Enhanced corrosion protection and biocompatibility of PLGA-Silane coating on AZ31 Mg alloy for orthopaedic applications 
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Abstract
[bookmark: _Toc456118490]This paper reports a multi-step procedure to fabricate a novel corrosion resistant and biocompatible PLGA-silane coating on the magnesium (Mg) alloy AZ31. The first step involves an alkaline passivation followed by the dip coating in methyltriethoxysilane (MTES) and tetraethoxysilane (TEOS) mixture to produce a cross linked siloxane coating. The second step is to impart an amine functionalization to the silane modified surface by using 3-aminopropyl-triethoxy silane (APTES) for promoting adhesion of the acid terminated poly-(lactic-co-glycolic) acid (PLGA) as a final coating step. Static contact angle measurements, Fourier transform infrared spectroscopy and scanning electron microscopic analysis confirmed the successful assembly of coatings on the AZ31 Mg alloy. Potentiodynamic polarization and impedance spectroscopy studies showed the improved initial corrosion resistance of the coated AZ31 substrate. Measurements of magnesium ion release, pH changes and hydrogen evolution showed enhanced corrosion protection of coated substrate over uncoated AZ31 alloy for 21 and 14 days respectively. The MTT assay, live-dead cells staining, DNA quantification and alkaline phosphatase activity assay were used to measure the biocompatibility, proliferation and differentiation of MC3T3-E1 osteoblast cells.   Scanning electron microscopy was used to observe cell morphology and integration with the coated surface. The coated substrate showed improved cytocompatibility as compared to the uncoated AZ31 alloy surface. The application of such coatings on the biodegradable Mg alloys enhanced their corrosion resistance and biocompatibility. An additional advantage is the coating also served as a potential delivery vehicle for specific drugs and bio-active molecules releasing from an implant surface as the coatings such as PLGA adapt during the corrosion process, thereby enhancing bone regeneration. 

[bookmark: _Toc461440652]Introduction
Conventional metals such as 316L stainless steel, titanium and cobalt-chromium based medical grade inert alloys are used as permanent implants in order to immobilize and restore damaged bone 1. Over the past decade, there has been increasing interest to replace these permanent alloys with biodegradable magnesium (Mg) and its alloys which not only degrades under in vivo conditions, but also exhibits low toxicity and similar mechanical properties to natural bone 2. Research to date has shown that Mg and its alloys can be potentially used for orthopaedic fracture fixation such as in fixation plates, rods and screws. Such temporary implants can remain for the appropriate time to support the bone fracture recovery before degrading and being absorbed by the body. Biodegradable metallic implants reduce the complications associated with permanent implants such as a potential inflammatory response, physical irritation and implant removal surgery 3. However, the potential clinical applications of Mg based alloys have been delayed due to their rapid electrochemical dissolution under physiological conditions, resulting in the elevated release of hydrogen gas and pH changes, which create a bio-incompatible environment to the surrounding tissue 3. In addition, the rapid degradation can lead to the early loss of mechanical stability of Mg based implants, thereby structural failure before the healing process has progressed sufficiently 2.Therefore, it is important to have controlled degradation in tandem with improved biocompatibility of Mg alloys for orthopaedic implant. 
Several strategies have been employed to improve the corrosion resistance and biocompatibility of Mg alloys such as alloying elements, passivation and surface coatings 4. Variation of the alloying elements may improve the original mechanical properties and enhance the corrosion resistance, but are not likely to improve the biocompatibility of Mg alloys because it may induce cytotoxicity depending on the locally released concentration or systemic accumulation of alloying elements 4. Apart from alloying, surface modifications or passivation of Mg alloys such as alkaline hydrothermal treatment, micro-arc oxidation (MAO) and ion implantation have been investigated to improve the corrosion resistance 2. However, these surface modifications alter the mechanical properties and are unable to protect the Mg alloys over a long time in the corrosive environment5, 6. Therefore, surface coatings are now being investigated as an effective approach with the potential to improve the corrosion resistance and biocompatibility of Mg alloys. 
Silane and biodegradable aliphatic polyester have been used widely to achieve protective biocompatible coatings 7, 8. Organosilanes have been used as a corrosion resistant coating for Mg alloys due to their greater adhesive property to the metal surface, easily chemically modifiable and generates hydrophobic network. It has been demonstrated that organo-silane coatings obtained from MTES-TEOS precursor are hydrophobic and crack free, thereby improved the corrosion behaviour of Mg alloys in physiological environment 9. In addition to improve the corrosion of Mg alloys, biocompatibility of the coatings plays an important role to stimulate the osseo-integration and bone growth. Recently, organofunctional silanes including APTES (e.g free amine group) have been extensively used to not only immobilise variety of biocompatible materials into coatings but also to improve the corrosion resistance 10, 11. Amongst several aliphatic polyesters, poly(lactide-co-glycolide) (PLGA) coatings are FDA-approved for use on implants. The polymer displays good biocompatibility and widely used as a delivery vehicle for bioactive molecules as its by-products are metabolically digestible and provide some corrosion resistance 12. Liu et al., showed an improved biocompatibility and corrosion resistance of Mg–Zn–Y–Nd alloy by introducing a crosslinked APTES silane barrier functionalized with rapamycin loaded PLGA 10. However, it is reported that the amino group of amine-functional silanes preferentially interacts with metal surface, which introduces defects in the coating, thus allowing water in the silane/metal interface 13, 14. Therefore, integration of organosilanes and PLGA into a multilayer coating could be used to develop multifunctional corrosion resistant-biocompatible coating on Mg based alloys for orthopaedic applications.
