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Abstract

:

Photoactivated sterilization has received more attention in dealing with implant-associated infections due to its advantages of rapid and effective bacteriostasis and broad-spectrum antibacterial activity. Herein, a micro-arc oxidation (MAO)/polymethyltrimethoxysilane (PMTMS)@hemin-induced calcium-bearing phosphate microsphere (Hemin-CaP) coating was prepared on pure magnesium (Mg) via MAO processing and dipping treatments. The morphology and composition of the coating were characterized via scanning electron microscopy, Fourier transform infrared spectrometer, X-ray diffractometer and X-ray photoelectron spectrometer. Corrosion behavior was evaluated through electrochemical and hydrogen evolution tests. The release of Fe3+ ions at different immersion times was measured with an atomic absorption spectrophotometer. Antibacterial performance and cytotoxicity were assessed using the spread plate method, MTT assay and live/dead staining experiment. The results showed that the corrosion current density of the MAO/PMTMS@(Hemin-CaP) coating (4.41 × 10−8 A·cm−2) was decreased by two orders of magnitude compared to that of pure Mg (3.12 × 10−6 A·cm−2). Photoactivated antibacterial efficiencies of the Hemin-CaP microspheres and MAO/PMTMS@(Hemin-CaP) coating reached about 99% and 92%, respectively, which we attributed to the photothermal and photodynamic properties of hemin with a porphyrin ring. Moreover, based on the release of Fe3+ ions, the MC3T3-E1 pre-osteoblasts’ viability reached up to 125% after a 72 h culture, indicating a positive effect of the coating in promoting cell growth. Thus, this novel composite coating holds a promising application as bone implants.
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1. Introduction


Magnesium (Mg)-based alloys have attracted great interest in the temporary orthopaedic implant field owing to their remarkable biodegradability, excellent biocompatibility and similar elastic modulus and density with the natural bone [1,2,3]. Furthermore, Mg2+ ions produced during the degradation of Mg-based alloys could stimulate new bone growth [4]. The unfortunate complication is that Mg-based alloys can degrade too rapidly under physiological conditions, losing mechanical strength before the tissue has fully healed and producing hydrogen in the degradation process at a fast rate that the host tissue may be unable to deal with [5]. On the other hand, although the increased pH value induced by in vitro degradation of Mg-based alloys has exhibited antibacterial activity, the powerful buffering capacity of our human body would weaken this antibacterial effect [6,7], which is not enough to handle the complex implant-associated infections (IAIs). Thus, it is vital to prepare functional coatings on Mg-based alloys to enhance both their corrosion resistance and their antibacterial activity.



Among various preparation methods of coatings such as micro-arc oxidation (MAO) [8,9], electrophoretic deposition [10,11], layer-by-layer assembly [12,13], chemical vapor deposition [14] and chemical conversion [15,16], MAO has been extensively used for surface modification of Mg-based alloys because of its remarkable wear resistance as well as high hardness [17]. However, the MAO coating with porous structures is vulnerable to penetration by a corrosive medium. Hence, it is necessary to adopt measures to seal the porous structures, one of which is the commonly used fabrication of polymer coatings after the MAO process [18]. Jia et al. [19] prepared chitosan multilayers loaded with cerium trivalent on the MAO surface of a Mg-1Ca alloy using spin-coating. This biocompatible ceramic/polyelectrolyte anticorrosion system possessed a pH-responsive self-healing property. Lu et al. [20] prepared a poly-L-lactic acid (PLLA) coating on an MAO-pretreated AZ81 alloy and then fabricated a drug-release coating consisting of a poly (DL-lactide-co-glycolide)/paclitaxel (PLGA/PTX) layer and a pure PLGA layer. The results revealed that the PLLA efficiently sealed the micropores and microcracks of the MAO coating and a nearly linear sustained-release of PTX was achieved without significant burst release. Ghanbari et al. [21] deposited a poly trimethylene carbonate polymer layer to seal open pores of the MAO layer and functionalized it with a biomimetic polydopamine layer. The multilayer coating promoted the formation of hydroxyapatite and cell adhesion on the surface. Our previous work [22] showed that polymethyltrimethoxysilane (PMTMS) can also be used as a polymer coating due to its excellent film formability and durability. The hydrolyzed silane condensed with the hydroxyl groups of the MAO coating sealed its porous structures effectively and enhanced its corrosion resistance. In addition, loading drugs [23] or nanoparticles [24] with the PMTMS has also been proved to be feasible.



As one of the prime reasons for orthopedic surgery failure, IAI has become an arduous challenge. IAIs can be induced by various contamination sources, including inadequate disinfection of surgical instruments, inadequate cleaning of the operating room environment, hypothermia of patients during anesthesia and contamination from patient’s skin and mucous membranes [25]. At present, antibiotics are the most-used agents to treat IAIs. Nevertheless, the overuse of antibiotics will give rise to increasingly severe bacterial resistance [26,27]. Therefore, it is urgent to seek new non-antibiotic agents and strategies that will kill bacteria without generating bacterial resistance. Photoactivated sterilization has received more attention in recent years due to its advantages of rapid and effective bacteriostasis and broad-spectrum antibacterial activity [28]. To date, a variety of photo-responsive materials, such as inorganic nanoparticles [29,30], layered double hydroxides [31,32], cyanine-based agents [33,34], porphyrin-based agents [35] and diketone-based agents [36] have been attempted to fabricate antibacterial coatings on the surface of bone implants to deal with IAIs. Thereinto, porphyrins and porphyrin derivatives have considerable potential in biomedical applications because of their distinctive light-harvesting properties and photophysical properties [37]. For instance, their porphyrin macrocycles can transform near-infrared (NIR) light into heat for photothermal therapy (PTT) and produce reactive oxygen species (ROS) for photodynamic therapy (PDT) [35,38]. Our prior research [35] prepared a sodium copper chlorophyllin induced calcium-bearing phosphate coating on the Mg alloy AZ31 through layer-by-layer assembly. The antibacterial efficacy of the prepared coating against S. aureus and E. coli reached 99.8% and 99.9% in vitro through the combination of PTT, PDT and Cu2+ ion release. However, the release of Cu2+ ions during coating degradation, especially the burst release within 24 h, would lead to galvanic corrosion and accelerate the failure of the coating.



Compared with the standard electrode potential of Cu (E(Cu2+/Cu) = 0.3419 V), the electrode potential difference between Fe (E(Fe3+/Fe) = −0.037 V) and Mg (E(Mg2+/Mg) = −2.372 V) is smaller [39]. Therefore, the tendency of galvanic corrosion between Fe-containing materials and Mg-based implants is lower than that of Cu-containing materials. Fe, as the highest trace metal element with about 4 g in the human body, plays vital roles in vivo, including the storage, transport and activation of molecular oxygen, the decomposition of peroxides, the reduction of ribonucleotides and dinitrogen and the transport of electrons [40]. As an Fe-containing porphyrin (hemoglobin protein) extracted from the red blood cells, hemin has been recognized as an ideal iron supplement with proven biosafety [41,42]. In recent years, hemin has also been widely utilized for biosensors and cancer therapy owing to the electron-rich π-system of the cyclic tetrapyrrole and the catalytic function of the chelated ferric iron [43,44]. For example, Dang et al. [42] fabricated multifunctional scaffolds via loading hemin and doxorubicin on bioactive glass ceramics, which could inhibit tumor growth in vivo through the combination of PTT and chemotherapy. However, few researchers have reported using hemin coating on the surface of Mg-based implants for anti-infection treatment through PTT and PDT up to now.



Calcium-bearing phosphates (CaP), including monocalcium phosphate (MCP, Ca(H2PO4)2), dicalcium phosphate (DCP, CaHPO4), tricalcium phosphate (TCP, Ca3(PO4)2), oxyapatite (OA, Ca10(PO4)6O), hydroxyapatite (HA, Ca10(PO4)6(OH)2), octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4·5H2O) and tetracalcium phosphate (TTCP, Ca4(PO4)2O), are chemically analogous to the mineral composition of bones and have been generally used as Mg-based alloy coatings owing to their superior osseointegration and biocompatibility [45,46]. Previous studies have shown that organic molecules and polymers containing carboxyl groups, such as EDTA [47], amino acids [48] and polyacrylic acid [12] can induce the deposition of CaP through molecular recognition [2]. Thus, hemin may also be a good candidate to induce CaP deposition via molecular recognition with carboxyl groups.



In this study, a PMTMS@hemin-induced CaP coating was prepared on MAO-coated pure Mg via dipping treatments, in which hemin acted as both photosensitizer and inducer of molecular recognition, to achieve good photoactivated antibacterial properties, long-term corrosion resistance and excellent biocompatibility. Above all, the mechanisms of coating formation, degradation and antibacterial activity were discussed.




2. Materials and Methods


2.1. Materials


Extruded plates of pure Mg (99.97% purity), provided by Shandong Yinguang Yuyuan Light Metal Precise Forming Co., Ltd., Shandong, China, were used as substrates and cut into cuboids with dimensions of 20 mm × 20 mm × 4 mm (used for corrosion characterization) and 10 mm × 10 mm × 4 mm (used for antibacterial and cytotoxicity tests) with a linear cutting machine. The chemical reagents used in this study are as follows: hemin (95%, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), methyltrimethoxysilane (MTMS, 98%, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China), N, N-dimethylformamide (DMF, AR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), CaCl2 (AR, Tianjin Guangfu Technology Development Co., Ltd., Tianjin, China), NaH2PO4 (AR, Xiya Chemical Technology Co., Ltd., Chengdu, China), NaOH (AR, Chengdu Kelong Chemical Co., Ltd., Chengdu, China), Na2SiO3·9H2O (AR, Tianjin Beichen District Fangzheng Reagent Factory, Tianjin, China) and Na2B4O7·10H2O (AR, Tianjin Guangfu Technology Development Co., Ltd., Tianjin, China).




