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Abstract

:

The present study showcases a novel effective technique for the surface modification of micro-arc diatomite coatings using low-energy, high-current electron beams (LEHCEBs). A variety of methods such as scanning electron microscopy, energy-dispersive X-ray spectroscopy, the X-ray diffraction method, scratch testing, the potentiodynamic polarization method, immersion testing in SBF, and flow cytometry have been used to study the coatings. During processing, the electron beams’ energy density ranged between 2.5–7.5 J/cm2. After the LEHCEB treatment, the surface morphology of the coatings changed completely. The corrosion resistance of the LEHCEB-treated coated samples increased significantly, as evidenced by the decrease in corrosion current to 4.6 × 10−10 A·cm−2 and the increase in polarization resistance to 1.4 × 108 Ω·cm2. The electron beam treatment also increased the adhesion strength of the coatings to the magnesium substrate by 1.8–2.5 times compared to untreated coatings. Additionally, biological studies have shown the high viability of the NIH/3T3 cell line after contact with the samples of the coating extracts.
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1. Introduction


In the past decade, due to the increasing incidence of injuries and bone fractures, the field of science has focused on the development of new materials and technologies for the creation of bone implants, and this area has undergone unprecedented development [1]. The latest trend is the creation of bioresorbable implants and the modification of their surface to intensify the processes of osteosynthesis and osteogenesis [1,2]. A distinctive feature of magnesium alloys is their ability to gradually dissolve within the human body, eliminating the need for repeated surgical intervention [1,2,3]. However, their high bioresorption rate is a limiting disadvantage, since contact with chloride-containing extracellular fluids causes excessive corrosion of the magnesium implant [4,5]. Despite numerous studies aiming to develop magnesium-based alloys, their corrosion rate is still high and challenging to control. Rapid implant degradation leads to the significant deterioration of mechanical properties [6]. Moreover, the formation of hydrogen accompanying the rapid biodegradation process is also a big problem and can cause undesirable effects [3,4,5,6,7]. The simplest and most effective method of solving this problem is modifying the surface of a magnesium implant by creating biocompatible coatings using the method of micro-arc oxidation (MAO) or plasma electrolytic oxidation (PEO) [8]. This high-voltage process is widely used for the surface treatment of valve group metals and their alloys [9,10,11,12]. Within this process, plasma discharge occurs, which leads to a partial melting of the oxide film and, consequently, the formation of a ceramic coating on the substrate.



Several processes occur simultaneously during MAO: electrochemical and plasma chemical reactions, as well as oxygen thermodiffusion [8,9]. The implementation of micro-arc discharge significantly impacts the structure of coatings and, consequently, their physical and mechanical properties [10,11,12,13]. The composition of the electrolyte used to create the coatings is also important. It is believed that coatings on implants designed for osteosynthesis and osseointegration should be close to the mineral component of bone, i.e., they should contain hydroxyapatite or a combination of hydroxyapatite and tricalcium phosphate [14,15]. Additionally, a number of researchers suggest using acidic calcium phosphates (e.g., brushite, monetite) in the composition of coatings, since they are more soluble and contribute to the initiation of biomineralization processes, the formation of hydroxyapatite, and the restoration of bone tissue [16,17]. Electrolyte suspensions containing micro- or nano-particles of insoluble substances are often chosen to create biocoatings [18,19]. This makes it possible to obtain coatings with sufficient thickness and to give them specific functional properties. Though diatomite is an unconventional ingredient for biomaterials and biocoatings [20,21], it is highly promising due to the fact that it contains biogenic siliceous residues of diatom algae. The primary component of diatomite is amorphous silica with various degrees of hydration. Recent studies have shown that Si-containing biomaterials also promote active biomineralization and have high osteogenic potential [22,23,24,25,26]. Mohammadi et al. [22] described the following mechanism of hydroxyapatite formation: during dissolution of Si-containing biomaterials in the biological fluid, calcium ions (or other cations) are first released from the surface. In the next stage, numerous silane (Si-OH) groups are formed on the surface, which enable the nucleation of apatite. The formed apatite nuclei grow spontaneously using calcium ions from the body fluid.



A distinctive feature of the coatings formed by the MAO method is the presence of a large number of pores of different types: open, closed, channels, etc. The presence of pores of different types and sizes leads to the formation of a diverse porous structure and reduces the ability of the coatings to ensure the mechanical stability of magnesium implants during the dissolution period [1,2]. This problem can be solved by the modification of the coatings’ surface using pulsed electron irradiation. Low-energy high-current electron beams (LEHCEBs) are of great interest among several variants of pulsed electron beams with different characteristics due to their reliability, high electrical efficiency, X-ray safety, and low cost [27,28]. This method makes it possible to modify the structure and phase composition of both metals and alloys [29,30,31,32] as well as coatings [33,34,35] due to the superfast heating and melting of the surface layer.



The purpose of this work was to employ LEHCEBs to alter the structure and phase composition of diatomite coatings formed by using the MAO method on magnesium alloy and to study the effect of the energy density of electron beams on changes in coating morphology, structure, adhesion and corrosion properties, as well as biological behavior.




