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The uncontrollable rapid degradation rate of the Mg alloy substrate limited its clinical application, and implant-associated infections have been reported to be the main reason for the secondary surgery of orthopedic implantation. The aim of this study was to produce a multifunctional coating on magnesium-based alloys that have improved corrosion resistance, bioactivity, and antibacterial properties through the preparation of polyelectrolytic multilayers (PEMs) consisting of chitosan (CS) and sodium hyaluronate (HA) on silane-modified strontium-substituted hydroxyapatite (hereafter referred to as Bil (SH + CS)/SrHA). The multifunctional coatings were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy (XPS). The results showed the polyelectrolyte complex SH/CS layer to be uniformly and tightly attached on to the surface of silane-treated SrHA. At the same time, a potentiodynamic polarization test and hydrogen evolution test showed the Bil (SH + CS)/SrHA coatings to exhibit superior corrosion resistance than bulk Mg-based alloys. The results of the cell–surface interactions revealed Bil (SH + CS)/SrHA coatings to be in favor of cell initial adhesion and more beneficial to the proliferation and growth of cells with the processing of co-culture. In addition, antibacterial tests demonstrated the strong bactericidal effect of Bil (SH + CS)/SrHA coatings against both Escherichia coli (E. coli) and Staphylococcus (S. aureus), suggesting that Bil (SH + CS)/SrHA coatings can successfully achieve multifunctionality with enhanced corrosion resistance, biocompatibility, and antibacterial properties.
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INTRODUCTION
Extensive studies have been conducted on magnesium (Mg)-based alloys in the development of implant materials, especially regarding intravascular stents and bone fixation devices (Yang et al., 2020). More specifically, they possess similar mechanical properties to human bone tissue, in addition to outstanding biodegradable properties (Zheng et al., 2010; Hiromoto et al., 2021; Wang et al., 2021). Mg-based alloys used as an implant material have great potential, but the uncontrollable rapid degradation rate of the substrate remains a significant concern (Hermawan et al., 2010; Song et al., 2018). To enhance the corrosion resistance and bioactivity of Mg alloys, calcium phosphate (CaP) has been widely studied as the coating ingredient of the Mg alloy substrate (Wang et al., 2010; Gao et al., 2011a; Gao et al., 2011b; Feng et al., 2017). Ionic substitution is an alternative approach for the optimization of the physicochemical properties of CaP coating. Among these substituting ions, Sr2+ is an essential micronutrient in bones, and it can lead to an imbalance in bone turnover, which favors formation rather than bone resorption (Ammann et al., 2007; Capuccini et al., 2008) and promotes early angiogenesis (Zhao et al., 2018). Several studies have demonstrated that Sr2+-doped CaP coating exhibits better biocompatibility (Xue et al., 2007), better osteoconductivity (Schrooten et al., 1998; Zarins et al., 2016), and better biological activity (Qiu et al., 2006; Capuccini et al., 2008; Lin et al., 2013). However, it also possesses favorable mechanical properties (Canalis et al., 1996) and a suitable degradation rate (Li et al., 2010). Postoperative infection often results in severe pain and the loss of bone tissue, requiring follow-up treatment. Furthermore, the severe infection can potentially necessitate a second operation (Campoccia et al., 2006). In order to reduce postoperative infection, many studies have attempted to functionalize the antibacterial surface on the Mg alloy substrate (Del Hoyo-Gallego et al., 2016; Geng et al., 2016).
Polyelectrolyte multilayers (PEMs) are considered to be a versatile and convenient membrane synthesis technique for antibacterial surface application (Lichter et al., 2009), which can easily be fabricated using the layer-by-layer (LbL) method. LbL deposition can be achieved by alternating the deposition of oppositely charged polyelectrolytes using electrostatic adsorption. Chitosan (CS) (Feng et al., 2017) and hyaluronate (HA) have gained a great deal of attention in the field of biomedical applications due to the chemical and biological properties they possess. Chitosan is a co-polysaccharide of N-acetyl-D-glucosamine and D-glucosamine, and is known for its biodegradability, bioactivity, and low toxicity. It is a cationic polysaccharide and is positively charged in mildly acidic aqueous, which provides opportunities for the generation of a PEM system. In addition, this positively charged copolysaccharide possesses excellent antibacterial properties by disrupting the negatively charged microbe cell membranes (Savard et al., 2002; Rabea et al., 2003). However, a study has found that the substrate coated with chitosan does not present excellent cytocompatibility in vitro fibroblast cultivation (Jou et al., 2007). Sodium hyaluronate is a negatively charged polysaccharide and is the main component of the extracellular matrix. It has been widely investigated for biological application due to its versatile characteristic, such as biocompatibility, biodegradability, non-immunogenicity, and retention properties. CS/HA multilayers have been used as various substrate surface coatings, including titanium (Ti) (Chua et al., 2008), glass (Mulligan et al., 2011), and polypropylene (PP) (Larkin et al., 2010). Recently, Hong et al. prepared SH/CS on the PET artificial ligament, concluding that polysaccharide coating accelerates artificial graft-to-bone healing in the bone tunnel following implantation (Li et al., 2013). Jou et al. attempted to manufacture HA on CS-coated substrate and observed that this composite coating possesses antibacterial activity and also accelerates osteoblast growth.