2.2. Preparation of Hemin-CaP Microspheres


Hemin-CaP microspheres were prepared via a solvothermal method. Samples of 2 mM CaCl2, 1.2 mM NaH2PO4 and 0.4 mM hemin were added into 30 mL DMF under vigorous stirring. The solution was then moved into a stainless-steel autoclave with a Teflon liner and reacted at 140 °C for 12 h. The obtained microspheres were separated from the solution by centrifugation, washed three times with DI water and dried at 80 °C, then ground by an agate mortar. Finally, a brown Hemin-CaP powder was obtained.




2.3. Preparation of MAO Coatings


The substrates were progressively ground with sandpaper to 1500 grit, followed by cleaning with DI water and ethanol and drying with warm air. Subsequently, MAO coatings were formed using a home-built setup that included an HNMAO-20A-DPM400 power supply, a motor agitator and an acrylic box containing a stainless-steel plate (cathode). The parameters of the MAO process were as follows: frequency 200 Hz, duty ratio 10%, voltage 300 V and oxidation time 5 min. The electrolyte contained 5 g/L of NaOH, 7 g/L of Na2SiO3·9H2O and 9 g/L of Na2B4O7·10H2O. The whole MAO process was carried out at room temperature and the voltage was increased gradually from 180 V to 300 V. The breakdown voltage and breakdown time were about 280 V and 1 min, respectively. Afterward, the samples were cleaned with DI water and dried in an oven.




2.4. Preparation of MAO/PMTMS@(Hemin-CaP) Coatings


The MAO coatings were soaked in 1 M NaOH solution for 30 min to acquire the hydroxylated MAO coatings. A solution of MTMS doped with Hemin-CaP microspheres was prepared by adding 60 mg Hemin-CaP powder into MTMS solution (9 mL MTMS, 30 mL ethanol, and 60 mL DI water), followed by stirring at 50 °C for 1 h. The hydroxylated MAO coatings were soaked in the MTMS solution doped with Hemin-CaP at 50 °C for 2.5 h. Finally, the MAO/PMTMS@(Hemin-CaP) coatings were acquired after cleaning with DI water and drying in an oven at 120 °C for 2 h. The preparation procedure is illustrated in Figure 1.




2.5. Surface Analysis


The morphology and micro-structure of the powder were observed via scanning electron microscopy (SEM, Apreo S HiVac, Thermo Fisher Scientific, USA) and transmission electron microscopy (TEM, Talos F200X G2, Thermo Fisher Scientific, USA). The surface and cross-sectional morphologies of the coatings were observed via scanning electron microscopy (SEM, Nova NanoSEM 450, FEI, USA). The elemental composition was investigated using energy dispersive X-ray spectroscopy (EDS) which was connected to the TEM and SEM. The chemical bonding states were characterized via Fourier transform infrared spectrometer (FT-IR, Nicolet 380, Thermo Fisher Scientific, USA) and X-ray photoelectron spectrometer (XPS, Nexsa, Thermo Fisher Scientific, USA). The crystallographic structures were analyzed with an X-ray diffractometer (XRD, D/Max 2500PC, Rigaku, Japan). The water contact angle was measured via a contact angle measuring instrument (JC2000D1, Shanghai Zhongchen Digtal Technology Apparatus Co., Ltd., China).




2.6. Corrosion Characterization


Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization curves were evaluated with an electrochemical workstation (PARSTAT2273, AMETEK, USA). A typical three-electrode system consisted of a saturated calomel electrode as reference electrode, a platinum sheet as counter electrode, and a sample with an exposure area of 1 cm2 as working electrode applied in Hank’s solution (8.0 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl2, 0.35 g/L NaHCO3, 1.0 g/L glucose, 0.1 g/L MgCl2·6H2O, 0.06 g/L MgSO4·7H2O, 0.06 g/L KH2PO4 and 0.06 g/L Na2HPO4·12H2O) at ambient temperature. The open circuit potentials were performed for 10 min before the EIS measurements. The interference potential of EIS and the scan rate of potentiodynamic polarization curves were 10 mV and 2 mV/s, respectively. ZSimpWin and PowerSuite were used to fit the equivalent circuits (EC) of EIS and the electrochemical parameters (i.e., corrosion potential (Ecorr), corrosion current density (icorr), anode Tafel slope (βa) and cathode Tafel slope (βc)) of the potentiodynamic polarization curves, respectively. Polarization resistance (Rp) was calculated according to the Stern-Geary equation [49]:


   R p   =     β a       ×   β   c    2    . 303   ×   i    corr      ×       β a  +    β   c       



(1)







Additionally, the hydrogen evolution test was measured by putting the samples into Hank’s solution at 37 °C under an upside-down funnel linked to an inverted buret and recording the scale of the buret periodically for 430 h. To investigate the degradation process of the MAO/PMTMS@(Hemin-CaP) coating, the morphology and composition of the coating were measured after immersions for 75, 150, 225 and 430 h. The Fe element released from the coatings was detected with anf atomic absorption spectrophotometer (TAS-986F, PERSEE, China). All samples were tested in triplicate.




2.7. Photothermal and Photodynamic Tests


The photothermal performance of the samples was detected in air and Hank’s solution (700 μL) using an 808 nm NIR laser beam (P1, Hi-Tech Optoelectronics Co., Ltd., China) with a power density of 1.6 W/cm2. The temperatures were captured using an infrared thermal imager (PTi120, Fluke). In order to calculate the photothermal conversion efficiency (η) of the MAO/PMTMS@(Hemin-CaP) coating, its absorbance at 808 nm was measured with an ultraviolet-visible/near-infrared spectrophotometer (UV-Vis/NIR, UH4150, Hitachi, Japan), and the specific calculation steps are described in the supporting information. For the photodynamic test, the electron spin resonance spectrometer (ESR, EMXplus, BRUKER, Germany) was employed to detect the ROS (1O2) produced by samples using 2, 2, 6, 6-tetramethylpiperidine (TEMP) as a capture agent. For the Hemin-CaP powder, 100 μL suspension (500 μg/mL) was mixed with 5 μL TEMP solution (100 mM) and then exposure to 808 nm NIR light for 10 min. For the MAO/PMTMS@(Hemin-CaP) coating, the sample was immersed in DI water for 10 min, followed by pipetting 100 μL DI water to mix with 5 mg TEMP. The mixture was irradiated with 808 nm NIR light for 10 min.




2.8. Antibacterial Test


Gram-positive S. aureus (ATCC6538) and gram-negative E. coli (ATCC8739) obtained from the Guangdong Microbial Culture Collection Center were employed to assess the antibacterial activity of the various samples. For the Hemin-CaP powder, 160 μL Hemin-CaP suspension (2 mg/mL) was mixed with 640 μL bacterial suspension (107 CFU/mL) in a 24-well plate. Bacterial suspension mixed with 160 μL DI water was set as the control group. Then, the samples were tested with or without 808 nm NIR light (1.6 W/cm2) irradiation for 30 min. For the coatings, samples were immersed in 800 μL bacterial suspension in the 24-well plate for 40 min with or without irradiation of 808 nm NIR light. Subsequently, the bacterial suspension was diluted 1000 times with 0.85% NaCl solution and spread onto a beef extract peptone agar medium (0.5% NaCl, 1% peptone, 0.5% beef extract and 2% agar). The number of bacterial colonies was counted after the agar plates were incubated at 37 °C for 18 h.



In order to observe the bacterial morphology using SEM (Apreo S HiVac, Thermo Fisher Scientific, USA), bacteria in the samples were fixed in 2.5 v% glutaraldehyde solution, dehydrated in ethanol solution and dried in tertiary butanol ethanol solution [50].




2.9. Cytotoxicity Test


MC3T3-E1 pre-osteoblasts (Wuhan Union Hospital) were utilized to assess the cytotoxicity of various samples via an MTT assay [51]. Moreover, a live/dead staining experiment was applied to discriminate cell morphology [52]. The specific procedures are provided in the supporting information.




2.10. Statistical Analysis


The data from the antibacterial and cytotoxicity tests, presented as mean ± standard deviation, were obtained for n = 3. t-tests were conducted to ascertain the significance level (* p < 0.05, ** p < 0.01, *** p < 0.001). p < 0.05 was considered a significant difference.





3. Results


3.1. Surface Analysis


SEM images of Hemin-CaP powder are shown in Figure 2a,b. The powder possessed sphere-like morphology with a diameter of 2–4 μm covered by flake structures. The corresponding EDS data exhibited that the powder contained C, N, O, P, Ca and Fe elements (Figure 2c). The Ca/P ratio was about 1.27, and the N/Fe ratio greater than 4, which may be ascribed to the demetallization of partial porphyrins during the solvothermal process. The MAO coating had typical porous structures (Figure 2d,e). The main elemental composition of the MAO coating was Mg, O and Si (Figure 2f), indicating the existence of MgO and MgSiO3. Furthermore, the MAO/PMTMS@(Hemin-CaP) coating appeared as flower-like structures with a cluster of particles distributed on the coating surface (Figure 2g,h). The presence of Fe, N, Ca and P confirmed the loading of Hemin-CaP powder (Figure 2i). The contact angle measurements showed that the MAO coating had a highly hydrophilic surface with a contact angle of 20° (Figure 2d), as the water droplet easily wetted and spread out over the MAO film and quickly penetrated into its porous structures. In comparison, the MAO/PMTMS@(Hemin-CaP) coating exhibited a hydrophobic property with a contact angle of 98° (Figure 2g), indicating that the polymer coating could effectively diminish its contact area with the corrosive aqueous solution, which would be beneficial to improve its corrosion resistance. TEM images further determined that the flake structures of Hemin-CaP powder were calcium-bearing phosphates, and the elements C, N and Fe were mainly situated in the nuclei; that is, hemin was packaged into the microspheres (Figure 2j–q).