2. Materials and Methods


2.1. Sample Preparation


The 10 × 10 × 1 mm samples of MA2-1hp (high-purity) magnesium alloy (AZ31 equivalent) (JSC “VILS”, Moscow, Russia) were used as experimental samples for coating. The chemical composition and mechanical properties of the alloy are described in [20]. The metal samples were pretreated by abrasive grinding with 400 and 600-grit sandpaper. As a result, 0.5–0.6 µm roughness of the metal samples was achieved. After machining, the samples were treated in an ultrasonic cleaner (Elmasonic S, Elma, Singen, Germany) in distilled water and in ethanol, followed by air-drying. To produce the coatings using the MAO method, an electrolyte suspension containing NaOH, Na2SiO3, NaF, and diatomite (Inzenskoye deposit, Ulyanovsk region, Russia) was prepared [20]. The coatings were applied using a Micro-Arc 3.0 with the following parameters of the MAO process: anodic potentiostatic mode, a 5 min process duration, a 400 V pulsed voltage, a pulse frequency of 50 Hz, and a pulse duration of 100 µs.




2.2. Sample Modification


The specimens were treated with LEHCEBs [33,34] using RITM-IZ equipment (ISPMS SB RAS, Tomsk, Russia) equipped with a plasma-anode electron gun [32] in an argon atmosphere at a pressure of 5 × 10−2 Pa. The energy of the electrons was 30 keV; the pulse duration and frequency were 2 μs and 0.2 s−1, respectively; and the number of pulses was 5. Studies were performed on initial, non-modified coating specimens (D0) as well as those subjected to LEHCEBs with an energy density of 2.5 J/cm2 (D1), 5 J/cm2 (D2), and 7.5 J/cm2 (D3). The parameters of initial MAO processing and post-LEHCEB processing are given in Table 1.




2.3. Sample Characterization


A set of advanced research methods were used to characterize the morphology, structure, phase, and elemental composition of coatings and their properties. The surfaces and cross-sections of the coatings were examined by scanning electron microscopy on an LEO EVO 50 electron microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with an INCA X-Act energy-dispersive X-ray spectroscope (Oxford Instruments, Abingdon, UK).



The phase composition of the coatings was identified by X-ray diffraction analysis using an X-ray diffractometer (DRON–7, Burevestnik, Nizhniy Novgorod, Russia) with the following parameters: CoKα radiation, 35 kV voltage, 22 mA tube current, and a range of 2θ angles from 10° to 90° with a scanning step of 0.02°. The database of the Joint Committee on Powder Diffraction Standards (JCPDS) was referenced for phase identification and interpretation of the X-ray profiles.



The surface roughness of the coatings was measured using a Model 130 contact profilometer (Proton, Moscow, Russia). The traverse length and speed of the measured profile were 6 mm and 0.5 mm/s, respectively. The thickness of the coatings was determined using a LEGIONER 34482-25 micrometer (Legioner, Jena, Germany).



The coating-to-substrate adhesion was evaluated using the scratch test method on a CSM Macro Scratch Tester Revetest (CSM Instruments, Needham Heights, MA, USA) with an indenter with a 200 μm radius, as described in [20,33]. The maximum indentation load was 30 N.



The study of the elastoplastic properties and microhardness of the coatings was carried out by the indentation method with a diamond pyramid using a DUH-211S Ultra Micro Hardness Tester (Shimadzu, Tokyo, Japan) at a load of 2000 mN.



A “P-40X” electrochemical workstation (Electrochemical Instruments, Chernogolovka, Russia) was used for determining the corrosion resistance of the samples. In this case, the electrolyte was a 0.9% NaCl solution. We used a three-electrode configuration consisting of a graphite rod as the counter electrode and an Ag/AgCl electrode as the reference electrode. The surface area of the test specimens was equal to 1 cm2. The potentiodynamic polarization curves were acquired at a scan rate equal to 2 mV/s. The value of the electrode potential varied from −1.9 V to +1.9 V. The studies were carried out at the electrolyte temperature equal to 37 °C, which mimics the conditions of the human body.




2.4. Biological Studies


To determine the ability of coatings to stimulate the biomineralization processes, they were immersed in a solution of simulated body fluid (SBF) (obtained according to the standard Kokubo method [36]) at 37 °C. Following immersion, the samples were rinsed with distilled water, dried, and analyzed using SEM to detect the formation of calcium phosphates.



The mouse embryonic fibroblast cell line NIH/3T3 was used to evaluate the cell compatibility of samples. The viability of the cells was tested using the flow cytometry method. For this purpose, cells were cultured for 24 h in Dulbecco’s Modified Eagle Medium (HiClone, Logan, UT, USA) with the addition of 10% fetal bovine serum (HiClone, USA) and 1% penicillin/streptomycin (Biolot, Saint Petersburg, Russia) at 37 °C and 5% CO2. Then, cells were washed with Dulbecco’s phosphate-buffered saline DPBS (Biolot, Russia) and harvested using 0.25% trypsin-EDTA (HiClone, USA). Cells were counted using a TC20 Automated Cell Counter (Bio-Rad, Berkeley, CA, USA). Cells (70,000 cells per well) were cultured in 24-well plates at 37 °C for 24 h in the presence of samples. After incubation, cells were washed with DPBS and harvested with trypsin-EDTA (Biolot, Russia). Cells that were incubated in the medium without the sample present were used as a control. Normal and apoptotic cells were distinguished using an FITC Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend, San Diego, CA, USA) in a Cytoflex flow cytometer (Beckman Coulter, Brea, CA, USA).