After considering all the aforementioned factors, this study chose to prepare Bil (SH + CS)/SrHA composite coating on Mg–Zn–Ca substrates. SrHA coating, the inner layer, was designed as a barrier against the rapid corrosion of the substrate during the electrostatic adsorption process, in addition to the implantation period. Bil (SH + CS), the outer layer, was designed to serve as the bioactive surface and provide better corrosion resistance, bioactivity, and antibacterial properties. In order to increase the interfacial adhesion between Bil (SH + CS) and SrHA, silane (KH792) was covalently immobilized on to SrHA. The amino of functionalized SrHA easily combined with H+ in the solution and generated NH3+, carrying a positive charge and was beneficial for the electrostatic absorption. An evaluation of the physiochemical properties of Bil (SH + CS)/SrHA coatings, including microstructure, elemental composition, corrosion resistance, in vitro cytocompatibility, and antibacterial activity, was then conducted.
EXPERIMENTAL AND METHOD
Preparation of SrHA Coating
Mg–Zn–Ca alloys that were developed in our lab (Henan Provincial Key Laboratory of Advanced Magnesium Alloy) were chosen as substrate coating. The as-cast ingots were cut into rectangular plates measuring 25 mm × 10 mm × 4 mm. All samples were then grounded and polished with silicon carbide papers of 200 to 1,000 grids, followed by ultrasonic cleaning in acetone–ethanol solution for 10 min. Samples were then rinsed in deionized water and air-dried. SrHA coatings were directly synthesized on the surface of Mg–Zn–Ca substrates using the electrodeposition technique provided by the electrochemical workstation (RST5200, KeRui Instruments, China). Samples, platinum plate, and saturated calomel electrode were used as the working, counter, and reference electrodes, respectively. The electrolyte was prepared by dissolving 0.021 mol/L Ca(NO3)2·4H2O, 0.025 mol/L NH4H2PO4, 0.021 mol/L Sr(NO3)2, and 0.1 mol/L NaNO3 into deionized water at room temperature. The pH value of the electrolyte was adjusted to 5.0 using diluted (CH2OH)3CNH2 and HNO3. All reagents were of analytical grade. The detailed electrical parameters were optimized and published in our previous study (Wang et al., 2010). Following the deposition, samples were rinsed in deionized water and then air-dried.
Silane Treatment
KH792 was used as a silane-coupling agent as a means of increasing the interfacial adhesion between Bil (SH + CS) and SrHA layers. Deionized water was added to ethanol with a volumetric ratio of 15:85, and the mixed solution was adjusted to pH = 5.0 using glacial acid to catalyze the hydrolysis. 0.5 g KH792 was then dripped into the aqueous ethanol solution (100 ml), which was then stirred at 25°C for 1 h. SrHA-coated samples were then immersed into the KH792 solution at 65°C in a magnetic stirrer for 12 h. Following the reaction, the samples were rinsed in ethanol and deionized water before being cured for 12 h at 80°C in an oven.
Preparation of Bil (SH + CS) Coating
Chitosan powder (CS, Aladdin, China, 179.17) was dissolved in aqueous acetic acid solution (pH 5.6, Aladdin, China) to produce CS stock solution (1 mg/ ml). Sodium hyaluronate (HA, Aladdin, China, 403.3) was dissolved in deionized water to produce HA stock solution (1 mg/ ml). Both solutions were then stored in a fridge overnight after preparation. Silane-treated SrHA samples were first dipped into the HA solution and then chitosan solution for 10 min each, before being rinsed with acetic buffer solution and air-dried. The alternating polyelectrolyte deposition cycle was continued for five bilayers.