In this study, we developed a multi-layer PLGA-APTES-(MTES-TEOS) coating to produce a biocompatible and corrosion resistant surface on AZ31 Mg alloy (Fig 1). To the best of our knowledge, this is the first report where organosilanes and aliphatic polyester (PLGA) are used together to develop corrosion resistant and biocompatible coatings on Mg alloys. The corrosion behaviour of PLGA-organosilane coatings on AZ31 alloy was evaluated. The organosilane and PLGA coating enhances the corrosion resistance due to the formation of Si-O-Si bonds and PLGA as a physical barrier which together prevents electrolyte penetration to the AZ31 Mg alloy. Furthermore, improved biocompatibility of the coated substrate over uncoated AZ31 has been observed with the murine osteoblast cells. 
[bookmark: _Toc456118491][bookmark: _Toc461440653]Experimental
[bookmark: _Toc456118492][bookmark: _Toc461440654]Materials 
AZ31 alloy sheets were obtained from Shaanxi Taipu Rare Metal Materials Ltd, China. Methyltriethoxysilane (MTES) and tetraethoxysilane (TEOS), 3-aminopropyl-triethoxy silane (APTES), poly-(lactic-co-glycolic) acid (PLGA), mol wt 30,000-60,000, phosphate buffer saline (PBS), Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), Penicillin-streptomycin antibiotics, 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT),  and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. Milli-Q water was used to prepare solutions. 
[bookmark: _Toc456118493][bookmark: _Toc461440655]Surface modifications of AZ31 Mg alloy 
[bookmark: _Toc456118494][bookmark: _Toc461440656]Treatment of AZ31 with NaOH
AZ31 Mg alloy 2 mm thick sheets were cut into 20 x 30 mm or 10 x 20 mm pieces and polished progressively by finer SiC paper from 400 to 1200 grit. The samples were cleaned ultrasonically in acetone for 30 mins and air dried. These polished samples were immersed in 5 N NaOH for 2 h at 60 °C, and then cleaned with deionised water 15. These hydroxide- treated AZ31 are referred to as AZ31-OH.
[bookmark: _Toc456118495][bookmark: _Toc461440657]Preparation of Silane and PLGA coatings on AZ31 Mg alloy 
The MTES and TEOS sols were prepared in the ethanol solution containing 0.04 N nitric acid as a catalyst. A molar ratio of MTES/TEOS of 2/1 was used with R = 2.36, where R = [H2O]/ [MTES+TEOS]. The APTES sol was prepared by using 400 mM APTES in ethanol solution with R = 4.5 (R = [H2O]/ [APTES]). The pre-treated AZ31 substrates (AZ31-OH) were dip-coated in MTES-TEOS sol, dried with hot air and cured at 120 °C for 1h. Subsequently, MTES-TEOS treated AZ31(AZ31-MT) substrates were dip coated in the APTES sol and cured at 120 °C for 1 h to achieve the amine terminated AZ31-MT-A substrates. The PLGA coating was prepared by dipping the AZ31-MT-A substrates in 2% w/v carboxylic acid-terminated PLGA solution in dichloromethane. The resultant substrates were denoted as AZ31-MT-A-P. In all the coating preparations, the withdrawal speed of dip coating was 80 mm/min.
[bookmark: _Toc456118496][bookmark: _Toc461440658] Characterisation of AZ31 modified samples  
All modified (AZ31-OH, AZ31-MT, AZ31-MT-A and AZ31-MT-A-P) and uncoated AZ31 (Table 1) substrates were investigated using attenuated total reflection-infrared spectroscopy (ATR-IR). The IR spectra were recorded over a scan range of 4000 cm-1 to 600 cm-1. The wettability of samples was determined by static water contact angle measurements (FTÅ-200 system) by using sessile drop method (2µl, milli-Q water) 16. The surface morphology of coatings was studied by scanning electron microscope (Hitachi SU-70 FESEM with EDX and WDX) operating at 5.0 kV. The chemical compositions of coatings were studied using energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments). To determine the thickness of AZ31-MT-A-P coatings by SEM, samples were embedded in an epoxy resin which was cured, progressively ground (80-1,200 grit) and finally polished (9, 6 m) to a smooth surface. Before SEM and EDX analysis, all samples were coated with Au-Pd sputter coating system (Cressington 208HR Sputter Coater). 
[bookmark: _Toc456118497][bookmark: _Toc461440659]Electrochemical corrosion measurements
All in vitro degradation tests were performed at 37 ± 0.5 °C in DMEM. Electrochemical measurements were carried out by using 1285 Solartron instrument equipped with a 1287 frequency analyse with a standard three electrode setup comprising of a saturated calomel electrode (SCE) as a reference electrode, a platinum mesh auxiliary electrode, and the test sample (with 1 cm2 exposed area) as a working electrode. Potentiodynamic polarization curves were recorded with a scan rate of 5 mv/s.  Electrochemical impedance spectra (EIS) of all the samples were conducted over a range of 100 KHz to 0.01 Hz at the measured open circuit potential with AC amplitude of 10 mV. A stable open circuit was established prior to conducting the electrochemical measurements.  
[bookmark: _Toc456118498][bookmark: _Toc461440660]Immersion experiment, pH changes and Hydrogen evolution measurement 
In order to determine the magnesium ion (Mg2+ ion) concentration and pH of the medium, the coated and uncoated AZ31 substrates were immersed in DMEM with surface-to-volume ratio of 20 ml. cm-2 at 37 ± 0.5 °C for 21 days 17. The pH value (Thermo-scientific Orion 3 star pH meter) of DMEM was monitored at different immersion periods. The release of Mg2+ ions in DMEM at different period was determined by an inductively coupled plasma optical emission spectrometer (Varian Liberty150, ICP-OES) 15. The immersion medium was refreshed every 2nd day to maintain a stable composition. The changes in the surface morphology and the composition of the coated AZ31-MT-A-P substrate after 7, 14 and 21 days were determined by SEM-EDX and ATR-IR. 