Blocking cathepsin D activity and lipid peroxidation (LPO) inhibits autophagy in cells. The degree of LPO was determined by measuring the amount of malondialdehyde (MDA) content. The cell homogenate was centrifuged for 60 min at 10,000 rpm and 4 °C. The resulting supernatant was used to determine lipid peroxidation (LPO) parameters and cathepsin D activity. The malondialdehyde (MDA) content determination method is based on the formation of a colored complex of MDA with thiobarbituric acid (TBA) [37]. In a typical experiment, 1.0 mL of a 20% trichloroacetic acid (TCA) solution and 1.0 mL of a 0.8% TBA solution were added to 0.1 mL of the homogenate. The mixture was heated at 100 °C for 10 min and centrifuged at 10,000 rpm. The optical density was measured at a wavelength of 540 nm, with the optical path length of the cuvette being 10 mm.



The total activity of cathepsin D was assayed using 0.1 mL of 1% Triton X-100 solution and 0.3 mL of the homogenate. The mixture was preincubated at 37 °C for 10 min. After the preincubation time, 0.15 mL of hemoglobin solution was added to the mixture, and the sample was incubated at 37 °C for 30 min. After the incubation, 0.6 mL of 10% TCA solution was added to stop the reaction. Next, 2.1 mL of distilled water was added to the test for the free activity of cathepsin D (without Triton X-100), and 2.0 mL of distilled water was added to the sample for the total activity of cathepsin D (with Triton X-100). Both samples were centrifuged in plastic tubes at 4000 rpm for 10 min. The supernatants from each sample were carefully decanted, and their optical densities were measured at 280 nm in 1.0 cm quartz glass cuvettes against distilled water.



Metal-dependent oxidative protein modification in vitro was determined in the presence of Fenton’s medium. For this purpose, 0.75 mL of 0.05 M phosphate buffer (pH 7.4), 0.1 mL of Fenton’s medium, and 0.1 mL of 0.3 mM H2O2 solution were added to 0.05 mL of the homogenate. The samples were incubated in a water bath for 15 min at 37 °C. After that, 1.0 mL of a 0.01 M 2.4-dinitrophenylhydrazine (2.4-DNPH) solution was dissolved in 2 M HCl and added to the test samples. To precipitate proteins, 1.0 mL of a 20% TCA solution was added to each sample. Samples were incubated at 25 °C for 1 h and centrifuged at 3000 rpm for 15 min. The resulting precipitate was washed twice with 3.0 mL of an ethanol–ethyl acetate mixture (50:50) for the extraction of lipid and 2.4-DNPH, which had not reacted with the carbonyl groups of oxidized proteins contained in the sample. After each washing step, the samples were centrifuged at 3000 rpm for 15 min. The washed precipitate was dried in air to remove solvents, and then 3.0 mL of 8 M urea solution and a drop of 2 M HCl were added.



The principally common method for measuring catalase activity is the UV spectrophotometric method. For this purpose, 2.0 mL of 0.03% H2O2 solution was added to 0.1 mL of blood serum, and 0.1 mL of distilled water was added to the blind solution. The samples were incubated at 37 °C for 10 min. Then, the reaction was terminated by adding 1.0 mL of 4% ammonium molybdate solution. The samples were centrifuged for 10 min at 4000 rpm. The optical density of the solution was measured at 410 nm against the control. Instead of peroxide, 2.0 mL of distilled water was added to the control sample.



The method for the determination of superoxide dismutase (SOD) activity is based on the spectrophotometric determination of the adrenaline oxidation product at 347 nm. Then, 100 μL of 0.1% epinephrine solution was added to 2 mL of 0.2 M carbonate buffer (pH = 10.65) and stirred rapidly, and the optical density at λ = 347 nm was measured every 30 s for 5 min. Next, 10 μL of the sample and 100 μL of 0.1% epinephrine were added to 2 mL of buffer and mixed, and optical density was measured as described above. Adrenaline was not added to the control solution against which the measurement was carried out.



The oxidative modification of proteins was evaluated by the bityrosine content. The bityrosine content was estimated by fluorescent measurement, and 0.95 mL of 1/15 M phosphate buffer (pH 7.4) was added to 0.05 mL of homogenate. After incubation for two hours, the samples were diluted 1/5 with distilled water and the fluorescence intensity was measured at 415 nm (325 nm excitation). The protein concentration in the homogenate was determined by the Lowry method, described in detail in [38]. Free cathepsin D activity was determined as follows: 0.15 mL of hemoglobin solution (1% hemoglobin solution in 0.1 M acetate buffer with pH 5.0) was added to 0.3 mL of homogenate, stirred, and incubated at 37 °C for 30 min with slow stirring. After the incubation, 0.6 mL of 10% TCA solution was added to stop the reaction.



The data obtained were statistically processed using the statistical software package STATISTICA 10.0. The normal distribution of the results was checked by the Kolmogorov–Smirnov test. The significance of differences in mean values between groups was analyzed using the Mann–Whitney test. When comparing more than two independent samples, a nonparametric analysis of variance using the Kruskal–Wallis test and the median test was used. Differences were considered significant at p < 0.05. Data are presented as Me (Q1; Q3). A correlation analysis was performed using Spearman’s nonparametric test.