Coating Characterization
Structural and compositional measurements of the SrHA and silane-treated SrHA were taken using X-ray diffraction (XRD, Philips 1700X, Netherlands), Fourier transform infrared spectroscopy (FTIR, SPM-9500 J3, Japan), and X-ray photoelectron spectroscopy (XPS, PHI Quantera SXM, Japan). An XRD analysis was performed using Cu Kα1 radiation at a scan rate of 4°/minute. The FTIR spectrum of the coatings was recorded in a range of 4,000–500 cm−1. Regarding the operating details of XPS, an Al Kα radiation source was employed with scanning energy of 1 and 0.1 eV for the survey and a high-resolution scan, respectively. XPS binding energy (BE) values were charge-corrected after setting the C 1s hydrocarbon component to 284.8 eV. Coating morphology was examined by a scanning electron microscope (SEM, Quanta-200, Netherlands) that was equipped with EDS.
Zeta Potential Measurement
The zeta-potential was examined by a solid potentiometer (SurPASS 3, Anton Paar, Austria) at room temperature. The zeta potential of each sample was measured three times, and the average values were reported.
Corrosion Test
Corrosion resistance of the samples was evaluated using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). They were conducted at 36.5 ± 0.5°C in simulated body fluid (Kokubo and Takadama, 2006). Each sample was sealed using two-component epoxy with an exposure area of 1.0 cm2 (1.0 cm × 1.0 cm). Potentiodynamic polarization tests were conducted in a three-electrode cell. A platinum plate was used as the counter-electrode, and a saturated calomel electrode was used as the reference electrode. All measured potential values were related to the SCE.
Cell Adhesion and Morphology
Mesenchymal stem cells (MSCs) were isolated from Sprague–Dawley male rats and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma, United States) that was supplemented with 10% fetal bovine serum (PBS, Sigma, United States) and 1% penicillin–streptomycin (P/S, Sigma, United States) at 37°C in a humidified atmosphere that contained 5% CO2 and 95% air. All samples used during the cell adhesion experiments were initially disinfected by ultraviolet radiation. When MSCs covered approximately 80% of the bottom area of the culture dish, cells were seeded to the coating surfaces (SrHA and Bil (SH + CS)/SrHA) and a blank plate (control group) with a seeding density of 1 × 104 cells/ml. Medium changes were conducted every 2 days, and the culture period was set as 4 h, 1 day, and 5 days. At each of these time points, the coated samples were removed from the culture medium and fixed by adding 2.5% glutaraldehyde (Aladdin, China) for 2 h at room temperature before being dehydrated in ethanol series (50, 70, 90, and 100%) at 10 min per grade, and eventually being substituted with hexamethyldisilazane (HMDS, Sigma, United States) before being air-dried. All the samples were then sputter-coated with gold prior to SEM observation.
Immunocytochemistry
Cell cytoskeleton was observed using the FITC-labeled phalloidin (40735ES75, Yesen, China). At 4 h and 1 day, the medium was removed by aspiration, and cells on the coatings were fixed with 4% paraformaldehyde in 1 × PBS for 20 min at room temperature before being washed twice with 1 × PBS. Cells were then permeabilized with 0.5% Triton 1 × PBS for 5 min, and then blocked with 1% (w/v) solution of bovine serum albumin (BSA, Sigma-Aldrich) in 1 × PBS for 1 h at room temperature. Actin filaments were then labeled by FITC-labeled phalloidin for 30 min at room temperature. Samples were then washed twice (5 min each time) with 1 × PBS. Visualization was then conducted using a Nikon microscope (Ti-E, Nikon, Japan). FITC-labeled phalloidin was excited at 488 nm.
Antibacterial Activity
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were used for evaluating the antibacterial efficacy of samples using the plate-counting method. All samples were initially sterilized using ultraviolet radiation, and then 5 ml agar culture medium was spread across the surface of each sample. Following agar solidification, 1 ml of each bacterium solution (1 × 106 CFU cm−1) was inoculated on the agar plate before the polyethylene film was placed onto the seeded agar plate and incubated at 37°C for 24 h. At the end of the time point, samples were washed repeatedly to facilitate eluent collection, and the number of bacteria colonies was counted.