The evolution of hydrogen gas was monitored by placing the samples in DMEM at 37 ± 0.5 °C under an inverted funnel connected to graduated burette and measuring the medium level up to 14 days.  The ratio of surface area-to-the volume of DMEM was kept constant at 10 cm2. L-1 18, 19. 
[bookmark: _Toc456118499][bookmark: _Toc461440661] Cytocompatibility  
[bookmark: _Toc456118500][bookmark: _Toc461440662]Indirect cell viability test 
The MTT assay was used to determine the cytotoxicity of surface modified AZ31 samples. The test was performed by using an indirect method, where the extracts were used for culturing the cells. Initially, each face of the samples were sterilised by UV radiation for 40 minutes. The samples (10 x 20 mm) were placed in serum and antibiotic free DMEM at 37 °C in a 5% CO2 humidified atmosphere for 72 h with surface area/extract medium ratio 1.25 ml. cm-2 in accordance to ISO 10993-12 20. The extracted medium was centrifuged (Eppendorf) at a relative centrifugal force (RCF) of 15294 g for 10 minutes and supernatant was filtered through 0.22 μm filter (Millipore, Merck). All extracts were stored at 4 ⁰C for further use.  
The murine pre-osteoblast cell line (MC3T3-E1) was utilized for in vitro cytotoxicity experiments. Cells were cultured under 37 °C, 5% CO2 and 95% relative humidity in DMEM containing 10% fetal bovine serum and 1% penicillin and streptomycin. Cells were seeded in 96 well-plates with the cell density of 104 cells.ml-1 and incubated for 24 h. After 24 h, the culture medium was replaced with extracted medium of different dilutions (50%, 25% and 10%) added with 10% FBS, 1% penicillin and streptomycin (P/S) and incubated for 1, 3 and 5 days. The culture medium with 10% DMSO and without extracted medium was considered as positive and negative controls respectively.  After the incubation, the extracted medium was replaced with fresh culture medium containing MTT dye (100 μl serum free medium with 25 μl of 5 mg.ml-1 MTT dissolved in PBS) for 4 h to prevent the interference of magnesium ions with the tetrazolium salt 20. The culture medium with MTT was discarded after the incubation and 100 μl of DMSO was added into each well to dissolve the formazan crystal. The absorbance of the samples was recorded using the Synergy multi-mode micro-plate reader at a wavelength of 570 nm. To determine the percentage cell viability, the following equation was used:
Percentage cell viability (%) = Absorbance (sample)/ Absorbance (negative control) x 100
[bookmark: _Toc456118501][bookmark: _Toc461440663]Live/dead cell staining
Cells were seeded (2.5x 104 cells.cm-2 ) and maintained as described earlier  for 1, 3 and 5 days before the live-dead staining was performed. Calcein AM (eBioscience 65-0853) and propidium iodide (eBioscience 00-6990) were dissolved in DMSO (1mg/ml) and used at a 1:500 ratio in DMEM containing 10% FBS and 1% P/S. Cells cultured on the experimental substrates were washed with PBS and incubated in a fluorescent dye for  20 minutes at 37 °C. After incubation, the cells were rinsed with PBS and imaged using an Olympus IX83 epifluorescence microscope fitted with a 10X objective lens. For each substrate, images were taken from two to four sites to determine cell adhesion. 
[bookmark: _Toc456118502][bookmark: _Toc461440664]Cellular morphology imaging by SEM
The morphology of osteoblast cells on coated and uncoated AZ31 Mg alloy substrates was observed after 1, 3 and 5 days culture. Osteoblast cells at a density of 2.5x 104 cells.cm-2 were seeded onto the substrates (10 x 20 mm) in complete DMEM medium (1cm2 = 1.25 ml). The medium was refreshed every day. After incubation, samples were washed with PBS, fixed with 4 %v/v formaldehyde and dehydrated in alcohol gradients. The samples were sputter coated with Au-Pd and observed in SEM.
[bookmark: _Toc461440665][bookmark: _Toc456118503]DNA quantification
The DNA quantification of MC3T3E1 osteoblast cells was assessed as a measure of cell proliferation. Cells were cultured onto the coated and uncoated AZ31 substrates at a density of 2.5x 104 cells.cm-2 for 3, 7 and 14 days in a differentiation medium. The differentiation medium was prepared by adding 50 µM ascorbic acid, 100 nM dexamethasone and 10 mM β-glycerophosphate in DMEM. After 3, 7 and 14 days of culture, substrates were rinsed with PBS and cells were lysed by using cell lysis buffer (10mM Tris-HCl, 0.5 mM MgCl2, 0.1% Triton X-100 at pH 7.4). The fluorescent dye, bis-Benzimide H 33258 (Hoechst 33258, Sigma Aldrich) was used to measure the cellular DNA according to manufacturer’s instruction (DNA quantification kit, Fluorescence assay, Sigma Aldrich). Calf thymus DNA was used for the standard curve and fluorescence level was measured using a Spectramax-M3 microplate reader (Molecular Devices).