3. Results


3.1. Morphology of the Coatings


Diatomite is sedimentary rock of biogenic origin formed mainly by fragments of shells (skeletons) of diatoms and radiolarians. The main substance in diatomite is amorphized silica of varying degrees of hydration with SiO2∙nH2O [21]. When examined under a microscope, many fragments of diatom shells can be observed (Figure 1).



The formation of a micro-arc coating in an electrolyte containing diatomite has been studied previously [20,33]. A characteristic feature of these coatings is their high porosity and the presence of diatom algae remnants (Figure 2a). The coatings contain large pores, ranging from 5–10 μm, formed as a result of micro-arc discharges, as well as numerous pores less than 1 μm in size. It is assumed that small pores are formed mainly due to the melting of diatom algae shells into the coating.



As a result of LEHCEB processing, the morphology of the coating surface changes drastically. When the energy density of LEHCEB processing is 2.5 J/cm2 (Figure 2b), the size of large pores in the treated coating decreases to 2–4 µm, and their number increases while becoming more uniformly distributed over the coating surface. In this case, the number of diatom algae particles decreases as they melt into the coating surface.



After the LEHCEB treatment with an energy density equal to 5 J/cm2, a relief consisting of smooth hillocks and porous depressions between them is formed in the coating (Figure 2c). As the energy density is further increased to 7.5 J/cm2, the surface relief becomes more pronounced and the hillocks more convex (Figure 2d).



Figure 3 displays SEM images of cross-sections of the coatings. The initial coating has a thickness of approximately 40 μm (Figure 3a and Figure 4) and a surface roughness Ra of 6.5 μm. The internal structure of the coating is also porous, with the inner layer adjacent to the substrate containing more small pores and the surface layer being denser and including larger pores. After LEHCEB treatment with energy densities of 2.5 and 5.0 J/cm2, the coating thickness is reduced by 50% (Figure 3b,c and Figure 4). Additionally, the roughness of the coatings is reduced to 5.5–5.7 μm, resulting in a smoother surface while maintaining the porous structure. However, when the energy density is increased to 7.5 J/cm2, the roughness of the coating increases sharply to 7.5 μm due to the formation of convex, rounded “hillocks” (Figure 3d and Figure 4).



The rounded formations contain numerous pores, many of which are large in size. Such a structure may be caused by the “intumescence” of the coating during high-energy irradiation. Since the composition of the coating includes fusible components, their sublimation occurs under the action of an electron beams [33]. Some components escape, resulting in pore formation, while others remain obstructed inside the “hillocks”.




3.2. Elemental and Phase Composition


EDX analysis was used to determine the elemental composition of the coatings (Table 2). The initial coating consists predominantly of O, Mg, and Si. In addition, Na and Al are present, as well as small amounts of K, Ca and Fe, which are part of the clay minerals that are present in diatomite. Table 2 shows that as energy density increases from 2.5 to 7.5 J/cm2 during LEHCEB processing, the Mg content in coatings increases, while Si and impurity elements decrease. This suggests that the intense diffusion of magnesium from the substrate into the coating and interaction with the components of the coating with the formation of amorphous or crystalline compounds occurs.



The element distribution maps show a uniform distribution of all elements over the surface of the coatings, with the only exception being silicon. After LEHCEB processing, its amount on the coating surface decreases. We can observe the accumulation of silicon in the particles of diatom skeletons fused into the coatings (Figure 5n,o). On the Al distribution map, we can identify regions where it coincides with silicon allocations (Figure 5r).



The elemental composition of the cross-section coincides with that of the coating surface (Table 3). As the energy density is increased, the elemental composition changes, following the same pattern as for the coating surface.



The phase composition of the coatings was investigated, revealing their crystalline structure as evidenced by the presence of reflexes of crystalline phases. In addition, a diffuse scattering region could be observed on the X-ray patterns in the range of angles from 10 to 40 degrees (Figure 6) which indicates the formation of amorphous phase in the coatings. The formation of an amorphous crystalline structure is caused by the mechanism and peculiarities of the synthesis of coatings within the micro-arc oxidation method. These irregularities were studied earlier [20].



The main crystalline phase present in both the original D0 coating and the modified D1 and D2 coatings is forsterite (ICDD #34-0189). Forsterite is formed in the coatings as a result of the interaction of amorphous silica (diatomite) with a magnesium substrate [20]. In addition, magnesium oxide MgO (periclase) (ICDD #45-0946) and substrate material Mg (ICDD #35-0821) reflexes were identified on the diffractograms (Figure 6).



An increase in the intensity of reflexes related to forsterite was observed in the diffractograms of the coatings after LEHCEB treatment with an energy density of 2.5–5.0 J/cm2. In addition, new magnesium oxide reflexes appear. The structure of the D3 coating treated with an energy density of 7.5 J/cm2 was significantly different from all the other coatings. The diffractogram of this coating showed intense reflexes corresponding only to the substrate material, magnesium, the intensity of which increased steeply. The other diffraction maxima corresponding to the crystalline phases of the coating became very faint or disappeared completely. This indicates the amorphization of the coating structure. Evidently, the powerful energetic impact of an electron beam with an energy density of 7.5 J/cm2 led to the melting of the basic crystalline phases.