The cross-sectional morphologies and corresponding EDS mapping images of the MAO and MAO/PMTMS@(Hemin-CaP) coatings are displayed in Figure 3. The thickness of the MAO coating filled with Mg, Si and O elements was 1.67 ± 0.09 μm (Figure 3a–d). Micropores of various dimensions were located in the MAO coating. Nevertheless, the MAO/PMTMS@(Hemin-CaP) coating can be divided into an outer loose layer (1.20 ± 0.04 μm) loaded with Hemin-CaP microspheres and an inner dense layer (2.07 ± 0.21 μm) with MAO coating sealed by PMTMS (Figure 3e), which would be confirmed by the elemental signals of Mg, O, Ca and P. Note that the Si signal in the outer layer also proved the successful preparation of PMTMS (Figure 3g).



The FT-IR spectrum of the samples is depicted in Figure 4a. For pure hemin, the bands of C-H stretching of alkyl groups were found at 2914 and 2857 cm−1 [53]. The peaks around 1380–1500 cm−1 arose from the skeletal vibrations of the tetrapyrrolyic macrocycle [54]. In addition to the peaks of C-H and tetrapyrrolyic macrocycle associated with hemin, the peaks correlated with PO43- could be observed at 1128, 1065, 600 and 563 cm−1 in the Hemin-CaP powder [12,55,56,57]. For the MAO/PMTMS@(Hemin-CaP) coating, the peaks associated with the porphyrin ring and PO43- were exhibited at 1380–1500, 600 and 563 cm−1, demonstrating that hemin and CaP were successfully loaded. Moreover, the existence of Si-CH3 (1272 and 779 cm−1), Si-O-C (1117 cm−1) and Si-O-Si (1031 cm−1) groups supported the formation of PMTMS [22,24]. The XRD pattern in Figure 4b further proved that the main components of CaP in Hemin-CaP powder were HA and DCP. As displayed in Figure 4c, diffraction peaks of Mg, MgO and MgSiO3 were observed, confirming the construction of the MAO coating. The peak at 2θ = 26° observed in the MAO/PMTMS@(Hemin-CaP) coating demonstrated the presence of an amorphous Si-O-Si structure [22]. The C 1s, N 1s, O 1s, P 2p, Ca 2p and Fe 2p signals were observed in the XPS spectrum of Hemin-CaP powder in Figure 4d, which is in agreement with the EDS results in Figure 2c. Furthermore, an extra Si 2p signal was detected in the XPS spectrum of the MAO/PMTMS@(Hemin-CaP) coating (Figure 4e). For ascertaining the changes in the hemin structure of Hemin-CaP powder and composite coating, the XPS spectra of N 1s of pure hemin, Hemin-CaP powder and composite coating are displayed in Figure 4f. For pure hemin, the four chemically equivalent N atoms were coordinated with the central Fe atom, and only a single peak appeared at 398.3 eV in the N 1s spectrum [35,58,59]. However, the N 1s spectrum of Hemin-CaP powder and composite coating had an additional pyrrolic N peak with an area percentage of 38% and 46% at 400.0 eV, respectively, indicating that the demetallization of porphyrins occurred continuously during the preparation of powder and coating [60,61].




3.2. Corrosion Characterization


The potentiodynamic polarization curves and corresponding electrochemical parameters of (Ⅰ) pure Mg, (Ⅱ) MAO and (Ⅲ) MAO/PMTMS@(Hemin-CaP) coatings are depicted in Figure 5a and Table S1, respectively. The icorr of MAO/PMTMS@(Hemin-CaP) coating was decreased to 4.41 × 10−8 A·cm−2 in comparison with pure Mg (3.12 × 10−6 A·cm−2) and the MAO coating (9.67 × 10−7 A·cm−2), demonstrating that the composite coating possessed the best corrosion resistance. Additionally, the composite coating exhibited continuous passivation behavior in the anodic region, which is related to the fracture and reconnection of the Si-O-Si bond of silane [24]. The Rp of the composite coating (5.68 × 105 Ω·cm2) was one order of magnitude higher than that of the MAO coating (2.60 × 104 Ω·cm2), indicating that the composite coating can protect the pure Mg better than the MAO coating.



The Nyquist plots of the samples are shown in Figure 5b–d. The diameter of the capacitive loop of the MAO/PMTMS@(Hemin-CaP) coating was observably larger than that of the MAO coating and pure Mg, confirming that the composite coating provided a more effective physical barrier [62], which could be attributed to the sealing effect of PMTMS and the thicker composite coating (Figure 3e). The Bode plot in Figure 5e revealed that the low-frequency impedance modulus |Z| of the MAO/PMTMS@(Hemin-CaP) coating was higher than that of pure Mg and the MAO coating, which is in accordance with the analysis of Nyquist plots. As for the phase angle plot, the time constant of pure Mg in the middle-frequency region was associated with the formation of Mg(OH)2 corrosion product [63]. Since a ceramic MgO layer was formed on pure Mg, the time constant of the MAO coating in the middle-frequency region became wider [22,63,64]. For the composite coating, two time constants were observed, which can be associated with its bilayer structure.



The EC models in Figure 5f,g were used to further explain the corrosion behavior of the samples, and the corresponding fitting results are listed in Table S2. In the EC models, Rs and Rct are the solution resistance and the charge transfer resistance, respectively. R1 and R2 represent the film resistance. CPE represents the constant potential element and n is the degree to which the element deviates from pure capacitance. CPE is the same as capacitance when n = 1, Warburg impedance when n = 0.5 and resistance when n = 0 [65]. For pure Mg in Hank’s solution, two RQ circuits can be found in Figure 5f, indicating that a corrosion product film formed on the substrate. The same EC model also appeared in the MAO coating because of the porous oxide layer. The R1 of pure Mg (1.62 × 102 Ω·cm2) was much lower than that of the MAO coating (4.64 × 104 Ω·cm2), suggesting that the corrosion product film of pure Mg was relatively loose and thin. As displayed in Figure 5g, the EC model of the MAO/PMTMS@(Hemin-CaP) coating was composed of three RQ circuits related to substrate, inner layer and outer layer, respectively. Since the outer layer of the composite coating was loose while the inner layer was dense, the outer layer resistance R1 (6.65 × 104 Ω·cm2) was one order of magnitude lower than the inner layer resistance R2 (4.75 × 105 Ω·cm2), agreeing with the cross-sectional morphology in Figure 3e. The composite coating had the maximum Rct value (6.37 × 105 Ω·cm2), implying its positive effect on corrosion protection.



The hydrogen evolution volume (HEV) and hydrogen evolution rate (HER) curves of the various samples immersed in Hank’s solution for 430 h are shown in Figure 5h,i. For the pure Mg, a corrosion product film rapidly formed on substrate in the initial 80 h causing a reduced HER. During 80–200 h, the corrosion product film disintegrated and its HEV and HER increased gradually. The degradation and formation of corrosion products reached a dynamic equilibrium during 200–380 h, which led to a relatively stable HEV. Similarly, there was also a period of corrosion product formation in the initial 110 h for the MAO coating. Since the corrosive medium penetrated into the porous structures of MAO, HEV and HER increased after immersion for 110 h. With the continuous formation of corrosion products, HEV tended to be stable at about 300–380 h. As for the MAO/PMTMS@(Hemin-CaP) coating, both the overall HEV and HER of the composite coating were lower than that of the MAO coating since the micropores of the MAO coating were completely sealed. The slight increase in HEV after 110 h of immersion might be owing to the involvement of Fe3+ ions released from porphyrin by galvanic corrosion. Nevertheless, the HEV became flat after immersion for 190 h as the corrosion products were ceaselessly accumulated. Note that the HEV of pure Mg, MAO and composite coatings rose after 380 h, indicating that their corrosion product films were penetrated by the corrosive medium again. Due to the galvanic corrosion of the composite coating, its slope of HER was larger than that of pure Mg and the MAO coating. The photographs of the various samples immersed for 430 h are displayed in Figure 5j. There were large corrosion defects on the surface of pure Mg and the MAO coating, while the composite coating was not greatly damaged except for a small number of corrosion pits. Both electrochemical and hydrogen evolution tests showed that the composite coating had excellent corrosion resistance.