[bookmark: _Toc461440666]Alkaline phosphatase (ALP) assay 
The differentiation of osteoblast cells was determined by measuring intracellular ALP activity using para-nitrophenyl substrate (p-NPP, Sigma). After 3, 7 and 14 days cells were cultured in the differentiation medium, and then were lysed and incubated with p-NPP substrate for 1 h at 37 °C. The enzymatic reaction was stopped by adding 1N NaOH and the ALP activity was determined by measuring the absorbance of para-nitrophenol (p-NP) at 405 nm wavelength using micro-plate reader. A standard curve of different p-NP concentrations were prepared by diluting in 0.02N NaOH. The chromogenic para-nitrophenol product formed was normalised against total protein concentration and the total protein content was measured using the bicinchoninic acid (BCA) protein assay kit (Sigma Aldrich).
[bookmark: _Toc461440667]Statistical analysis
All of the experiments were conducted in triplicates.  All data are expressed as mean ± S.D. The differences between the groups were analysed using one-way analysis of variance (ANOVA) followed by Tukey post hoc test. Statistically significance was considered at **p < 0.01 and *p < 0.05. 
[bookmark: _Toc456118504][bookmark: _Toc461440668]Results and Discussion
[bookmark: _Toc456118505][bookmark: _Toc461440669]Characterisation of surface modified AZ31 Mg alloy
The ATR-IR spectrum of the surface modified AZ31 Mg alloys are shown in Fig 2. To facilitate the organosilane coating, the AZ31 Mg alloy was passivated with sodium hydroxide to generate hydroxide layer (AZ31-OH) on the surface which is indicated by band at 3694 cm-1 15. The MTES-TEOS coating on the passivated was evident by IR bands around 1045-1127 cm-1and 1270 cm-1, corresponding to Si-O asymmetric stretching of Si-O-Si bond 13 and absorption vibration of Si-CH3 of MTES respectively 9. Subsequent coating with APTES increases the intensity of siloxane band with an appearance of a new band at 1570 cm-1, which is assigned to vibrational mode of amine group 13. The bands at 3295 cm-1and 3368 cm-1 are related to the asymmetric and symmetric stretching modes of NH2 group respectively 21. Broadening of the band at 1570 cm-1 was observed when the amine functionalised silane substrate was coated with PLGA and most of the amine peaks became obscured , indicating the presence of an electrostatic interaction occurred 22, 23. The presence of the Si-CH3 band (1270 cm-1) in all coated substrates indicates the presence of methyl groups which imparts some hydrophobicity to the coating 24, 25.  
The effect of the surface modifications was observed by the surface wettability of AZ31 modified substrates, as characterized by static water contact angle measurement showed in Fig-3. The bare AZ31 surface presents with a water contact angle of 74.6 ± 0.9°. The treatment with NaOH increases the surface hydrophilicity of bare AZ31 due to the presence of a hydroxyl layer with a water contact angle of 29.1 ± 1.8°.  As expected, the MTES-TEOS coating increases the surface hydrophobicity due to the presence of the methyl groups and siloxane bond with a water contact angle of 77.9 ± 1.3° 9, 13. Subsequent coating with APTES (AZ31-MT-A) decreases the contact angle to 46.4 ± 2.1° which is attributed to the presence of amine group on the surface 16. Further modification with PLGA re-establishes the relative hydrophobicity with an increase in water contact angle to 68.2 ± 1.5°. It can be observed that the surfaces are significantly different (p < 0.01) at each stage of the functionalization. These results along with ATR-IR analysis confirm the sequential functionalization of the AZ31 alloy coating.  
The surface morphology and coating thickness of modified AZ31 substrates were observed by SEM. Fig 4, shows the images of uncoated and coated substrates (a) AZ31 (polished), (b) AZ31-MT, (c) AZ31-MT-A, (d) AZ31-MT-A-P and (e) cross-section of AZ31-MT-A-P. The coated substrates (Fig 4: (b)-(d)) showed homogenous and crack free surface. In addition, delamination of coatings has not been observed in AZ31 coated surface. Fig 4 (e) shows the cross-section of AZ31-MT-A-P substrate with the coating thickness of 1.61 µm. There was no significant difference was observed in AZ31-OH with respect to polished AZ31 (SEM image is not shown).  Therefore, the combined results of ATR-IR, contact angle measurement and SEM analysis confirm the successful assembly of PLGA-silane coating on the surface of AZ31 substrates.
[bookmark: _Toc456118506][bookmark: _Toc461440670]In vitro corrosion and degradation behaviour of AZ31 substrates
[bookmark: _Toc456118507][bookmark: _Toc461440671]Electrochemical corrosion measurements
Fig 5 shows the potentiodynamic plots for the uncoated and coated AZ31 alloys in DMEM at 37 ⁰C. The corrosion current density (icorr) and corrosion potential obtained from potentiodynamic polarization curves are presented in Table 2. All three coated substrates AZ31-MT, AZ31-MT-A and AZ31-MT-A-P as well as the  AZ31-OH conversion coating showed lower corrosion current densities along with the a progressively more anodic corrosion potential than the uncoated AZ31 alloy. The maximum improvement can be seen in AZ31-MT-A-P coated substrate, as observed by decrease in corrosion current density by nearly 1.8 orders of magnitude when compared with the uncoated equivalent. Also, the corrosion potential (Ecorr) of AZ31-MT-A-P substrate was ~120 mV more noble as compared to the bare AZ31 alloy, implying less susceptibility to corrosion. Further, the corrosion resistance of PLGA coating at 4% w/v loading has also been performed (SI: 1), which showed lower corrosion resistance when compared to 2% PLGA coated AZ31-MT-A substrates. Similar results were also reported by Li et al., who explained that the a high concentrated loading of PLGA produces thick poor quality coatings 26. Hence, the improved performance of AZ31-MT-A-P in terms of corrosion resistance over uncoated AZ31 was expected. 