3.3. Mechanical Properties


Studies of the adhesion strength of both the initial and treated samples were carried out using the scratch test method. It was shown that with at all values of energy density, the modification of the coating surface by the LEHCEB treatment increased its adhesion strength. The optical image analysis of scratches produced during scratch testing (Figure 7) illustrates that for the initial samples (D0), the track consists of two distinct zones: the zone of preliminary coating failure (cracking zone A) and the zone of complete coating detachment (peeling zone B—bright section). Conversely, scratch images of samples following LEHCEB processing reveal three distinct zones. An intermediate section (chipping zone C) appears between the cracking zone and the peeling zone. Moreover, the zone of complete coating detachment (bright section) for samples D1, D2, and D3 is reduced compared to the initial one. This zone is the shortest for the D1 sample processed by LEHCEBs with an energy density of 2.5 J/cm2.



This is consistent with the critical load values given in Table 4. Notably, the highest value of 18.8 N was observed for the D1 sample.



The microhardness and modulus of elasticity of the coatings were investigated after LEHCEB treatment with different values of energy density (Figure 8). Since the initial untreated coating, along with high porosity and roughness, was characterized by surface heterogeneity (the presence of fragment inclusions of diatom algae skeletons), it was challenging to obtain consistent results in studying the physical and mechanical properties of the coating. Therefore, given the scatter in the data and the difficulty of conducting these studies, averaged microhardness and modulus of elasticity values were obtained, being representative of this type of coating.



Figure 8 shows the loading curves for the original D0 coating sample (Figure 8a) and for the samples treated with different densities of electron beam energy (Figure 8b). It is noteworthy that the loading curves for the LEHCEB-treated coating samples were obtained at loads significantly higher than those for the original sample. Thus, it should be concluded that the strength properties of the coatings greatly improve as a result of LEHCEB treatment. The D1 coating exhibited the highest value of elastic modulus equal to 22 GPa (Figure 8c). As the energy density of the LEHCEB increased, the values of the modulus of elasticity for the treated coatings decreased; however, there is also considerable variability in the data.



After the electron beam treatment, the D1 coating demonstrated a maximum microhardness value of 109 HV. When the energy density of the electron beam was increased from 2.5 to 7.5 J/cm2, the microhardness of the coatings decreased to 25 HV. In part, this can be attributed to a change in the phase composition of the coatings.



Compared to the initial coating (D0), after LEHCEB processing at 2.5 J/cm2 and 5.0 J/cm2, an increase in the intensity of the reflexes related to forsterite and the appearance of new diffraction peaks indicative of magnesium oxide (Figure 6) were observed in D1 and D2 coatings, which indicates an increase in the crystallinity of these coatings. However, with further increase in the energy density up to 7.5 J/cm2, the reflexes of the main crystalline phases disappeared, and the reflexes specific to the magnesium substrate material intensified as the coating became thinner. This diffraction pattern indicates a decrease in the crystallinity of the coating and its partial amorphization.



The optimal strength properties of the D1 coating can also be explained by its distinctive surface morphology. The micrograph of the D1 coating (Figure 2b) shows a more uniform distribution of pores of approximately the same size across the surface of the sample.




3.4. Corrosion and Biological Properties


3.4.1. Electrochemical Properties


The main objective of applying coatings to magnesium alloys is to improve their anti-corrosion properties. Therefore, it is necessary to conduct a comparative study of the electrochemical corrosion and bioresorption rates of pure alloys and coated samples in a model biological fluid to effectively characterize these coatings.



Potentiodynamic curves were obtained and electrochemical parameters such as corrosion potential, corrosion current density, and polarization resistance were measured. The arrangement of the polarization curves on the plot of corrosion potential vs. corrosion current density (Figure 9) indicates that all coatings act protectively on the magnesium alloys and significantly improve their corrosion properties.



This is evidenced by the increased corrosion potential values of coated samples in comparison to the magnesium alloy, a decrease in corrosion current density by two to five orders of magnitude, and an increase in polarization resistance by one to five orders of magnitude (Table 5). Furthermore, it should be noted that the anti-corrosion properties of LEHCEB-treated coatings exceed those of untreated coatings, since the corrosion current density decreased by one to three orders of magnitude and the polarization resistance increased by two to four orders of magnitude. Notably, the D2 coating has a minimum value of corrosion current density equal to 4.6 × 10−10 A·cm−2 and a maximum value of polarization resistance equal to 1.4 × 108 Ω·cm2.




3.4.2. Immersion in Simulated Body Fluid (SBF)


After seven days of incubation in an SBF solution, a dense calcium phosphate layer with convex spherical granules formed on the surface of all coatings (Figure 10). This structure is typical of amorphous calcium phosphates that usually form in the initial stages of biomineralization. A similar result was obtained by Akram et al. [39] after 168 h of immersion in an SBF solution. The formation of smaller crystals was observed on the surface of the granules, indicating subsequent recrystallization and growth of crystalline hydroxyapatite. The calcium phosphate layer on the surface of LEHCEB-treated coatings was characterized by a more pronounced relief compared to the untreated coating.



The elemental composition of the coatings after the immersion is presented in Table 6. These data show that in addition to O, Mg, and Si, the coatings additionally contain Ca and P precipitated from the SBF solution.



These data confirm the formation of a calcium phosphate layer under conditions that emulate the human body environment. The Ca/P ratio for untreated coatings is 1.43, whereas for LEHCEB-treated coatings, it ranges from 1.54 to 1.67, indicating a more intense process of biomineralization and crystallization of hydroxyapatite. The highest values of Ca/P ratio, equal to 1.67 and 1.65, were established for coatings D1 and D2, respectively.




