slower than that of the bare uncoated Mg alloy at 1.25 vs. 5.5 mg/cm2day) and hence reducing the concentration of magnesium ions around this potential resorbable implant. Moreover, due to the diffusive nature of the control exerted by the polymer coating, corrosion rates may be programmed to specific times and levels of Mg ion concentration by properly modifying the coating thickness.
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Figure 1. Characterization of the PHB coating. (a) Surface morphology of AZ31 and (b) AZ31 coated with PHB under the scanning electron microscope. (c) PHB-coated sample fractured section and (d) detail of the PHB coating. 
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Figure 2. (a) FTIR spectra results of AZ31 and (b) AZ31 with PHB coating; (c) comparison of polarization curves and natural corrosion potential (Ecorr) and current (Icorr) for PHB-coated and uncoated AZ31 Mg alloy. 
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Figure 3. (a) pH of the SBF corroding medium, (b) mass of Mg2+ corrosion ions released in the SBF, and (c) gravimetric sample weight losses. Test were run according to ASTM-G31-72; SBF corroding medium was daily refreshed. 
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Figure 4. Cumulative Mg ion release (a) and weight loss (b) kinetics during corrosion tests. Details of the initial kinetic and time lag in the upper left part of the figure. 
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Figure 5. Proliferation of HUVECs cultured on extraction fluids after 1, 3, and 5 days. Data are reported as % of viability in standard control fluid. * Significant difference (p < 0.05); ** highly significant difference (p < 0.01). 
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Figure 6. Nitric oxide (NO) absorbance results of the different groups. 
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Figure 7. Total antioxidant capacity (T-AOC) contents of different groups. * significant difference (p < 0.05); ** highly significant difference (p < 0.01). 
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Table 1. The concentration of inorganic ions in simulated body fluid (SBF) and blood plasma.
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	Ions
	Plasma, mmol/L
	SBF, mmol/L





	Na+
	142.0
	142.0



	K+
	5.0
	5.0



	Mg2+
	1.5
	1.5



	Ca2+
	2.5
	2.5



	Cl−
	103.0
	147.8



	(HCO3)−
	27.0
	4.2



	(HPO4)2−
	1.0
	1.0



	(SO4)2−
	0.5
	0.5



	pH
	7.2–7.4
	7.4
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Table 2. Water contact angles for AZ Mg alloy not hydrothermally treated (first column), hydrothermally treated with the formation of a Mg(OH)2 surface coating (second column), and hydrothermally treated with an additional PHB coating (third column).
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	AZ31 Mg Alloy
	AZ31 Mg Alloy + Mg(OH)2
	AZ31 Mg Alloy + Mg(OH)2 + PHB





	46.1°
	* 42.2°
	** 62.3°



	±2.5°
	±0.4°
	±0.3°







* significant difference (p < 0.05); ** highly significant difference (p < 0.01).
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Table 3. Cytotoxicity (CCK-8 assay) test details.
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Cultured 1 Day

	
Cultured 3 Days

	
Cultured 5 Days




	
Extraction

Fluid

	
Conc.

%

	
OD

	
RGR

(%)

	
Toxic

Grade

	
OD

	
RGR

(%)

	
Toxic

Grade

	
OD

	
RGR

(%)

	
Toxic

Grade






	
AZ31

	
25

	
0.229

±0.012

	
106

	
0

	
0.220

±0.008

	
74

	
2

	
0.242

±0.011

	
97

	
1




	
50

	
0.243

±0.045

	
112

	
0

	
0.255

±0.015

	
86

	
1

	
0.227

±0.006

	
91

	
1




	
100

	
0.291

±0.019

	
134

	
0

	
0.198

±0.009

	
67

	
2

	
0.192

±0.003

	
77

	
1




	
PHB-

Coated

AZ31

	
25

	
0.228

±0.016

	
105

	
0

	
0.239

±0.009

	
80

	
1

	
0.255

±0.010

	
102

	
0




	
50

	
0.254

±0.011

	
109

	
0

	
0.280

±0.004

	
94

	
1

	
0.269

±0.010

	
108

	
0




	
100

	
0.236

±0.016

	
109

	
0

	
0.268

±0.008

	
90

	
1

	
0.237

±0.008

	
95

	
1
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Table 4. Detailed data of hemolysis rate testing.
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	Sample
	OD Value
	Hemolysis Rate
	Mg2+, mmol/L





	AZ31 Mg
	0.2487 ± 0.0775
	37.61%
	22.9 ± 1.3



	PHB-coated AZ31 Mg
	0.0530 ± 0.0117
	4.19%
	2.4 ± 0.2



	Positive control
	0.6137 ± 0.0117
	
	



	Negative control
	0.0285 ± 0.0117
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