The EIS measurements are used to study the corrosion behaviour of uncoated and coated AZ31 substrates as represented in Bode plot in Fig 6 (a). Fig 6 (a) clearly shows that the magnitude of impedance at lowest frequency (IZI0.01Hz) gradually increases, while phase bode plot displays increase in the broad crest wave toward -90º with every step of coating, suggesting improvement in corrosion resistance of AZ31 Mg alloy. Such features have been observed in corrosion resistant coating on Mg alloys 9, 27, 28. The IZI0.01Hz value of passivated AZ31-OH substrate is ~7.4 x 103 Ω.cm2, which is slightly higher than the AZ31 alone AZ31 (~4.8 x 103 Ω.cm2). With further modification, the progressive increase in  IZI0.01Hz  value of ~2.2 x105 Ω.cm2 for AZ31-MT to ~ 5.8 x 105 Ω.cm2 and ~1.44 x106 Ω.cm2 for AZ31-MT-A and AZ31-MT-A-P have been observed respectively. 
In addition, phase angle Bode plots for all coated samples were characterised with two time constants. One time constant at high frequencies referring to capacitive response or barrier part of the organo-silane (MT and MTA) and PLGA (MT-A-P) coatings, and the second time constant at low frequencies assigned to the diffusion process of electrolyte in the coatings. The AZ31 and AZ31-OH substrates are characterised by two capacitive responses at higher and medium frequencies (suppressed response) with additional inductance at very low frequency (< 0.1Hz). This low frequency inductance  is commonly observed in uncoated Mg alloys, indicating the presence of surface adsorbed species like Mg(OH)+ and Mg(OH)2 29, 30. Although, interpretation of EIS data for magnesium alloy is controversial, the current explanation has been adopted 27, 30, 31. 
The EIS spectra of coated and uncoated substrates were analysed based on the electrical equivalent circuits which fit best with the experimental data, composed of two time constants respectively as shown in Fig 6 (b) and (c) respectively. The equivalent circuit consists of Rs (solution resistance), Ccoat one of the constant phase element (CPE) components, expresses coating capacitance and Rcoat is resistance of coating. Cdl, another component of CPE, represents the capacitance of electrical double layer at vulnerable region and a charge transfer resistance Rct. For AZ31 and AZ31-OH substrates, all CPEs and resistances are related to the hydroxide film on the surface. The RL and L represent the inductive resistance and inductance respectively for AZ31 and AZ31-OH substrate. However, data of these two components has not been shown as Ccoat, Rcoat, Cdl and Rct are the elements of interest which are comparable to corresponding coated substrates. Moreover, low frequency inductance has not been observed in any of the coated surface. The equivalent circuits were selected based on literature available for corrosion of uncoated and coated Mg alloys 31-33. The fitting parameters are given in Table 3.
It is observed that the Rcoat and Rct for coated substrates gradually increase with every layer of coating on AZ31 Mg alloy. Rct which is a measure of corrosion resistance of alloy samples coated with silane or PLGA-silane, suggesting a substantial increase of corrosion resistance in case of AZ31-MT-A-P coated substrate (5.6467 x 108 Ω.cm2) than AZ31 alloy (5679 Ω.cm2). Once exposed to the electrolyte, a thin film of Mg (OH)2 can be developed on the AZ31 Mg alloy. This could acts as an initial passivation layer, but it may not withstand with electrolytic attack, especially chloride ions 23. Though, alkaline passivated AZ31-OH showed enhanced corrosion resistance as compared to AZ31 alloy (Table 3), but it also susceptible to the degradation in corrosive medium 23.  Therefore, the alkaline passivated surface has been widely used to facilitate the bonding of silane coating on the surface 34, 35.  The capacitance is related to the area of the capacitor. The relatively low capacitance (Ccoat and Cdl) has been observed in case of AZ31-MT-A-P as compared to the AZ31 bare alloy as well as those for other coated substrates, implying that the active area of corrosion with PLGA-silane coating is considerably decreased. As established from potentiodynamic polarization and EIS tests in DMEM, the PLGA– silane coating showed superior corrosion resistance compared to all other surface modifications. This enhanced corrosion resistance offered by silane and PLGA coatings could be attributed to the defect free coatings and combined physical barrier performance of the siloxane network of MT-A organo-silane and PLGA coating to electrolyte penetration 12, 16, which is in agreement with the SEM images, FTIR spectrum and lower capacitance values. This results in the slowdown of anodic dissolution reactions and charge transfer associated with cathodic reactions, which blocks the mass transport of Mg2+ ions and release H2 gas 16, as observed from lower icorr values and anodic shift of Ecorr . According to previous reports, these electrochemical corrosion studies for Mg based alloys should be complement by the other measurements such as Mg2+ ion release rate and hydrogen gas evolution rate 18, 30, 36. Since, the AZ31-MT-A-P coated substrate presents the greatest corrosion resistance, hereafter, further long term degradation and biocompatibilities studies have been performed with AZ31-MT-A-P substrate with the uncoated AZ31( i.e without any modification) as a control.   
[bookmark: _Toc456118508][bookmark: _Toc461440672]Immersion experiment, pH change and hydrogen gas evolution studies
The rate of Mg2+ ions release from the coated and uncoated AZ31 samples in DMEM upto 21 days was analysed by ICP-OES as showed in Fig 7 (a).  From the uncoated substrate, the Mg2+ ion release rate  upto day 7 increases from 0.068 ± 0.002 mM/h/cm2 to 0.125 ± 0.003 mM/h/cm2, thereafter drastically decreases to 0.026 ± 0.003 mM/h/cm2 at day 21. In contrast, the coated AZ31-MT-A-P substrate had a very slow and steady release of Mg2+ ions ranged from 0.024 ± 0.002 mM/h/cm2 to 0.009 ± 0.001 mM/h/cm2  between day 1 and 21 respectively.  It can be observed that the average rate of Mg2+ ions release from the coated surface is 0.016 mM/h/cm2 which are much lower than the release from uncoated surface 0.071 mM/h/cm2. These results clearly demonstrate that the release rate of Mg2+ ions from the coated substrate was markedly reduced compared to uncoated one.