3.4.3. In Vitro Cytotoxicity


The toxicity of samples in relation to test cell cultures is the primary criterion for evaluating the possibility of their use in biomedical applications. Toxicity studies of the synthesized coatings using flow cytometry allowed us to evaluate their effect on the viability of the NIH/3T3 cell line (Figure 11).



The data obtained showed that all coating samples have no significant effect on cell line viability and are non-toxic according to ISO 10993-5-2009 [40] “Medical devices. Biological evaluation of medical devices. Part 5: Tests for in vitro cytotoxicity”, as the decrease in viability does not exceed 5% relative to the negative control. At the same time, samples D0 and D3 have a more pronounced effect on cell activity. The highest number of apoptotic cells (7.2%) was detected after incubation with the D0 sample. After processing the coatings with LEHCEB at the energy densities of 2.5 J/cm2 and 5.0 J/cm2 (samples D1 and D2), the number of apoptotic cells decreased to 5.9% and 4.6%, respectively. However, when the energy density was further increased to 7.5 J/cm2 (sample D3), the number of apoptotic cells increased to 6.8%. In addition, the largest number of apoptotic cells (19.6%) was observed after their interaction with pure magnesium alloy.




3.4.4. Assessment of Lipid Peroxidation


Lipid peroxidation (LPO) in cellular membranes can cause severe membrane damage and potential cell death [41]. The intensity of LPO was determined by measuring the level of TBA-active products such as bityrosine and malondialdehyde (MDA), which are widely used as markers of lipid peroxidation and oxidative stress [42].



The results (Table 7) showed changes in the parameters for both treated and untreated samples compared to the control. The most significant increase was observed for induced TBA products. The induced TBA product content increased by 2.6 and 1.4 times for the D0 and D2 samples, respectively, compared to the control. The bityrosine fluorescence was significantly increased in homogenates for the D0 sample (Table 7). We found that the treatment of samples could inhibit the oxidative stress reaction and minimize tissue damage.



The most important enzymes involved in the neutralization of reactive oxygen species are catalase and superoxide dismutase (SOD) [43]. Another enzyme associated with the oxidation processes is cathepsin D. It has been proven that the increase in cathepsin D activity serves as a reliable diagnostic and prognostic criterion of the nature and depth of changes in the LPO.



The catalase activity and SOD remained practically unchanged for the samples (Table 7). The content of total cathepsin D was increased only for the sample D0 compared with the treated sample D2 and control. An increase in cathepsin D activity indicates a probable cytotoxic effect of the sample.



Thus, in the presence of both samples, an activation of POL was observed without an increase in the activity of antioxidant enzymes. However, this was much more pronounced for the untreated sample D0.






4. Discussion


Micro-arc coatings are well established and have been widely used in many fields of engineering and medicine over the past decade [44]. These coatings exhibit a ceramic-like nature combined with distinctive microporous surface morphology, offering a broad spectrum of functional properties [45]. The MAO method, due to its unique characteristics, can be used to synthesize coatings with integrated ions and particles, enhancing corrosion resistance, wear resistance, or imparting bioactive properties to treated surfaces [18,19,46]. The latter aspect is of particular interest in the case of materials for bone-contact implantable devices, since MAO treatment allows enhanced osteoconductive/osteoinductive and antibacterial properties to be imparted to the implant surfaces, which promotes further osseointegration [47]. However, the porous structure of micro-arc coatings has a negative effect on their strength and corrosion properties, while high relief and surface roughness are not always favorable for cell adhesion [33].



The scientific literature contains data on various methods of surface modification of micro-arc coatings in order to enhance their osteogenic, anticorrosive, and strength properties. These methods include hydrothermal treatment [48], ultraviolet irradiation, and exposure to diffuse discharge plasma [49]. Pulsed electron irradiation (PEI) is another proven and effective method that allows varying the properties of micro-arc coatings [33].



In the presented work, the LEHCEB method was used to modify the surface of diatomite-based coatings synthesized on magnesium alloy by the MAO method. It was found that varying the electron beam energy density within a range of 2.5–7.5 J/cm2 while keeping other LEHCEB parameters constant significantly affects the surface morphology as well as the key physicochemical and functional characteristics. At an energy density of 2.5 J/cm2, the initial rough and porous surface of micro-arc coating D0, which included diatom algae particles, became smoother and more uniformly porous (D1). However, as the energy density increased further, pore accumulation in certain areas (D2), coating sublimation, and internal porosity increase; intumescence (D3) was also observed. A specific relief was formed from convex, rounded “hillocks” and the depressions between them. However, there are research results [50,51] showing that similar structure formation processes also occur on metal surfaces or in thin films as a result of high-energy exposure. Proskurovsky et al. [28] describe the formation of microcraters via irradiation upon reaching the melting threshold.



Exposure to an electron beam with an energy density between 2.5–5.0 J/cm2 promoted an increase in the content of crystalline phases in the coatings of forsterite (Mg2SiO4) and periclase (MgO). However, at an energy density equal to 7.5 J/cm2, the structure of the coatings became less crystalline. It is known from the literature [34,35] that the ultrafast heating and melting of the surface layer occurs under different modes when varying electron beam energy density, pulse duration and frequency, and the number of pulses.