The morphologies and corresponding EDS spectra of the MAO/PMTMS@(Hemin-CaP) coating with immersions of 75, 150, 225 and 430 h are displayed in Figure 6a and Supplementary Figure S1. With a 75 h immersion, parts of the microspheres were degraded and corrosion cracks were observed. The flake structures covered on the microspheres disappeared, which would facilitate the release of Fe3+ ions. After an immersion of 150 h, a small number of corrosion products was formed. After immersing for 225 h, the corrosion products were increased and piled up together. Until 430 h, the cracks on the coating surface were enlarged, further accelerating the corrosion process. It can be seen from the FT-IR spectrum in Figure 6d that the peak of CO32− progressively appeared with the increase in immersion time due to the dissolution of CO2, while the peaks of silane and porphyrin ring were still existing. A new Mg(OH)2 peak appeared after 225 h of immersion in the XRD pattern (Figure 6e), revealing that the main corrosion product of the composite coating after 430 h immersion was Mg(OH)2, and the major structures of the composite coating were not changed significantly. In order to ascertain the variation in the hemin structure in the MAO/PMTMS@(Hemin-CaP) coating during immersion, XPS spectra of N 1s with immersions of 75, 150, 225 and 430 h are shown in Figure 6b. The peak area ratio of pyrrolic N to Fe-N progressively increased with the increase in immersion time, revealing that more and more Fe atoms were removed from the porphyrin macrocycles during the immersion process. The relation between Fe content in Hank’s solution and immersion time is displayed in Figure 6c. It was slowly released from the composite coating without burst release, which is consistent with the XPS results. Owing to the essential roles of Fe in the human body, the continuous release of Fe might have a positive effect on cell growth, which will be confirmed in the following cytotoxicity test.




3.3. Photothermal and Photodynamic Effects


The photothermal properties of Hemin-CaP with different dispersion concentrations were investigated under NIR irradiation, as displayed in Figure 7a. It was obvious that the final temperature after 10 min irradiation increased with increasing concentration of Hemin-CaP microspheres. The final temperature reached 51 °C when the concentration was 400 μg/mL. The photothermal heating curves of pure Mg, MAO and MAO/PMTMS@(Hemin-CaP) coatings are depicted in Figure 7b,c. In an air environment, the surface temperature of the MAO/PMTMS@(Hemin-CaP) coating reached 82 °C after irradiation for 5 min. In Hank’s solution, the surface temperature of the composite coating was 50 °C, approximately 7 °C higher than that of the MAO sample after irradiation for 10 min. Note that the final temperature of pure Mg was even higher than that of the MAO coating. This phenomenon may be attributed to the two reasons below. Firstly, the thermal conductivity of pure Mg is higher than that of MAO [32], which benefited the transfer of heat from the surface of the substrate to the solution. Secondly, the increased temperature of the solution further promoted the corrosion of pure Mg and produced heat [36,66]. As shown in Figure 7d, the temperature of the MAO/PMTMS@(Hemin-CaP) coating exhibited a stable on-off behavior. These results revealed a favorable photothermal effect of the MAO/PMTMS@(Hemin-CaP) coating. After calculation, the η of the MAO/PMTMS@(Hemin-CaP) coating was about 20%, where τs and Aλ were 414.68 and 0.255, respectively (Figure S2). In order to explore the photodynamic effect of samples, ESR was utilized to detect the 1O2 produced by Hemin-CaP powder and the MAO/PMTMS@(Hemin-CaP) coating, as shown in Figure 7e,f. For the Hemin-CaP powder, no 1O2 signal was detected without irradiation. However, the trapped 1O2 signal increased gradually as the irradiation time increased from 0 to 10 min. In addition, the 1O2 signal was also detected in the MAO/PMTMS@(Hemin-CaP) coating owing to the loading of the powder, which proved its photodynamic effect.




3.4. Antibacterial Ability


The antibacterial properties of the Hemin-CaP powder, MAO and MAO/PMTMS@(Hemin-CaP) coatings against S. aureus and E. coli in the dark or under NIR irradiation are presented in Figure S3 and Figure 8. Considering that the temperature change of pure Mg in solution under NIR irradiation may be related to its accelerated corrosion, the release of excessive Mg2+ and OH- ions would greatly inhibit the bacterial activity [6,31]. Therefore, a control group and an MAO sample were used for comparison with the MAO/PMTMS@(Hemin-CaP) coating. For the Hemin-CaP powder, the number of bacterial colonies under dark conditions was higher than that of the control group, demonstrating its excellent biocompatibility. Fortunately, the antibacterial efficiency of the powder against S. aureus and E. coli under NIR irradiation reached as high as 99.9% and 98.3%, respectively. The antibacterial ability of the MAO/PMTMS@(Hemin-CaP) coating had the same trend as the powder. Under NIR irradiation, its antibacterial efficiency against S. aureus and E. coli was 92.3% and 92.0%, respectively. In fact, the MAO coating also had a certain antibacterial ability, which can be attributed to its increased pH value [36]. The increased temperature of the MAO coating after exposure to NIR light also led to an improved antibacterial efficiency.



Furthermore, the bacterial morphologies on the MAO and MAO/PMTMS@(Hemin-CaP) coatings were observed with SEM, as displayed in Figure 8d. Under dark conditions, the composite coating surface had a considerable number of bacteria with intact morphology. However, under NIR light irradiation, significant deformation of the bacteria could be observed, suggesting that membrane damage occurred in the bacteria, which led to the leakage of cellular contents and bacterial death [67]. Han et al. [68] found that when the bacteria were mixed with the porphyrin-containing metal-organic frameworks (MOFs) and exposed to light in an ice-bath, damage to the membrane was weaker. However, when the bacteria were mixed with MOFs and treated with light at room temperature, the combination of 1O2 and heat was much more effective in causing membrane damage. As described in Section 3.3, the MAO/PMTMS@(Hemin-CaP) coating was capable of generating heat and 1O2 under NIR irradiation. Although 1O2 could amplify intracellular oxidative stress leading to structural damage of nucleic acids and proteins [69], in the present study, the bacteria were killed mainly by heat supplemented by the synergistic effect of 1O2 due to the weak 1O2 signal of the coating (Figure 7f).




3.5. Cytotoxicity Test


Figure 9a exhibits the cell viability of MC3T3-E1 after 24 and 72 h of culture in the 72 h extracts prepared with various samples. After 24 h incubation, the cell viability of pure Mg and MAO coating was 108% and 114%, respectively, suggesting the osteogenic effect of Mg2+ ions [4]. As for the MAO/PMTMS@(Hemin-CaP) coating, the cell viability significantly increased to 118% and further reached up to 125% after culturing for 72 h, indicating a positive effect of the coating in promoting bone growth. The remarkable rise in cell viability may be related to the release of Fe3+ ions from the coating due to the vital role of Fe element in cell proliferation and differentiation [70]. Additionally, CLSM images of MC3T3-E1 of various groups are displayed in Figure 9b. The cells for all groups exhibited a broadly healthy fusiform-like shape and displayed a high degree of spreading regarding morphology.





4. Discussion


4.1. Comparison of Coatings on Mg-Based Bone Implants


IAI after orthopedic surgery is an arduous challenge. Therefore, it is particularly important to focus on improving the corrosion resistance, biocompatibility and antibacterial activity of Mg-based implants. The comparison of the above three properties of Mg-based implant coatings is summarized in Figure 10. Although conventional polymer coatings can improve the corrosion resistance and biocompatibility of Mg alloys, they possess almost no antibacterial ability. One of the ways to enhance antibacterial ability is through loading drugs or adding antibacterial metallic elements. However, the release of drugs and antibacterial elements, especially the initial burst release, may be detrimental to the growth of cells. In addition, the presence of metallic elements in the coating will unavoidably lead to galvanic corrosion and accelerate the failure of the coatings. In particular in our prior research [35], a sodium copper chlorophyllin induced calcium-bearing phosphate coating was prepared on the Mg alloy AZ31 and obtained a good antibacterial activity due to the combination of PDT, PTT and Cu2+ ions. Usually, the larger the electrode potential difference between the two metals, the greater the severity of galvanic corrosion [71]. The standard electrode potential of Mg (E(Mg2+/Mg) = −2.372 V) is much lower than that of Cu (E(Cu2+/Cu) = 0.3419 V); that is, the Mg substrate with a lower electrode potential becomes more active and corrodes preferentially. Thus, the burst release of Cu2+ ions from the coating during a 24 h immersion led to the initial failure of the coating. With a 75 h immersion, the surface of the coating had obvious corrosion cracks. However, in this work, the electrode potential difference between Fe (E(Fe3+/Fe) = −0.037 V) in hemin and the Mg substrate is smaller and the induced flaky CaP and adsorbed PMTMS limit the release rate of Fe3+ ions from porphyrins, resulting in a reduced galvanic corrosion. In addition, a proper release rate of Fe3+ ions also plays an important role in promoting pre-osteoblast growth. Therefore, the composite coating prepared in this research exhibits good antibacterial ability, long-term corrosion resistance and excellent biocompatibility. However, owing to the insufficient loading of microspheres, the η and antibacterial efficiency of the coating need to be further improved by replacing synthetic polymers with better a encapsulation ability as carriers. The aim is to increase the loading of hemin while maintaining the corrosion resistance of the coating.




4.2. Coating Formation and Degradation Mechanisms


The formation of the MAO/PMTMS@(Hemin-CaP) coating can be summarized as the hydrolysis condensation of silane and the adsorption of Hemin-CaP powder. The first step is that MTMS generates hydroxyl structures through the following hydrolysis reaction:


        CH  3  O    3    -Si-CH  3     + 3 H   2   O    →       HO    3    -Si-CH  3     + 3 CH   3  OH  



(2)







After that, the hydroxylated MTMS combines with the hydroxyl groups on the surface of the NaOH-pretreated MAO coating by dehydration condensation. Moreover, the (HO)3-Si-CH3 structures are capable of self-condensation with each other to form a Si-O-Si chain. Since the microspheres have positively charged calcium sites on their surface, they are able to physically adsorb with negatively charged hydroxyl groups.