Furthermore, the bulk pH change of AZ31-MT-A-P and uncoated AZ31 in DMEM over a period 21 days is shown in Fig 7 (b). It can be seen that the pH of DMEM for both the substrates are alkaline, but the coated AZ31-MT-A-P was less alkaline when compared to uncoated AZ31 alloy. The coated substrate showed gradual increases until day 9 (pH 8.22) then stabilises in the remaining immersion time (pH 8.32). On the other hand, the uncoated alloy which showed sudden increase in pH until day 9 (pH 9.2) and then decreases at later period (pH 8.8). The trend of Mg2+ release from coated substrate was consistent with the observed pH change. 
The rate of hydrogen gas evolution from AZ31 and AZ31-MT-A-P in DMEM has been performed for 14 days as shown in Fig 7 (c).  The results indicated that the rate of H2 gas evolution is much higher for uncoated AZ31 than coated AZ31-MT-A-P substrate.  The uncoated AZ31 alloy showed a characteristically high corrosion rate until day 7 with 0.084 ± 0.004 ml/h/cm2 of H2 gas release, followed by a slower corrosion rate throughout the remaining period with 0.041 ± 0.003 ml/h/cm2 of H2 gas release for day 14. For coated AZ31-MT-A-P substrate, a slow, steady ever with decreasing release of H2 gas was observed throughout the period of 14 days dropping from 0.015 ± 0.007 ml/h/cm2 to 0.008 ± 0.001 ml/h/cm2. The average rate of H2 gas release over a period 14 days for the coated surface (0.011 ml/h/cm2) is much lower when compared to uncoated surface (0.062 ml/h/cm2). Therefore, the trend in hydrogen gas release for the coated surface was very much in agreement with Mg2+ ion release rate, indicating that coating enhanced the corrosion resistance of AZ31 Mg alloy.
Furthermore, the stability of coating was evaluated by SEM and EDX analysis of AZ31-MT-A-P substrates for various elements at different times as shown in Fig 8 (a-c).  The SEM images showed that with increase in immersion time from day 7 to 21, the crack formation in coating also increases. The spot EDX analysis and elemental mapping of silicon (Si), phosphorus (P) and calcium (Ca) of the coated substrate were performed to assess the corrosion products formed on the sample and the presence of coating component (Si). The spot EDX elemental analysis around the cracks of the coated surface, as shown within the table in Fig 8, are rich in Ca, P, Mg and O. Here, a higher content of Ca-P deposition with low Si content near the cracks was observed with the immersion time of day 7, 14 and 21. The EDX elemental mapping of day 7, 14 and 21 indicated the presence of Si, P and Ca. From the EDX maps, a weak signal of Si element has been observed near the cracks (as shown by arrows), whereas at the same site strong signal of P (indicated by arrows) can be observed on day 14 and 21. The spot EDX analysis and elemental mapping indicate the degradation of coating and the formation of protective layer, as observed from weak Si signal (component of silane coating) and Ca-P deposition respectively.  Furthermore, the degradation of PLGA coating was determined by IR analysis of –C=O band at 1760 cm-1 (SI: 2). On day 21, the –C=O band was not detectable, indicating the hydrolysis of the PLGA coating.  Previous reports showed that PLGA is susceptible to hydrolytic degradation, thereby failing to offer long term corrosion resistance alone 12, 26.
The possible reasons for the increased development of cracks in the coated AZ31 alloy with the immersion time, are due to the electrolyte (DMEM) penetration into the coating and subsequent corrosion of underlying alkaline treated-Mg alloy with the dissolution of Mg Mg2+ ions which react with water to form Mg (OH)2 and H2 gas 2. The overall reactions  include anodic and cathodic reactions (see 3.2.1) 6. It is well known that the hydroxide layer on the AZ31 does not provide long term corrosion resistance 15. The surface layer of Mg alloy would become unstable due to the release of hydrogen gas which not only corrodes the underlying surface but also increases the electrolyte permeability of the coating, thereby initiating the crack formation. This leads to the degradation of surface coating as observed from weak Si signals, which is a component of organosilane coating from EDX analysis and disappearance of PLGA IR band, indicating the degradation of PLGA– organosilane coating over time. During corrosion of Mg alloy, the OH- ions release from the surface which increases the bulk pH of the medium 37. However, the localised pH depends upon the balance between the Mg alloy degradation rate with the formations of OH- ions and the rate of removal of these ions by convection and diffusion 38. According to Dezfuli et al., the bulk electrolyte pH remains relatively less alkaline as compared to the localised pH 39. Moreover, it is expected that the localised pH near the cracks will be relatively more alkaline. This results in the higher build-up of protective or corrosion layer arising from Mg (OH)2 and Ca-P deposition at the site of cracks over time, as observed from the increased deposition of the corresponding elements recorded by SEM-EDX elemental analysis of coated substrate (indicating by arrows in Fig 8 a-c and inset table). This prevents the further chemical reaction across the metal surface and reduces the corrosion rate of Mg alloy 40 , which is also evident by the reduced rate of magnesium ions release, H2 gas evolution and pH change with increase in immersion time for both coated and uncoated surfaces (Fig 7). Previous reports also showed that degradation layer during the corrosion process which consists of calcium phosphate precipitates and other corrosion products reduced the degradation rate of the Mg based alloy in vitro with time 40, 41. Since, the organosilane coating on the AZ31 Mg alloy has not been completely degraded or delaminated; this controlled degradation of coated AZ31 substrate could be attributed to the stability of coating as well as in situ formation of such protective layers.     