Statistical Analysis
One-way ANOVA with Tukey’s post hoc test was used for determining any significant differences that existed between the mean values of the experimental groups using Prism® version 5 (GraphPad, California). Difference between groups was considered significant at the 95% confidence interval. Three replicates were measured, and mean values were then calculated.
RESULTS
Composition Investigation of Silane-Treated SrHA
The typical XRD patterns of samples that were coated with SrHA and silane-treated SrHA can be seen in Figure 1A. It is apparent that the diffraction peak corresponding to the (002) crystal plane (characteristic peak of SrHA prepared by electrodeposition) significantly shifts to a smaller angle compared to that of pure HA. This can be attributed to the higher ionic radius of Sr compared to Ca. The X-ray diffraction analysis of the KH792-treated SrHA exhibited identical peaks to those of SrHA, thereby confirming that KH792 treatment does not affect the SrHA crystal structure. In addition, functionalized SrHA is only distributed in the outermost layers of SrHA, and the amount is far too little to display any prominent peak to confirm functionalization.
[image: Figure 1]FIGURE 1 | XRD pattern (A) and FTIR spectra (B) of the as-synthesized samples coated with SrHA and silane-treated SrHA.
The FTIR spectra of SrHA and silane-treated SrHA can be seen in Figure 1B. In the SrHA spectrum, the bands of 900–1,200 cm−1, 554 cm−1, and 597 cm−1 can be attributed to the phosphate bond (Sun et al., 2015). The bands associated with the stretching modes of CO32− can be observed at 1,439 cm−1 and 863 cm−1 (Zhang et al., 2014). The bands of 3,430 cm−1 and 1,639 cm−1 arise from OH− and HPO43−, respectively. In the FTIR spectra of silane-treated SrHA, in addition to the presence of characteristic peaks of SrHA, the spectrum exhibits new peaks at 2,930 cm−1 and 2,850 cm−1 (C-H stretching) and 1,472 cm−1 (hydrogen-bonded NH2 deformation) (Rehman et al., 2016), strongly confirming the functionalized SrHA. In this study, N-(β-aminoethyl)-γ-aminopropyltrimethxy silane (KH792) was used as the silane-coupling agent. During treatment, the -Si(OH)3 group, the hydrolysis product of KH792, chemically reacted with PO43− or OH− ions of SrHA and formed -Si–O- and Si–O–P chemical bonds, respectively. In the spectrum of silane-treated SrHA coatings, no obvious stretching peak associated to the band of Si–O–P at 998 cm−1 can be observed, potentially as a result of overlapping with the band of PO43−.
For more accurately determining the chemical composition of the KH792 functionalized SrHA, XPS measurement was conducted, the results of which can be seen in Figure 2. According to the survey spectra, the surface of silane-treated SrHA coatings contains Si, N, O, Mg, Ca, Sr, P, and C, further verifying the chemical reaction between KH792 and SrHA. In the silane treatment process, Mg–Zn–Ca substrates were corroded slightly and Mg was still detectable in the survey scan of the coating. As is shown in Figure 2B, the Si2p spectra are separated into four peaks. The first peak is located at 102.49 eV and is attributed to Si-OH (Ramezanzadeh et al., 2016). The second peak, which is at 101.95 eV, corresponds to the Si–O–Si bonding of KH792-treated SrHA (Lee et al., 2015). The third peak at 100.20 eV is assigned to Si–C bonding. The presence of Si–O–P at 530.6 eV confirms the successful functionalization of SrHA. The spectrum of O 1s can be deconvoluted into five peaks. Those corresponding to Si–O (532.8 eV) and C–O (532.2 eV) are assigned to O 1s in functioned SrHA (Lee et al., 2015; Ramezanzadeh et al., 2016; Zhu et al., 2016), and the peaks that are found at 531.3 eV and 532.8 can be attributed to the PO43− group and the OH− group in SrHA (Wang et al., 2010). The C 1s (Figure 2D) spectra were fitted to four peaks at 286.1, 285.6, 283.8, and 284.7 eV, which are associated with the bonding of C–N, C–O, C–Si, and C–C.
[image: Figure 2]FIGURE 2 | XPS survey spectrum (A) and high-resolution spectra of (B) Si 2p, (C) O 1s, (D) and C 1s of silane-treated SrHA coating.