According to the results of the hydrogen evolution test, the degradation process of the MAO/PMTMS@(Hemin-CaP) coating can be approximately classified into three stages:




	(1)

	
After the sample is immersed in Hank’s solution, the microspheres adsorbed on the surface of the MAO/PMTMS@(Hemin-CaP) coating will be continuously degraded. As the flake structures covering the microspheres disappear, the exposed hemin nuclei and the demetallation of hemin will facilitate the occurrence of galvanic corrosion. Since PMTMS acts as a physical barrier, the hydrogen evolution of the sample is not obvious in the early period of immersion.




	(2)

	
The corrosion cracks and the permeability of PMTMS become channels for the corrosive medium to penetrate the inner MAO, resulting in a slight release of hydrogen. As the corrosion products continually accumulate in the cracks of the coating, the contact between the solution and substrate is suppressed for a short period of time. The HEV is relatively flat during this period.




	(3)

	
With the immersion time extension, the corrosion products become loose and the corrosive medium is once again in contact with the substrate. The galvanic corrosion between Fe3+ ions and the Mg matrix leads to a rapid increase in HEV.










4.3. Antibacterial Activity and Biocompatibility of the Coating


Hemin-CaP powder and MAO/PMTMS@(Hemin-CaP) coating exhibit photothermal and photodynamic effects, which are mainly attributed to the porphyrin macrocycles of hemin [37]. During co-incubation with bacteria, porphyrin macrocycles were excited using NIR to generate heat and ROS, causing membrane damage in bacteria and leading to their death (Figure 8d). In addition, the composite coating also exhibited the ability to promote the growth of MC3T3-E1 pre-osteoblasts, which is related to the proper release of Mg2+ and Fe3+ ions during the degradation of the coating (Figure 6c). The mechanisms of the antibacterial property and biocompatibility of the coating are illustrated in Figure 11.





5. Conclusions


A MAO/PMTMS@Hemin-CaP coating was successfully prepared on pure Mg via MAO processing and dipping treatments.



	(1)

	
The inner nuclei of Hemin-CaP microspheres are hemin and the outer flake structures are DCP and HA. After 808 nm NIR irradiation, the antibacterial efficiency of the Hemin-CaP powder against S. aureus and E. coli reaches as high as 99.9% and 98.3%, respectively, which is attributed to its good photothermal and photodynamic properties.




	(2)

	
The MAO/PMTMS@(Hemin-CaP) coating appears as flower-like structures and a cluster of microspheres distributed on the coating surface via physical adsorption. The icorr of the MAO/PMTMS@(Hemin-CaP) coating (4.41 × 10−8 A·cm−2) is two orders of magnitude lower than that of pure Mg (3.12 × 10−6 A·cm−2), indicating the composite coating can provide excellent corrosion protection. Flaky CaP and PMTMS act as physical barriers, restrict the release of Fe3+ ions and prevent the penetration of the corrosion medium, alleviating galvanic corrosion of the Mg substrate.




	(3)

	
By virtue of the photothermal and photodynamic performance of the Hemin loaded by microspheres, the antibacterial efficiency of the MAO/PMTMS@(Hemin-CaP) coating against S. aureus and E. coli under 808 nm NIR irradiation is 92.3% and 92.0%, respectively.




	(4)

	
The MC3T3-E1 pre-osteoblasts cultured in the 72 h extracts prepared with the MAO/PMTMS@(Hemin-CaP) coating exhibit a broadly healthy fusiform-like shape and display a high degree of spreading regarding morphology. The cell viability is 125%, indicating a positive effect of the coating in promoting bone growth, which is promising for application as bone implants.












Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jfb14010015/s1, Figure S1. EDS spectra of MAO/PMTMS@(Hemin-CaP) coating with an immersion of 75, 150, 225 and 430 h (insets are EDS spectra of Fe element); Figure S2. (a) Heating/cooling curve of MAO/PMTMS@(Hemin-CaP) coating in Hank’s solution under 808 nm irradiation (1.6 W/cm2) and corresponding (b) linear fitting of the cooling period vs. −lnθ; (c) UV-vis absorption spectra of the various samples; Figure S3. In vitro antibacterial activity of Hemin-CaP against (a) S. aureus and (b) E. coli in the dark or under 808 nm irradiation (1.6 W/cm2) for 30 min. The corresponding bacterial colony counts of (c) S. aureus and (d) E. coli; Table S1. Electrochemical parameters of the potentiodynamic polarization curves; Table S2. Electrochemical data obtained via equivalent circuit fitting of EIS curves.





Author Contributions


Conceptualization, supervision, project administration and resources, L.C.; methodology and formal analysis, L.L. and Y.W.; validation and investigation, Y.S. and X.T.; writing—original draft preparation, L.L.; writing—review and editing, L.C., C.L., S.L. and R.Z.; funding acquisition, L.C. and R.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (Grant No. 52071191 and 52101288) and the Shandong Provincial Natural Science Foundation (No. ZR2020QE009).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xiong, P.; Jia, Z.J.; Zhou, W.H.; Yan, J.L.; Wang, P.; Yuan, W.; Li, Y.Y.; Cheng, Y.; Guan, Z.P.; Zheng, Y.F. Osteogenic and pH stimuli-responsive self-healing coating on biomedical Mg-1Ca alloy. Acta Biomater. 2019, 92, 336–350. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.; Wang, J.M.; Yu, X.T.; Chen, X.B.; Li, S.Q.; Chen, D.C.; Guan, S.K.; Zeng, R.C.; Cui, L.Y. Corrosion resistance of bioinspired DNA-induced Ca–P coating on biodegradable magnesium alloy. J. Magnes. Alloy 2019, 7, 144–154. [Google Scholar] [CrossRef]

	



Cai, L.; Mei, D.; Zhang, Z.Q.; Huang, Y.D.; Cui, L.Y.; Guan, S.K.; Chen, D.C.; Kannan, M.B.; Zheng, Y.F.; Zeng, R.C. Advances in bioorganic molecules inspired degradation and surface modifications on Mg and its alloys. J. Magnes. Alloy 2022, 10, 670–688. [Google Scholar] [CrossRef]

	



Zheng, Y.F.; Gu, X.N.; Witte, F. Biodegradable metals. Mater. Sci. Eng. R Rep. 2014, 77, 1–34. [Google Scholar] [CrossRef]

	



Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and its alloys as orthopedic biomaterials: A review. Biomaterials 2006, 27, 1728–1734. [Google Scholar] [CrossRef] [PubMed]

	



Robinson, D.A.; Griffith, R.W.; Shechtman, D.; Evans, R.B.; Conzemius, M.G. In vitro antibacterial properties of magnesium metal against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus. Acta Biomater. 2010, 6, 1869–1877. [Google Scholar] [CrossRef] [PubMed]

	



Brooks, E.K.; Ahn, R.; Tobias, M.E.; Hansen, L.A.; Luke-Marshall, N.R.; Wild, L.; Campagnari, A.A.; Ehrensberger, M.T. Magnesium alloy AZ91 exhibits antimicrobial properties in vitro but not in vivo. J. Biomed. Mater. Res. Part B Appl. Biomater. 2018, 106, 221–227. [Google Scholar] [CrossRef]

	



Zhang, R.F.; Zhang, Z.Y.; Zhu, Y.Y.; Zhao, R.F.; Zhang, S.F.; Shi, X.T.; Li, G.Q.; Chen, Z.Y.; Zhao, Y. Degradation resistance and in vitro cytocompatibility of iron-containing coatings developed on WE43 magnesium alloy by micro-arc oxidation. Coatings 2020, 10, 1138. [Google Scholar] [CrossRef]

	



Hafili, F.; Chaharmahali, R.; Babaei, K.; Fattah-alhosseini, A. Duty cycle influence on the corrosion behavior of coatings created by plasma electrolytic oxidation on AZ31B magnesium alloy in simulated body fluid. Corros. Commun. 2021, 3, 62–70. [Google Scholar] [CrossRef]

	



Heise, S.; Hohlinger, M.; Hernandez, Y.T.; Palacio, J.J.P.; Ortiz, J.A.R.; Wagener, V.; Virtanen, S.; Boccaccini, A.R. Electrophoretic deposition and characterization of chitosan/bioactive glass composite coatings on Mg alloy substrates. Electrochim. Acta 2017, 232, 456–464. [Google Scholar] [CrossRef]

	



Li, X.J.; Shi, H.; Cui, Y.; Pan, K.; Wei, W.; Liu, X.Y. Dextran-caffeic acid/tetraaniline composite coatings for simultaneous improvement of cytocompatibility and corrosion resistance of magnesium alloy. Prog. Org. Coat. 2020, 149, 105928. [Google Scholar] [CrossRef]

	



Cui, L.Y.; Cheng, S.C.; Liang, L.X.; Zhang, J.C.; Li, S.Q.; Wang, Z.L.; Zeng, R.C. In vitro corrosion resistance of layer-by-layer assembled polyacrylic acid multilayers induced Ca-P coating on magnesium alloy AZ31. Bioact. Mater. 2020, 5, 153–163. [Google Scholar] [CrossRef] [PubMed]

	



He, L.J.; Shao, Y.; Li, S.Q.; Cui, L.Y.; Ji, X.J.; Zhao, Y.B.; Zeng, R.C. Advances in layer-by-layer self-assembled coatings upon biodegradable magnesium alloys. Sci. China Mater. 2021, 64, 2093–2106. [Google Scholar] [CrossRef]

	