[bookmark: _Toc456118509][bookmark: _Toc461440673]Cytocompatibility
The indirect cytotoxicity of uncoated and coated AZ31 alloy was performed for different duration (day 1, 3 and 5) by using MTT assay as shown in Fig 9.  A non-linear regression analysis of cell viability to neat or diluted extracts of coated and uncoated substrates was plotted. 
The cell viability results for the coated AZ31-MT-A-P substrate using 100% of the extract (Mg2+ ions concentration is 17.69 ± 0.12 mM, pH 8.03 ± 0.04) is significantly higher than the uncoated AZ31 alloy (Mg2+ ion concentration is 58.01 ± 0.26 mM, pH 8.76 ± 0.09) and with further dilution of extracts. It was observed that the cell viability is markedly higher for all days with 100% extract of coated AZ31 substrate as compared uncoated AZ31 alloy. In addition, no reduction in cell viability was observed with the diluted extracts from 25 % to 10% of coated substrate for all days. On the contrary, the uncoated AZ31 alloy extracts showed higher cytotoxicity with the all extracts. Mg based biomaterial is not only biodegradable but also bio-resorbable, as it is an essential mineral and mostly stored in bone, in an apatite inorganic matrix 42. Moreover, it also stimulates bone growth and healing 42. It is known that cells viability are very sensitive to environmental fluctuation, especially changes in pH due to the rapid degradation of bare AZ31 alloy 2, 43. In case of uncoated AZ31 surface, osteoblasts exposed to the extraction medium showed cell cytotoxicity in all samples due to the rapid degradation, whereas extraction medium of coated AZ31 alloy substrate stimulate the proliferation or retain the viability of osteoblast cells. This suggested that the coated AZ31 substrates not only controlled the degradation of Mg alloys but also allows to exploit their bioresorbable properties.
Fig 10 shows the pre-osteoblasts directly cultured on uncoated AZ31, coated AZ31-MT-A-P substrates for 1, 3 and 5 days, and then stained with calcien AM and propidium iodide.  From day 1 to 5, coated substrate (Fig-10 (d-f)) demonstrated a marked increase in live cell density (green fluorescence) when compared to uncoated AZ31 alloy (a-c), indicating that cells are proliferating faster. Very few dead cells (red fluorescence) were observed on the coated surface over uncoated AZ31 alloy, indicating the enhanced biocompatibility of the AZ31-MT-A-P surface.
SEM images of the fixed osteoblast cells on uncoated AZ31 alloy and coated surface at day 1, 3 and 5 post seeding are shown in Fig 11 (a-f).  The cells grown on the AZ31 alloy surface on day 1 (Fig 11 a) have attached (indicated by red arrows) while dead or distorted shaped (yellow arrows) osteoblast cells were also observed. This observation is similar to live/dead staining of AZ31 on day 1. With an increased duration of culture exposure, greater localised attachment of osteoblast cells can be observed on AZ31 surface (Fig 11 b and c). In contrast, the attachment of osteoblast cells is delocalised on the AZ31-MT-A-P substrate following as with increase in the incubation period from day 1 to 5 (Fig 11 (d-f)).  A distinct morphology of osteoblast cells cannot be observed on day 5 (Fig 11 f), because of the dense coverage of confluent osteoblast cells which intercalate with each other. These results indicate that the PLGA component of the coated surface facilitates the greater cells adhesion and proliferation of osteoblast cells, thereby enhancing the biocompatibility of coating. Several reports have shown that the application of PLGA as a biocompatible coating on Mg based alloy which enables the osteoblast cell attachment and proliferation 12, 26. Hence, it can be concluded that the coated AZ31-MT-A-P substrate is more biocompatible the uncoated AZ31 alloy. 
The DNA content of osteoblast cells cultured on the uncoted AZ31 and AZ31-MT-A-P substrates for day 3, 7 and 14 was measured by fluorescence assay as shown in Fig 12(a). The concentration of DNA is the direct measure of cells that attach and proliferate on a susbtrate surface. The low DNA concentration on day 3 on uncoated AZ31 surface suggests that many of seeded cells did not attach. This was expected due to the rapid corrosion and release of hydrogen gas upon the contact with the cell culture medium prior to passivation. The intial cell attachment on the coated AZ31-MT-A-P substrate was nearly 4 fold higher than the uncoated AZ31 equivalent. The cells were found to attach and proliferate on both the substrates between day 7 and 14, resulting an increase in DNA concentration. However, the concentration of DNA for the coated surface was significantly higher (p < 0.01) when compared to the uncoated AZ31 surface over a period of 14 days.  The increase in DNA concentration for the uncoated AZ31 surface is  likely due to the formation of a passivation layer, which slows down the corrosion rate of Mg alloy with the incubation time, thereby supporting the growth of cells 40, 44. This DNA quantification study is consistent with cell viability assay and live/dead staining qualitative results which indicate that the cell viability and proliferation are higher on the coated surface when compared to the uncoated AZ31 surface.