FTIR Analysis of Bil (SH + CS)/SrHA Coating
Figure 3 displays the representative spectra of Bil (SH + CS)/SrHA, in addition to pure CS and HA on SrHA. In the Bil (SH + CS)/SrHA spectrum, the phosphate bond at 900–1,200 cm−1, 554 cm−1, and 597 cm−1, and O–H located at 3,000–3,700 cm−1 were observed. However, the peaks corresponding to HPO42− and CO32− were not detected, potentially as a result of detection limits. The spectrum of sodium hyaluronate exhibited several bands at 2,580–2,940 cm−1 and 3,100–3,600 cm−1, and they are associated with the bond of–CH2– and the overlap of–OH and N–H (Umerska et al., 2012). The highly overlapping bands in the region of 1800–1,500 cm−1 come from the acetamide and carboxylate group (Servaty et al., 2001). The highest peak at 1,609 cm−1 is attributed to the asymmetrical stretching vibration of the carboxylate (COO−) (Servaty et al., 2001; Dřímalová et al., 2005). Overlapped with this peak was the amide I and amide II bonds of the acetamide group, corresponding to 1,648 cm−1 and 1,556 cm−1, respectively (Servaty et al., 2001). As can be seen in the chitosan spectrum, the band at 1,656 cm−1 is attributed to the C=O of the amide group in acetylated chitosan units. The band at 1,586 cm−1 is assigned to the amide group and N–H bending vibration of the amine group in deacetylated units. From Figure 3, it can be seen that the peaks in the region of 1700 cm−1 to 1,500 cm−1 of Bil (SH + CS)/SrHA spectrum were relatively changed from the CS and HA spectrum, which presents an overlapped peak of the carbonyl and amide vibrations of both polysaccharides at 1,593 cm−1.
[image: Figure 3]FIGURE 3 | FTIR spectra of the CS, HA, and Bil (SH + CS) on silane-treated SrHA.
Corrosion Properties
Representative potentiodynamic polarization curves of the specimens can be seen in Figure 4A. The Ecorr of SrHA-coated samples is approximately −1.62 V and that of Bil (SH + CS)/SrHA-coated Mg alloy exhibits the positive shift to −1.54 V, which indicates an enhancement of the corrosion resistance. At the same time, the Icorr of Bil (SH + CS) coating is an order of magnitude lower than the SrHA-coated sample, demonstrating a decline from ×1.3610−5A/ cm2 to 2.65 × 10−6 A/ cm2. The hydrogen evolution curves of the samples in SBF solution are shown in Figure 4B. As the figure shows, a small amount of H2 was generated from the coated samples, and Bil (SH + CS)/SrHA coatings presented the lowest hydrogen evolution amount, indicating that the Bil (SH + CS)/SrHA coating highly improved corrosion resistance of the Mg alloy substrate.
[image: Figure 4]FIGURE 4 | Polarization curves (A) and hydrogen evolution volume (B) of Mg substrate, SrHA coating, and Bil (SH + CS)/SrHA coating.
Cell Adhesion and Cytoskeletal F-Actin Development
The initial adhesion morphology of MSCs cultured on SrHA coatings and Bil (SH + CS)/SrHA coatings for 4 and 24 h were observed by SEM, and the typical images can be seen in Figure 5. As Figures 5A,C show, MSCs were attached and spread well on two coating types, with tiny filopodia extended from the cell edges. After being cultured for 24 h, there was more pronounced cell spreading on coatings and flattened patterns covered the coating surface (Figures 5B,D). Figure 6 displays the fluorescent microscopy images of cytoskeletal organization of MSCs on coatings during the initial 24 h. Figure 6A shows that the cell cytoskeleton on the culture dish (control group) presented the polygon structure, and this increased as incubation time was extended (Figure 6D). Compared to the control group, the cytoskeletal on coated samples presented a snow-like structure (Figures 6B,C), which indicates that a large number of prominent filopodia anchored the cell body on the coatings. After being cultured for 24 h, the MSCs on the coated samples grew, proliferated, and overlapped with each other (Figures 6E,F). It is noticeable that cellular filopodia are extending, which indicates cell growth and migration on the coating surface.
[image: Figure 5]FIGURE 5 | Cell attachment and adhesion on different samples at various times: Cells cultured on SrHA-coated sample for 4 h (A) 24 h (B); Cells cultured on Bil (SH+CS)/SrHA-coated sample for 4 h (C) 24 h (D).