Wu, D.L.; Yao, Z.Q.; Sun, X.Y.; Liu, X.D.; Liu, L.; Zhang, R.L.; Wang, C.G. Mussel-tailored carbon fiber/carbon nanotubes interface for elevated interfacial properties of carbon fiber/epoxy composites. Chem. Eng. J. 2022, 429, 132449. [Google Scholar] [CrossRef]

	



Zhang, L.S.; Tong, X.; Lin, J.X.; Li, Y.C.; Wen, C. Enhanced corrosion resistance via phosphate conversion coating on pure Zn for medical applications. Corros. Sci. 2020, 169, 108602. [Google Scholar] [CrossRef]

	



Zahedi Asl, V.; Zhao, J.M.; Palizdar, Y.; Junaid Anjum, M. Influence of pH value and Zn/Ce cations ratio on the microstructures and corrosion resistance of LDH coating on AZ31. Corros. Commun. 2022, 5, 73–86. [Google Scholar] [CrossRef]

	



Jiang, S.Q.; Zhang, Z.Y.; Wang, D.; Wen, Y.Q.; Peng, N.; Shang, W. ZIF-8-based micro-arc oxidation composite coatings enhanced the corrosion resistance and superhydrophobicity of a Mg alloy. J. Magnes. Alloy 2021, in press. [Google Scholar] [CrossRef]

	



Li, L.Y.; Cui, L.Y.; Zeng, R.C.; Li, S.Q.; Chen, X.B.; Zheng, Y.F.; Kannan, M.B. Advances in functionalized polymer coatings on biodegradable magnesium alloys—A review. Acta Biomater. 2018, 79, 23–36. [Google Scholar] [CrossRef]

	



Jia, Z.J.; Xiong, P.; Shi, Y.Y.; Zhou, W.H.; Cheng, Y.; Zheng, Y.F.; Xi, T.F.; Wei, S.C. Inhibitor encapsulated, self-healable and cytocompatible chitosan multilayer coating on biodegradable Mg alloy: A pH-responsive design. J. Mater. Chem. B 2016, 4, 2498–2511. [Google Scholar] [CrossRef]

	



Lu, P.; Fan, H.N.; Liu, Y.; Cao, L.; Wu, X.F.; Xu, X.H. Controllable biodegradability, drug release behavior and hemocompatibility of PTX-eluting magnesium stents. Colloids Surf. B 2011, 83, 23–28. [Google Scholar] [CrossRef]

	



Ghanbari, A.; Bordbar-Khiabani, A.; Warchomicka, F.; Sommitsch, C.; Yarmand, B.; Zamanian, A. PEO/Polymer hybrid coatings on magnesium alloy to improve biodegradation and biocompatibility properties. Surf. Interfaces 2023, 36, 102495. [Google Scholar] [CrossRef]

	



Cui, L.Y.; Gao, S.D.; Li, P.P.; Zeng, R.C.; Zhang, F.; Li, S.Q.; Han, E.H. Corrosion resistance of a self-healing micro-arc oxidation/polymethyltrimethoxysilane composite coating on magnesium alloy AZ31. Corros. Sci. 2017, 118, 84–95. [Google Scholar] [CrossRef]

	



Xue, K.; Liang, L.X.; Cheng, S.C.; Liu, H.P.; Cui, L.Y.; Zeng, R.C.; Li, S.Q.; Wang, Z.L. Corrosion resistance, antibacterial activity and drug release of ciprofloxacin-loaded micro-arc oxidation/silane coating on magnesium alloy AZ31. Prog. Org. Coat. 2021, 158, 106357. [Google Scholar] [CrossRef]

	



Li, C.Y.; Fan, X.L.; Cui, L.Y.; Zeng, R.C. Corrosion resistance and electrical conductivity of a nano ATO-doped MAO/methyltrimethoxysilane composite coating on magnesium alloy AZ31. Corros. Sci. 2020, 168, 108570. [Google Scholar] [CrossRef]

	



Yuan, Z.; He, Y.; Lin, C.C.; Liu, P.; Cai, K.Y. Antibacterial surface design of biomedical titanium materials for orthopedic applications. J. Mater. Sci. Technol. 2021, 78, 51–67. [Google Scholar] [CrossRef]

	



Li, X.; Wu, B.; Chen, H.; Nan, K.H.; Jin, Y.Y.; Sun, L.; Wang, B.L. Recent developments in smart antibacterial surfaces to inhibit biofilm formation and bacterial infections. J. Mater. Chem. B 2018, 6, 4274–4292. [Google Scholar] [CrossRef] [PubMed]

	



Sikder, A.; Chaudhuri, A.; Mondal, S.; Singh, N.D.P. Recent advances on stimuli-responsive combination therapy against multidrug-resistant bacteria and biofilm. ACS Appl. Bio Mater. 2021, 4, 4667–4683. [Google Scholar] [CrossRef]

	



Ren, Y.W.; Liu, H.P.; Liu, X.M.; Zheng, Y.F.; Li, Z.Y.; Li, C.Y.; Yeung, K.W.K.; Zhu, S.L.; Liang, Y.Q.; Cui, Z.D.; et al. Photoresponsive materials for antibacterial applications. Cell. Rep. Phys. Sci. 2020, 1, 100245. [Google Scholar] [CrossRef]

	



Xie, X.Z.; Mao, C.Y.; Liu, X.M.; Tan, L.; Cui, Z.D.; Yang, X.J.; Zhu, S.L.; Li, Z.Y.; Yuan, X.B.; Zheng, Y.F.; et al. Tuning the bandgap of photo-sensitive polydopamine/Ag3PO4/graphene oxide coating for rapid, noninvasive disinfection of implants. ACS Cent. Sci. 2018, 4, 724–738. [Google Scholar] [CrossRef]

	



Zhang, Z.J.; Wang, Y.K.; Teng, W.S.Y.; Zhou, X.Z.; Ye, Y.X.; Zhou, H.; Sun, H.X.; Wang, F.Q.; Liu, A.; Lin, P.; et al. An orthobiologics-free strategy for synergistic photocatalytic antibacterial and osseointegration. Biomaterials 2021, 274, 120853. [Google Scholar] [CrossRef]

	



Zhang, D.D.; Cheng, S.; Tan, J.; Xie, J.N.; Zhang, Y.; Chen, S.H.; Du, H.H.; Qian, S.; Qiao, Y.Q.; Peng, F.; et al. Black Mn-containing layered double hydroxide coated magnesium alloy for osteosarcoma therapy, bacteria killing, and bone regeneration. Bioact. Mater. 2022, 17, 394–405. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.D.; Zhou, J.L.; Peng, F.; Tan, J.; Zhang, X.M.; Qian, S.; Qiao, Y.Q.; Zhang, Y.; Liu, X.Y. Mg-Fe LDH sealed PEO coating on magnesium for biodegradation control, antibacteria and osteogenesis. J. Mater. Sci. Technol. 2022, 105, 57–67. [Google Scholar] [CrossRef]

	



Tan, L.; Li, J.; Liu, X.M.; Cui, Z.D.; Yang, X.J.; Zhu, S.L.; Li, Z.Y.; Yuan, X.B.; Zheng, Y.F.; Yeung, K.W.K.; et al. Rapid biofilm eradication on bone implants using red phosphorus and near-infrared light. Adv. Mater. 2018, 30, e1801808. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Z.; Tao, B.L.; He, Y.; Mu, C.Y.; Liu, G.H.; Zhang, J.X.; Liao, Q.; Liu, P.; Cai, K.Y. Remote eradication of biofilm on titanium implant via near-infrared light triggered photothermal/photodynamic therapy strategy. Biomaterials 2019, 223, 119479. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.Y.; An, Y.L.; Wang, X.S.; Cui, L.Y.; Li, S.Q.; Liu, C.B.; Zou, Y.H.; Zhang, F.; Zeng, R.C. In vitro degradation, photo-dynamic and thermal antibacterial activities of Cu-bearing chlorophyllin-induced Ca-P coating on magnesium alloy AZ31. Bioact. Mater. 2022, 18, 284–299. [Google Scholar] [CrossRef] [PubMed]

	



Xue, K.; Tan, P.H.; Zhao, Z.H.; Cui, L.Y.; Kannan, M.B.; Li, S.Q.; Liu, C.B.; Zou, Y.H.; Zhang, F.; Chen, Z.Y.; et al. In vitro degradation and multi-antibacterial mechanisms of β-cyclodextrin@curcumin embodied Mg(OH)2/MAO coating on AZ31 magnesium alloy. J. Mater. Sci. Technol. 2023, 132, 179–192. [Google Scholar] [CrossRef]

	



Wang, L.; Qu, X.Z.; Zhao, Y.X.; Weng, Y.Z.W.; Waterhouse, G.I.N.; Yan, H.; Guan, S.Y.; Zhou, S.Y. Exploiting single atom iron centers in a porphyrin-like MOF for efficient cancer phototherapy. ACS Appl. Mater. Interfaces 2019, 11, 35228–35237. [Google Scholar] [CrossRef]

	



Jung, H.S.; Verwilst, P.; Sharma, A.; Shin, J.; Sessler, J.L.; Kim, J.S. Organic molecule-based photothermal agents: An expanding photothermal therapy universe. Chem. Soc. Rev. 2018, 47, 2280–2297. [Google Scholar] [CrossRef]

	