Exposure to the electron beam had a primarily positive effect on the mechanical properties of the coatings. The microhardness and modulus of elasticity values of the irradiated coatings were measured at a load four times higher than that of the untreated coating (D0). The adhesion strength of the coating treated at an energy density of 2.5 J/cm2 (critical load = 18.8 N) significantly exceeded the adhesion strength of the untreated D0 coating (critical load = 7.6 N) due to the formation of a uniformly porous structure and an increase in the content of crystalline phases in the coating.



The corrosion resistance of the treated coatings significantly improved compared to both the pure Mg alloy and the initial coating. The D0 coating exhibited corrosion current and polarization resistance values of 1.8 × 10−7 A·cm−2 and 8.8 × 104 Ω·cm2, respectively, indicating its effectiveness in preventing corrosion. When subjected to an electron beam with an energy density in the range of 2.5–7.5 J/cm2, the corrosion resistance of the coatings increased, and coating D2 showed the best corrosion resistance with corrosion current and polarization resistance values equal to 4.6 × 10−10 A·cm−2 and 1.4 × 108 Ω·cm2, respectively.



After 7 days of incubation in SBF solution, all coatings (D0, D1, D2, D3) formed a layer of amorphous calcium phosphate, as verified by the elemental analysis results. The treated coatings exhibited a higher Ca/P ratio with values of 1.67 and 1.65 for coatings D1 and D2, respectively, which are similar to the value for hydroxyapatite.



The in vitro cytotoxicity of the coatings was studied. None of the coatings had a toxic effect on the NIH/3T3 cell culture. The highest number of viable cells (95.4%) and the lowest number of apoptotic cells (4.6%) were observed for coating D2 (5.0 J/cm2). Determining the intensity of lipid peroxidation (LPO) as well as levels of TBA-active products, bityrosine, and malondialdehyde (MDA)—all of which are commonly used as markers of oxidative stress [42]—revealed that the application of an electron beam with an energy density of 5 J/cm2 (D2) to the coating effectively curbs the oxidative stress response and mitigates the inflammatory process. Cathepsin D is also an enzyme associated with oxidative processes that shows the nature and magnitude of changes in LPO [43]. An increase in cathepsin D activity may indicate a cytotoxic effect of the sample. The study revealed that the content of total cathepsin D was higher only for the untreated sample D0, as opposed to the treated sample D2 and the control.




5. Conclusions


It was established that modification of micro-arc coatings by the LEHCEB technique has a positive effect on their mechanical, corrosion, and biological properties. However, the electron beam energy density should be within the range of 2.5–5.0 J/cm2 in order to obtain coatings with a set of optimal properties. Thus, we propose a straightforward, cost-effective method based on a natural material for modifying the surface of coatings, which can significantly improve the corrosion resistance and biocompatibility of magnesium implants.
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Figure 1. SEM images of the initial diatomite powder. 
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Figure 2. SEM of the surface morphology of the D0 (a), D1 (b), D2 (c) and D3 (d) coatings. 
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Figure 3. SEM images of the cross-section of the coatings D0 (a), D1 (b), D2 (c), and D3 (d). 
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Figure 4. Coating thickness and surface roughness Ra in relation to the energy density of LEHCEB processing. 
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Figure 5. SEM images (a–d) and element distribution maps in the D0 (e,i,m,q), D1 (f,j,n,r), D2 (g,k,o,s) and D3 (h,l,p,t) coatings. 
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Figure 6. X-ray diffraction patterns of the diatomite coatings before (D0) and after the LEHCEB treatment (D1, D2 and D3). 
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Figure 7. Optical images of coating samples after scratch testing. D0—initial coating, D1, D2 and D3—the coatings after the LEHCEB treatment; A—cracking zone, B—peeling zone, C—chipping zone. 
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Figure 8. Determination of the elastic modulus of the coatings D0 (a) and D1, D2, D3 (b); elastic modulus (c) and microhardness (d) of the coatings D0, D1, D2, and D3 versus energy density of LEHCEB treatment. 
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Figure 9. Potentiodynamic polarization curves for the initial Mg alloy and for the coatings before (D0) and after LEHCEB treatment (D1, D2 and D3). 
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Figure 10. SEM images of the surface morphology of the D0 (a), D1 (b), D2 (c) and D3 (d) coatings after immersion in the SBF solution. Magnification of the main images ×1000 (a), ×500 (b–d), magnification of the marked fragments ×10,000 (a–d). 
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Figure 11. NIH/3T3 cells’ viability after incubation according to the results of research via flow cytometry: viable cells—striped columns, apoptotic cells—red columns. 
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Table 1. Parameters of MAO and LEHCEB processing.
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	Sample Number
	Voltage of MAO Process, V
	Duration of MAO Process, Min
	Energy Density of LEHCEB, J/cm2
	Number of Pulses





	D0
	400
	5
	–
	–



	D1
	400
	5
	2.5
	5



	D2
	400
	5
	5
	5



	D3
	400
	5
	7.5
	5










 





Table 2. Elemental composition of the coatings, at. %.
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	Elements
	D0
	D1
	D2
	D3