[image: Figure 6]FIGURE 6 | Morphology of MSCs revealed by immunofluorescence staining of cytoskeletal F-actin: Cells cultured on plate for 4h (A), 1D (D); Cells cultured on SrHA-coated sample for 4h (B), 1D (E); Cells cultured on Bil(SH+CS)/SrHA-coated sample for 4h (C), 1D (F).
In Vitro Antibacterial Properties
The antibacterial effects of the coated samples against S. aureus and E. coli were evaluated using the spread plate count method. Figure 7 shows the number of adherent colonies on the sample surface following 24 h of incubation. Significant differences in the colony number of attached bacteria were observed between the control group (glass) and Bil (SH + CS)/SrHA coatings, showing a reduction of 300 times and 260 times in S. aureus and E. coli on Bil (SH + CS)/SrHA coatings. Regarding the Mg–Zn–Ca substrates, the inhibiting effect was also observed, but there was weaker efficacy than that of Bil (SH + CS)/SrHA coatings. Bacteria growth was partially inhibited on SrHA coatings, and more than 102 colonies were still adhered to the surface.
[image: Figure 7]FIGURE 7 | Antibacterial properties and biocompatibility of Mg substrate, SrHA, and Bil (SH + CS)/SrHA, *represents p < 0.05.
However, Bil (SH + CS)/SrHA coatings have clearly demonstrated antibacterial properties over the other groups (Mg–Zn–Ca substrates and SrHA coatings) in the prevention of initial bacterial adhesion, resulting in biofilm minimization.
DISCUSSION
One of the most common reasons for orthopedic implant failure is implant-associated bacterial infection, and this can lead to antibiotic inefficacy and the eventual removal of an implant. Mg-based alloys have been reported to display excellent antibacterial activity and are regarded as being a potential biodegradable material for orthopedic application. However, the rapid degradation rate and consequent metallic ion release from alloying elements significantly affect durability and cytotoxicity, meaning there is also impedance to clinical practice. Surface modification is the most effective approach for simultaneously improving corrosion resistance and bioactivity of Mg-based alloys.
The aim of this study was controlling the rapid degradation of Mg-based alloys through the construction of a dense multilayer coating structure, utilizing the electrodeposition technique for producing the barrier layer with sufficient bonding strength to the substrate, and sealing the exposed micro-surface of the substrate using the layer-by-layer technique as a means of further enhancing corrosion resistance. The composition of this coating was created using SrHA, chitosan, and sodium hyaluronate, ensuring intensive bioactivity and antibacterial efficacy. Sr-containing coatings have been reported to activate osteoblast cell replication, inhibit bone resorption, and improve bone–implant integration (Li et al., 2010; Chen et al., 2014; Lin et al., 2014; Singh et al., 2014), and Sr-containing coatings have been reported to form on magnesium alloys through either electrodeposition or micro-arc oxidation techniques (Lin et al., 2014). However, the key issue with the multilayer coating structure is the integrity between SrHA and PEMs (self-assembled chitosan and sodium hyaluronate). In order to solve this issue, silane treatment was applied on the top of the SrHA layer, making it possible to provide electric charge to the coating surface and strengthening the interfacial adhesion between SrHA and PEMs. Therefore, the influence of silane treatment on Bil (SH + CS)/SrHA coatings was discussed, the coating formation mechanism was proposed, and an exploration of the effect of Bil (SH + CS)/SrHA coatings on antibacterial property and bioactivity was conducted.