Liu, Y.; Zheng, Y.F.; Chen, X.H.; Yang, J.A.; Pan, H.B.; Chen, D.F.; Wang, L.N.; Zhang, J.L.; Zhu, D.H.; Wu, S.L.; et al. Fundamental theory of biodegradable metals—Definition, criteria, and design. Adv. Funct. Mater. 2019, 29, 1805402. [Google Scholar] [CrossRef]

	



Gorejová, R.; Haverová, L.; Oriňaková, R.; Oriňak, A.; Oriňak, M. Recent advancements in Fe-based biodegradable materials for bone repair. J. Mater. Sci. 2018, 54, 1913–1947. [Google Scholar] [CrossRef]

	



Sahu, A.; Min, K.; Jeon, J.; Yang, H.S.; Tae, G. Catalytic nanographene oxide with hemin for enhanced photodynamic therapy. J Control Release 2020, 326, 442–454. [Google Scholar] [CrossRef] [PubMed]

	



Dang, W.T.; Jin, Y.Y.; Yi, K.; Ju, E.G.; Zhuo, C.Y.; Wei, H.Y.; Wen, X.Q.; Wang, Y.; Li, M.Q.; Tao, Y. Hemin particles-functionalized 3D printed scaffolds for combined photothermal and chemotherapy of osteosarcoma. Chem. Eng. J. 2021, 422, 129919. [Google Scholar] [CrossRef]

	



Alsharabasy, A.M.; Pandit, A.; Farras, P. Recent advances in the design and sensing applications of hemin/coordination polymer-based nanocomposites. Adv. Mater. 2021, 33, e2003883. [Google Scholar] [CrossRef]

	



Hwang, E.; Jung, H.S. Metal-organic complex-based chemodynamic therapy agents for cancer therapy. ChemComm 2020, 56, 8332–8341. [Google Scholar] [CrossRef] [PubMed]

	



Dorozhkin, S.V. Calcium orthophosphate coatings on magnesium and its biodegradable alloys. Acta Biomater. 2014, 10, 2919–2934. [Google Scholar] [CrossRef]

	



Shi, X.T.; Wang, Y.; Li, H.Y.; Zhang, S.F.; Zhao, R.F.; Li, G.Q.; Zhang, R.F.; Sheng, Y.; Cao, S.Y.; Zhao, Y.J.; et al. Corrosion resistance and biocompatibility of calcium-containing coatings developed in near-neutral solutions containing phytic acid and phosphoric acid on AZ31B alloy. J. Alloys Compd. 2020, 823, 153721. [Google Scholar] [CrossRef]

	



Cui, L.Y.; Wei, G.B.; Han, Z.Z.; Zeng, R.C.; Wang, L.; Zou, Y.H.; Li, S.Q.; Xu, D.K.; Guan, S.K. In vitro corrosion resistance and antibacterial performance of novel tin dioxide-doped calcium phosphate coating on degradable Mg-1Li-1Ca alloy. J. Mater. Sci. Technol. 2019, 35, 254–265. [Google Scholar] [CrossRef]

	



Fan, X.L.; Li, C.Y.; Wang, Y.B.; Huo, Y.F.; Li, S.Q.; Zeng, R.C. Corrosion resistance of an amino acid-bioinspired calcium phosphate coating on magnesium alloy AZ31. J. Mater. Sci. Technol. 2020, 49, 224–235. [Google Scholar] [CrossRef]

	



Liang, T.; Zhang, H.H.; Pan, H.B.; Zhao, Y. Insight into microbiologically induced corrosion performance of magnesium in tryptic soy broth with S. aureus and E. coli. J. Mater. Sci. Technol. 2022, 115, 221–231. [Google Scholar] [CrossRef]

	



He, Y.Z.; Jin, Y.H.; Ying, X.X.; Wu, Q.; Yao, S.L.; Li, Y.Y.; Liu, H.Y.; Ma, G.W.; Wang, X.M. Development of an antimicrobial peptide-loaded mineralized collagen bone scaffold for infective bone defect repair. Regen. Biomater. 2020, 7, 515–525. [Google Scholar] [CrossRef]

	



Li, S.L.; Deng, X.Q.; Cheng, H.; Li, X.Z.; Wan, Y.P.; Cao, C.; Yu, J.; Liu, Y.; Yuan, Y.; Wang, K.; et al. Bright near-infrared π-conjugated oligomer nanoparticles for deep-brain three-photon microscopy excited at the 1700 nm window in vivo. ACS Nano 2022, 16, 12480–12487. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Y.H.; Sun, Y.P.; Wei, J.J.; Qiu, X.Y.; Meng, F.H.; Storm, G.; Zhong, Z.Y. Selective transferrin coating as a facile strategy to fabricate BBB-permeable and targeted vesicles for potent RNAi therapy of brain metastatic breast cancer in vivo. J. Control. Release 2021, 337, 521–529. [Google Scholar] [CrossRef] [PubMed]

	



Shen, S.; Zhai, Z.H.; Qin, J.Q.; Zhang, X.; Song, Y.J. Pyrolysis of self-assembled hemin on carbon for efficient oxygen reduction reaction. J. Porphyr. Phthalocyanines 2019, 23, 1013–1019. [Google Scholar] [CrossRef]

	



Farag, A.A.M. Optical absorption of sodium copper chlorophyllin thin films in UV-vis-NIR region. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2006, 65, 667–672. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, V.S.; Joshi, M.J. FTIR spectroscopic, thermal and growth morphological studies of calcium hydrogen phosphate dihydrate crystals. Cryst. Res. Technol. 2003, 38, 817–821. [Google Scholar] [CrossRef]

	



Rajendran, K.; Keefe, C.D. Growth and characterization of calcium hydrogen phosphate dihydrate crystals from single diffusion gel technique. Cryst. Res. Technol. 2010, 45, 939–945. [Google Scholar] [CrossRef]

	



Mulongo-Masamba, R.; El Kassri, T.; Khachani, M.; Arsalane, S.; Halim, M.; El Hamidi, A. Synthesis and thermal dehydroxylation kinetic of anhydrous calcium phosphate monetite CaHPO4. J. Therm. Anal. Calorim. 2015, 124, 171–180. [Google Scholar] [CrossRef]

	



Diller, K.; Papageorgiou, A.C.; Klappenberger, F.; Allegretti, F.; Barth, J.V.; Auwarter, W. In vacuo interfacial tetrapyrrole metallation. Chem. Soc. Rev. 2016, 45, 1629–1656. [Google Scholar] [CrossRef]

	



Chen, X.; Lu, W.Y.; Xu, T.F.; Li, N.; Qin, D.D.; Zhu, Z.X.; Wang, G.Q.; Chen, W.X. A bio-inspired strategy to enhance the photocatalytic performance of g-C3N4 under solar irradiation by axial coordination with hemin. Appl. Catal. B 2017, 201, 518–526. [Google Scholar] [CrossRef]

	



Xiang, Z.H.; Xue, Y.H.; Cao, D.P.; Huang, L.; Chen, J.F.; Dai, L.M. Highly efficient electrocatalysts for oxygen reduction based on 2D covalent organic polymers complexed with non-precious metals. Angew. Chem. Int. Ed. 2014, 53, 2433–2437. [Google Scholar] [CrossRef]

	



Dai, Z.F.; Sun, Q.; Liu, X.L.; Bian, C.Q.; Wu, Q.M.; Pan, S.X.; Wang, L.; Meng, X.J.; Deng, F.; Xiao, F.S. Metalated porous porphyrin polymers as efficient heterogeneous catalysts for cycloaddition of epoxides with CO2 under ambient conditions. J. Catal. 2016, 338, 202–209. [Google Scholar] [CrossRef]

	



Khan, M.S.; Yang, C.G.; Pan, H.B.; Yang, K.; Zhao, Y. The effect of high temperature aging on the corrosion resistance, mechanical property and antibacterial activity of Cu-2205 DSS. Colloids Surf. B 2022, 211, 112309. [Google Scholar] [CrossRef] [PubMed]

	



Prince, L.; Rousseau, M.A.; Noirfalise, X.; Dangreau, L.; Coelho, L.B.; Olivier, M.G. Inhibitive effect of sodium carbonate on corrosion of AZ31 magnesium alloy in NaCl solution. Corros. Sci. 2021, 179, 109131. [Google Scholar] [CrossRef]

	



Zhao, Z.; Zong, L.S.; Liu, C.D.; Li, X.Y.; Wang, C.H.; Liu, W.T.; Cheng, X.T.; Wang, J.Y.; Jian, X.G. A novel Mg(OH)2/MgFx(OH)1−x composite coating on biodegradable magnesium alloy for coronary stent application. Corros. Sci. 2022, 208, 110627. [Google Scholar] [CrossRef]

	



Chen, D.; Wang, R.Q.; Huang, Z.Q.; Wu, Y.K.; Zhang, Y.; Wu, G.R.; Li, D.L.; Guo, C.H.; Jiang, G.R.; Yu, S.X.; et al. Evolution processes of the corrosion behavior and structural characteristics of plasma electrolytic oxidation coatings on AZ31 magnesium alloy. Appl. Surf. Sci. 2018, 434, 326–335. [Google Scholar] [CrossRef]

	



Zhou, W.X.; Zhang, Y.L.; Meng, S.; Xing, C.Y.; Ma, M.Z.; Liu, Z.; Yang, C.B.; Kong, T.T. Micro-/nano-structures on biodegradable magnesium@PLGA and their cytotoxicity, photothermal, and anti-tumor effects. Small Methods 2021, 5, e2000920. [Google Scholar] [CrossRef]

	