	O Kα
	61.7 ± 0.1
	60.0 ± 0.4
	59.5 ± 0.9
	55.4 ± 0.1



	Na Kα
	1.6
	0.0
	0.0
	0.4



	Mg Kα
	16.0 ± 0.09
	23.6 ± 0.2
	26.2 ± 0.2
	27.1 ± 0.1



	Al Kα
	1.0
	1.5
	1.5
	1.0



	Si Kα
	19.3 ± 0.07
	14.5 ± 0.1
	13.8 ± 0.1
	15.5 ± 0.5



	K Kα
	0.1
	0.03
	0.0
	0.02



	Ca Kα
	0.2
	0.1
	0.1
	0.04



	Fe Kα
	0.3
	0.2
	0.1
	0.6










 





Table 3. Elemental composition of the coatings cross-sections in at. %.
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	Elements
	D0
	D1
	D2
	D3





	O Kα
	62.8 ± 0.1
	59.1 ± 0.1
	59.8 ± 0.7
	60.03 ± 0.8



	Na Kα
	0.1
	0.6
	0.15
	0.63



	Mg Kα
	17.9 ± 0.07
	24.1 ± 0.05
	23.6 ± 0.08
	24.64 ± 0.09



	Al Kα
	1.3
	1.0
	1.1
	0.97



	Si Kα
	17.5 ± 0.03
	15.0 ± 0.07
	15.2 ± 0.03
	13.53 ± 0.08



	K Kα
	0.12
	0.15
	0.16
	0.03



	Ca Kα
	0.07
	0.04
	0.04
	0.1



	Fe Kα
	0.37
	0.05
	0.05
	0.07










 





Table 4. Critical load, N.






Table 4. Critical load, N.





	
Sample

	
Scratch Number

	
Critical Load, N

	
Average

Critical Load, N






	
D0

	
1

	
7.25

	
7.6 ± 0.3




	
2

	
7.28




	
3

	
8.23




	
D1

	
1

	
20.08

	
18.8 ± 0.65




	
2

	
17.62




	
3

	
18.61




	
D2

	
1

	
18.89

	
17.1 ± 1.2




	
2

	
17.34




	
3

	
15.06




	
D3

	
1

	
12.87

	
13.3 ± 0.3




	
2

	
13.97




	
3

	
13.08











 





Table 5. Electrochemical parameters of the samples after LEHCEB processing.






Table 5. Electrochemical parameters of the samples after LEHCEB processing.





	Sample
	Ec, V
	Jc,

A·cm−2
	Rp,

Ω·cm2





	Mg alloy
	−1.42
	5.7 × 10−5
	1.7 × 103



	D0
	−0.98
	1.8 × 10−7
	8.8 × 104



	D1
	−0.16
	7.3 × 10−8
	1.1 × 106



	D2
	−0.51
	4.6 × 10−10
	1.4 × 108



	D3
	−0.29
	2.8 × 10−8
	1.8 × 106










 





Table 6. Elemental composition of the coatings after immersion in the SBF solution at. %.






Table 6. Elemental composition of the coatings after immersion in the SBF solution at. %.





	Elements
	D0
	D1
	D2
	D3





	O Kα
	62.8 ± 1.5
	68.9 ± 1.4
	66.7 ± 1.9
	71.8 ± 0.7



	Mg Kα
	10.4 ± 0.2
	6.5 ± 0.9
	12.2 ± 1.9
	5.5 ± 0.5



	Si Kα
	2.7 ± 0.2
	0.8 ± 0.2
	0.15
	0.3 ± 0.1



	P Kα
	9.0 ± 0.2
	8.9 ± 0.3
	8.3 ± 0.1
	8.8 ± 0.2



	Ca Kα
	12.9 ± 0.3
	14.9 ± 0.5
	13.7 ± 0.1
	13.6 ± 0.4



	Ca/P
	1.43
	1.67
	1.65
	1.54










 





Table 7. Indicators of lipid peroxidation, Me (Q1; Q3).






Table 7. Indicators of lipid peroxidation, Me (Q1; Q3).





	Indicator
	D0
	D2
	Control





	MDA, induced, mcmole/mg protein
	94.79 (65.41; 124.17)
	85.61 (27.09; 144.16)
	72.40 (54.95; 89.86)



	Catalase, mmol/mg
	0.31 (0.21; 0.41)
	0.48 (0.19; 0.76)
	0.36 (0.25; 0.47)



	TBA products, in the spontaneous condition mmol/mg protein
	95.29 (58.37; 132.22)
	83.41 (47.72; 119,1)
	67.80 (62.02; 73.58)



	TBA products, induced, mmol/mg protein
	127.75 (81.81; 173.71) *
	63.09 (62.65; 63.55) *
	48.44 (42.15; 54.72)



	SOD,

units/mg protein
	1.39 (0.85; 1.95)
	2.11 (1.69; 2.53)
	1.96 (1.9; 2.02)



	Bityrosine, units/mg protein
	0.05 (0.04; 0.05) *
	0.02 (0.01; 0.03)
	0.01 (0.001; 0.02)



	Cathepsin D free, nmole/mg protein
	20.15 (13.49; 26.81)
	28.18 (27.36; 29.02)
	21.8 (4.63; 38.97)



	Cathepsin D total, nmole/mg protein
	419.73 (371.44; 468.01) *
	400.66 (298.82; 502.49)
	350.31 (332.08; 368.55)



	Cathepsin D free/Cathepsin D total
	0.05 (0.03; 0.07)
	0.07 (0.06; 0.09)
	0.06 (0.01; 0.12)







Note: *—Significance of differences compared to the control group, p < 0.05.
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