Generally, SrHA crystal structure stability was retained following silane treatment, and no additional diffraction peak can be observed in Figure 1A. The presence of C–H stretching peaks (at 2,930 cm−1 and 2,850 cm−1), in addition to the hydrogen-bonded NH2 deformation peak (at 1,472 cm−1), in the spectrum of silane-treated SrHA demonstrated the functionalization of SrHA. As a means of further proving the chemical reaction between the silane agent (KH792) and the SrHA layer, the XPS survey was conducted, and the presence of the Si–O–P bond at 530.6 eV (as can be seen in Figure 2) supported the bonding mechanism between the silane agent and the SrHA layer. The role of silane treatment is the initialization of the follow-up reaction with HA and strengthening of the bonding between SrHA and PEMs without producing any adverse effects. Regarding the PEMs, an overlapped peak belonging to the carbonyl and amide vibrations of both polysaccharides (at 1,593 cm−1 in Figure 3) was observed in the Bil (SH + CS)/SrHA spectrum rather than the typical peaks of HA and CS ranging from 1700 cm−1 to 1500 cm−1. This phenomenon is attributed to the shift of the asymmetrical stretching vibration of the carbonyl group from sodium hyaluronate or the N–H bending vibration of the amine group of chitosan and can be interpreted as being a sign of electrostatic interaction of the carboxylate group and the NH3+ group in both polysaccharides. Figure 8 illustrates the morphologies of SrHA and the Bil (SH + CS)/SrHA coatings. This shows that SrHA coatings (Figure 8A) present a network structure, which is beneficial for cell adhesion. From Figure 8B, it can be seen that the low magnification image of Bil (SH + CS)/SrHA displays no significant difference with pure SrHA coating, and the surface is dense and uniform, exhibiting no cracks. At the same time, the SrHA network structure appears to be wrapped with the polymer shells at higher magnification. From the evaluation of corrosion resistance, it can be seen that Bil (SH + CS)/SrHA coatings greatly improved the corrosion resistance compared to Mg–Zn–Ca alloys and the SrHA layer. In addition, the protective efficacy of Bil (SH + CS)/SrHA coatings is validated for a longer duration (as can be seen in Figure 4). The reason for this could be the sealing effect of PEMs to the SrHA layer. In the electrodeposition process, SrHA particles were precipitated and then stacked on the substrate surface, and the microstructure possibly hindered corrosion resistance. HA/CS was then bonded to the silane-treated SrHA particles, and the PEM structure was ultimately formed, similar to a polymer shell (SH + CS). The polymer shell (SH + CS) could contribute to the sealing effect of the exposed micro-surface, thereby protecting the substrate coated with SrHA from SBF corrosion. This hypothesis could be supported by the morphology evolution that is shown in Figure 8.
[image: Figure 8]FIGURE 8 | SEM images of the surface of SrHA coating (A) and Bil (SH + CS)/SrHA coating (B).
In order to further understand the reaction between silane-treated SrHA and PEMs, the coating formation mechanism was discussed. Figure 9 shows the surface zeta potential of each polyelectrolyte layer of Bil (SH + CS)/SrHA. The ζ-potential of SrHA following silane treatment (0 layers) increased to 16 mV, contributing to the effective attachment of the –NH2 group to the surface. The general trend is that odd layers have a negative charge, whereas the even layers have a positive charge. Following discussion, the formation mechanism of Bil (SH + CS)/SrHA coating was proposed (Figure 10). The positively charged SrHA surface following silane treatment reacted with HA, and the residual carboxylic acid groups in HA caused a decrease in zeta-potential, as shown in Figure 9. After being immersed in CS solution, the cationic nature of CS molecules caused a sharp increase in zeta potential, and the alternative interaction between positive and negative charges on the surface ultimately formed the Bil (SH + CS)/SrHA coating. In addition, the excess gel of the HA and CS was rinsed using an acetic buffer. As the multilayered (SH + CS) coatings involved organic monolayer assembly by polyelectrolytes and van der Waals interaction, the polyelectrolyte complex layer was tightly attached to the charged SrHA. This can be anticipated to be more stable than the conventional dip coating process. It has been demonstrated that the Bil (SH + CS) coating uniformly wraps on the silane-treated SrHA, effectively delaying the corrosion of the samples that are coated with SrHA (as can be seen in Figure 4).
[image: Figure 9]FIGURE 9 | Zeta-potential surface charge alternation with the deposition of each polyelectrolyte layer. 0 layers corresponded with the SrHA layer following silane treatment.
[image: Figure 10]FIGURE 10 | Schematic illustration of the formation process of the deposition of chitosan and sodium hyaluronate on KH792-treated SrHA.