Honda, M.; Kawanobe, Y.; Nagata, K.; Ishii, K.; Matsumoto, M.; Aizawa, M. Bactericidal and bioresorbable calcium phosphate cements fabricated by silver-containing tricalcium phosphate microspheres. Int. J. Mol. Sci. 2020, 21, 3745. [Google Scholar] [CrossRef]

	



Han, D.L.; Han, Y.J.; Li, J.; Liu, X.M.; Yeung, K.W.K.; Zheng, Y.F.; Cui, Z.D.; Yang, X.J.; Liang, Y.Q.; Li, Z.Y.; et al. Enhanced photocatalytic activity and photothermal effects of cu-doped metal-organic frameworks for rapid treatment of bacteria-infected wounds. Appl. Catal. B 2020, 261, 118248. [Google Scholar] [CrossRef]

	



Maleki-Ghaleh, H.; Siadati, M.H.; Fallah, A.; Koc, B.; Kavanlouei, M.; Khademi-Azandehi, P.; Moradpur-Tari, E.; Omidi, Y.; Barar, J.; Beygi-Khosrowshahi, Y.; et al. Antibacterial and cellular behaviors of novel zinc-doped hydroxyapatite/graphene nanocomposite for bone tissue engineering. Int. J. Mol. Sci. 2021, 22, 9564. [Google Scholar] [CrossRef]

	



Zhang, E.L.; Chen, H.Y.; Shen, F. Biocorrosion properties and blood and cell compatibility of pure iron as a biodegradable biomaterial. J. Mater. Sci. Mater. Med. 2010, 21, 2151–2163. [Google Scholar] [CrossRef]

	



Zeng, R.C.; Kainer, K.U.; Blawert, C.; Dietzel, W. Corrosion of an extruded magnesium alloy ZK60 component—The role of microstructural features. J. Alloys Compd. 2011, 509, 4462–4469. [Google Scholar] [CrossRef]

	



Zhang, C.Y.; Cheng, L.; Lin, J.J.; Sun, D.W.; Zhang, J.; Liu, H.N. In vitro evaluation of degradation, cytocompatibility and antibacterial property of polycaprolactone/hydroxyapatite composite coating on bioresorbable magnesium alloy. J. Magnes. Alloy 2022, 10, 2252–2265. [Google Scholar] [CrossRef]

	



Mehrjou, B.; Dehghan-Baniani, D.; Shi, M.; Shanaghi, A.; Wang, G.; Liu, L.; Qasim, A.M.; Chu, P.K. Nanopatterned silk-coated AZ31 magnesium alloy with enhanced antibacterial and corrosion properties. Mater. Sci. Eng. C 2020, 116, 111173. [Google Scholar] [CrossRef] [PubMed]

	



Lei, L.; Yan, R.; Chen, S.G.; Hao, X.P.; Dou, W.W.; Liu, H.; Guo, Z.H.; Kilula, D.; Seok, I. Narrow pH response multilayer films with controlled release of ibuprofen on magnesium alloy. Mater. Sci. Eng. C 2021, 118, 111414. [Google Scholar] [CrossRef] [PubMed]

	



Bakhsheshi-Rad, H.R.; Hamzah, E.; Ismail, A.F.; Aziz, M.; Daroonparvar, M.; Saebnoori, E.; Chami, A. In vitro degradation behavior, antibacterial activity and cytotoxicity of TiO2-MAO/ZnHA composite coating on Mg alloy for orthopedic implants. Surf. Coat. Technol. 2018, 334, 450–460. [Google Scholar] [CrossRef]

	



Saranya, K.; Bhuvaneswari, S.; Suvro, C.; Rajendran, N. Titanate incorporated anodized coating on magnesium alloy for corrosion protection, antibacterial responses and osteogenic enhancement. J. Magnes. Alloy 2022, 10, 1109–1123. [Google Scholar] [CrossRef]

	



Wang, B.; Zhao, L.; Zhu, W.W.; Fang, L.M.; Ren, F.Z. Mussel-inspired nano-multilayered coating on magnesium alloys for enhanced corrosion resistance and antibacterial property. Colloids Surf. B 2017, 157, 432–439. [Google Scholar] [CrossRef] [PubMed]








[image: Jfb 14 00015 g001 550] 





Figure 1. Flowsheet for the preparation of MAO/PMTMS@(Hemin-CaP) coating on pure Mg. 
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Figure 2. SEM images and corresponding EDS spectra of (a–c) Hemin-CaP powder, (d–f) MAO and (g–i) MAO/PMTMS@(Hemin-CaP) coatings (insets in (d) and (g) are water contact angles of coatings, insets in e and h are macrographs of coatings and inset in (i) is EDS spectrum of Fe element); (j) high resolution transmission electron microscopy (HRTEM) and (k) high-angle annular dark-field-scanning transmission electron microscopy (HAADF-STEM) images of Hemin-CaP powder; (l–q) element maps for C, O, N, Fe, Ca and P in Hemin-CaP powder. The element maps were collected from the same area as the HAADF-STEM image in (k). 






Figure 2. SEM images and corresponding EDS spectra of (a–c) Hemin-CaP powder, (d–f) MAO and (g–i) MAO/PMTMS@(Hemin-CaP) coatings (insets in (d) and (g) are water contact angles of coatings, insets in e and h are macrographs of coatings and inset in (i) is EDS spectrum of Fe element); (j) high resolution transmission electron microscopy (HRTEM) and (k) high-angle annular dark-field-scanning transmission electron microscopy (HAADF-STEM) images of Hemin-CaP powder; (l–q) element maps for C, O, N, Fe, Ca and P in Hemin-CaP powder. The element maps were collected from the same area as the HAADF-STEM image in (k).



[image: Jfb 14 00015 g002]







[image: Jfb 14 00015 g003 550] 





Figure 3. Cross-sectional and corresponding EDS mapping images of (a–d) MAO and (e–l) MAO/PMTMS@(Hemin-CaP) coatings. 
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Figure 4. (a) FT-IR spectra of pure hemin, Hemin-CaP powder and MAO/PMTMS@(Hemin-CaP) coating; XRD patterns of (b) Hemin-CaP powder, (c) MAO and MAO/PMTMS@(Hemin-CaP) coatings; XPS overview spectra of (d) Hemin-CaP powder and (e) MAO/PMTMS@(Hemin-CaP) coating (insets are the XPS spectra of Fe 2p); (f) XPS spectra of N 1s of pure hemin, Hemin-CaP powder and MAO/PMTMS@(Hemin-CaP) coating. 
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Figure 5. (a) Potentiodynamic polarization curves, (b–d) Nyquist plots, (e) Bode plot of |Z| vs. frequency and Bode plot of phase angle vs. frequency of (Ⅰ) pure Mg, (Ⅱ) MAO coating and (Ⅲ) MAO/PMTMS@(Hemin-CaP) coating in Hank’s solution; the corresponding EC models of (f) pure Mg, MAO and (g) MAO/PMTMS@(Hemin-CaP) coatings; (h) HEV curves, (i) HER curves and (j) photographs of (Ⅰ) pure Mg, (Ⅱ) MAO and (Ⅲ) MAO/PMTMS@(Hemin-CaP) coatings with an immersion of 430 h in Hank’s solution. 
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Figure 6. (a) SEM images of MAO/PMTMS@(Hemin-CaP) coating with immersions of 75, 150, 225 and 430 h (insets are macrographs of coatings); (b) XPS spectra of N 1s of MAO/PMTMS@(Hemin-CaP) coating at various immersion times; (c) atomic absorption spectroscopy of Fe element released from the MAO/PMTMS@(Hemin-CaP) coating at various immersion times; (d) FT-IR spectra and (e) XRD patterns of the sample with different immersion times. 
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Figure 7. (a) Temperature change curves of Hemin-CaP suspensions under 808 nm NIR irradiation at different concentrations; temperature change curves of pure Mg, MAO and MAO/PMTMS@(Hemin-CaP) coatings (b) in air and (c) in Hank’s solution under 808 nm NIR irradiation; (d) photothermal on-off effect of MAO/PMTMS@(Hemin-CaP) coating in air; ESR spectra of (e) Hemin-CaP powder and (f) MAO/PMTMS@(Hemin-CaP) coating after 808 nm NIR irradiation for 10 min. 
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Figure 8. In vitro antibacterial activity of MAO and MAO/PMTMS@(Hemin-CaP) coatings against S. aureus and E. coli in the dark or under 808 nm NIR irradiation (1.6 W/cm2) for 40 min: (a) representative images of bacterial colonies; corresponding antibacterial efficiency against (b) S. aureus and (c) E. coli and (d) SEM images of bacterial morphologies. (** p < 0.01, *** p < 0.001). 
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Figure 9. (a) Cell viability and (b) CLSM images of MC3T3-E1 after 24 and 72 h of culture in the 72 h extracts at 20% concentration prepared with pure Mg, MAO and MAO/PMTMS@(Hemin-CaP) coatings. (** p < 0.01, *** p < 0.001). 
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Figure 10. Summary of corrosion resistance, antibacterial activity and cytotoxicity of Mg-based bone implants [23,35,36,72,73,74,75,76,77]. 






Figure 10. Summary of corrosion resistance, antibacterial activity and cytotoxicity of Mg-based bone implants [23,35,36,72,73,74,75,76,77].



[image: Jfb 14 00015 g010]







[image: Jfb 14 00015 g011 550] 





Figure 11. Illustration of formation mechanism of MAO/PMTMS@(Hemin-CaP) coating and its photoactivated antibacterial activity, improved corrosion resistance and biocompatibility. 
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