Orthopedic application coatings must be bioactive and antibacterial, effectively inhibiting infection and simultaneously improving bone growth at the bone–implant interface, which can achieve a faster bone healing process (Chang et al., 2013; Lim et al., 2014; Lim et al., 2015). This coupling effect is essential, and Bil (SH + CS)/SrHA coating was designed to provide such a unique function. Relatively few studies have been conducted on the antimicrobial properties of the Mg–Zn–Ca alloy substrate. However, as shown in Figure 7, the Mg alloy substrate exhibits potent activities against Gram-positive and Gram-negative bacteria. During the process of the spread-plate method experiment, as the agar was poured into the substrate surface, the pH of the agar increased due to the abundance of OH− that was produced by Mg corrosion. Therefore, the pH of the agar environment is unsuitable for the bacterial infection. Regarding the SrHA-coated samples, SrHA has not been proven to be antibacterial, as previous studies have demonstrated (Geng et al., 2016; Huang et al., 2016). In addition, SrHA enhanced Mg alloy substrate corrosion resistance to a certain degree, which could decrease the influence of the pH to the bacterial infection. Regarding Bil (SH + CS)/SrHA coatings, it is widely known that chitosan is an excellent antibacterial material. Chitosan can enter microbial cells through the cell membrane, combining with negatively charged substances (mostly proteins and nucleic acids) in the cells, thereby affecting their normal physiological functions (including DNA replication and protein synthesis), which results in microbial death. Furthermore, the interaction that occurs between the positive charge of chitosan and the negative charge on the surface of the microbial cell membrane changes the permeability of the microbial cell membrane, which contributes to microbial cell death. Results demonstrated that Bil (SH + CS)/SrHA coatings exhibited a good inhibition effect toward both S. aureus and E. coli during the incubation period.
In order to demonstrate the bioactivity of Bil (SH + CS)/SrHA coatings, MSCs were cultured directly on the coating surface in vitro. Figure 5 proves that both the SrHA coatings and Bil (SH + CS)/SrHA coatings are favorable for the initial adhesion, proliferation, and spreading of MSCs, and no obvious difference was exhibited. Preliminary studies have shown that the surface properties of the coating, including surface topography, surface chemistry, surface wettability, and surface energy would significantly influence cell–material interactions. In addition, extensive in vitro studies have proven that the adhesion, morphology, and mineralization of osteoblasts are sensitive to nano-scale features (Hovgaard et al., 2008; Olivares-Navarrete et al., 2008). The cell patterns of SrHA and Bil (SH + CS)/SrHA following 5 days of culturing can be seen in Figure 11. MSCs grew and spread across the entire surface of Bil (SH + CS)/SrHA coatings, whereas cells on SrHA coatings shrunk, which indicates that the cells grew poorly and may have completely stopped dividing. In addition, many eroding pits were observed on the SrHA coating. As cell cultivation proceeded, SrHA-coated samples corroded intensively, which led to an increase in the pH value, potentially hindering cell growth and proliferation.
[image: Figure 11]FIGURE 11 | SEM images of cell morphology on day 5 of co-culture with (A) SrHA and (B) Bil (SH + CS)/SrHA.
In this study, the surface chemistry and surface charge of Bil (SH + CS)/SrHA coating changed compared to that of SrHA coating, but the surface morphology remained similar due to the thinness of polyelectrolyte multilayer coating (Figure 8). Figure 5 displays no obvious difference in terms of cell adhesion and distribution, so the adhesion and cytoskeletal development of MSCs on samples may be determined primarily by surface topography during the initial stage. This phenomenon is consistent with the findings of previous reports (Ding et al., 2015). Although SrHA coatings are favorable for the initial adhesion of MSCs, relatively poor corrosion resistance hindered the growth of MSCs during the long culturing period. Therefore, the composite Bil (SH + CS)/SrHA coatings are more suitable for cell adhesion and proliferation due to their improved corrosion resistance.
CONCLUSION
This study focused on the preparation and preliminary study of a bioactive and antibacterial composite coating (Bil (SH + CS)/SrHA) on Mg–Zn–Ca alloys. As evidenced by XRD and FTIR analyses, amino groups were successfully covalent bonded to the SrHA coating surface. SH/CS was built up on silane-modified SrHA coating based on the layer-by-layer assembly and was confirmed by observing zeta-potential. According to electrochemical studies and the hydrogen evolution experiment, Bil (SH + CS)/SrHA exhibited better corrosion resistance than SrHA, which presents one order of magnitude decrease in Icorr. The cell adhesion tests revealed Bil (SH + CS)/SrHA coatings to be more beneficial for the proliferation and growth of cells, due to the better corrosion resistance. In the antibacterial test, the Bil (SH + CS)/SrHA exhibited significant antibacterial efficacy, particularly in comparison to SrHA. Therefore, Mg–Zn–Ca substrates coated with Bil (SH + CS)/SrHA exhibited excellent biocompatibility and superior antibacterial abilities, making them more effective for biomedical applications.
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