Osteoblasts  expresses ALP in the early stages of osteoblastic commitment and is actively involved in the mineralisation of the extracellular matrix through generation of phosphate ions from the hydrolysis of organic substrates 45. The differentiation of osteoblast cells on the coated and uncoated AZ31-MT-A-P substrate was evaluated upto 14 days using ALP as an early stage marker. The ALP activity of osteoblast cells cultured on the uncoated AZ31 and coated AZ31-MT-A-P substrates are presented in Fig 12 (b). The osteoblasts that adhered to the coated surface showed significant higher ALP expression (p < 0.01) as compared to the uncoated AZ31 alloy over a culture duration of 14 days. The enhanced proliferation of cells is the likely reason of greater cell differentiaion on coated AZ31-MT-A-P surface 15, 45. Hence, the multilayer PLGA-silane coating is promising way to improve the osteointegration of Mg based implants. 
[bookmark: _Toc456118510][bookmark: _Toc461440674]Conclusions
A novel multi-layered PLGA-silane coating on the biodegradable Mg alloy has been developed. The corrosion resistance of AZ31 alloy was considerably improved with every step of coating. The AZ31-MT-A-P coated substrate showed enhanced and long-term corrosion resistance over uncoated AZ31 alloy, while keeping the conditions necessary for biocompatibility. The stability of coatings as well as in situ formation of protective layer played an important role in the controlled degradation of coated AZ31 alloy. The coated AZ31 Mg alloy showed good osteoblastic cytocompatibility, allowing cell adhesion, proliferation and differentiation when compared to the uncoated equivalent. The cytocompatibility results indicate that the PLGA coating facilitates better cell adhesion and proliferation, thereby enhancing the biocompatibility of the coating. These results indicate that the proposed coating for Mg alloys is a promising strategy to not only improve the corrosion resistance and cellular integration with the surrounding tissues but also potentially serve to deliver desired drugs, growth factors and other bio-active molecules at the site of implantation during coating degradation process (such as PLGA), expediting the bone healing process. 
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Table 1 Elemental composition of AZ31 alloy

Elements Weight (%)

Mg 96.37
Al 2.45
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Fig.2 ATR-IR of uncoated and AZ31 modified substrates.
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Fig. 3 Contact angle measurements of uncoated and AZ31 modified
surfaces. One way ANOVA with post hoc Tukey test with significance
level of **p < 0.01.
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Fig. 4 SEM images of (a) AZ31, (b) AZ31. . A-P and (e) cross section of AZ31-Mt-A-P.
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5 Potentiodynamic polarization curves of AZ31 alone, AZ3-OH,
AZ31-MT, AZ31-MT-A and AZ31-MT-A-P surfaces.
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Table2 Corrosion potential (Ec,,,) and corrosion current density (ico,)
derived from plots for AZ31 alone, AZ3-OH, AZ31-MT, AZ31-MT-A and

AZ31-MT-A-P surfaces

icors (A em™)

Substrates Eecorr (Vsce)

AZ31 —1.679 = 0.021
AZ31-OH —1.652 + 0.008
AZ31-MT —1.677 £ 0.003
AZ31-MT-A —1.612 = 0.009
AZ31-MT-A-PLGA-2% —1.561 = 0.002

17.9 £ 0.128
15 = 0.056
0.987 £ 0.039
0.26 £ 0.049
0.214 £ 0.047
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Fig.6 (a) Bode plots for AZ31alone, AZ3-OH, AZ31-MT, AZ31-MT-A and AZ31-MT-A-P surfaces, equivalent circuits used to fit experimental data
(b) coated and (c) uncoated AZ31 and AZ31-OH substrates.
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Table 3 Parameters of uncoated and coated substrates calculated from the fitting of the experimental impedance spectra

AZ31 substrates AZ31 AZ31-OH AZ31-MT AZ31-MT-A AZ31-MT-A-P
R, (Qem?) 342.6 349 250.1 398 1251
CPEoq T (x107° F em™3) 1280.2 386.6 3.0741 2.8447 1.34
CPEcoacP 0.63659 0.7259 0.77427 0.78549 0.83357
Reoac (x10° Q em?) 0.05679 0.07555 1.4694 3.9657 9.7297
CPEqT (x107° F em™2) 290.02 55.858 44765 1.1012 0.30164
CPEq-P 0.94597 0.97 0.65008 0.83252 0.9728

R (Q em?) 768.5 1371 82394 2.4533 x 10° 5.6467 x 10°
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Fig. 7 (a) ICP-OES measurement of Mg ions release, (b) pH change
and (c) rate of H, gas release from AZ31 and AZ31-MT-A-P over

a period of 21 and 14 days respectively.
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Fig. 9 Cellviability of MC3T3E1 osteoblast in the extracts of AZ31 and
AZ31-MT-A-P substrates over a 5 days incubation period. Arrows
indicating the % extracts (v/v] which corresponds to its logarithmic
values on x-axis.
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Fig 10 Fluorescence microscopic images of live-dead MC3T3EL cells attached on AZ31 (a-c) and AZ31-MT-A-P (d-f) for day 1 3 and 5
respectively (scale bar is 100 um).
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Fig 11 SEM morphology of fixed MC3T3E1 osteoblast cells on AZ31
(a-c) and AZ31-MT-A-P (d-1) alloy after incubation of day 1. 3 and 5
(red and yellow arrows indicating attached cells and dead or distorted
haped osteoblast cells respectively).
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Fig 12 _(a) Quantification of total DNA content and (b) ALP activity of osteoblast cultured on uncoated AZ31 and coated AZ31-MT-A-P substrates
for 3,7 and 14 days. One way ANOVA with post hoc Tukey test with significance level of *4p < 0.01
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Fig.1 Schematic representation showing the steps involved in PLGA-silane coating on AZ31 mg alloy. The alkaline passivated AZ31 alloy (step-a)
was coated sequentially with MTES—TEOS (step-b), APTES (step-c) and PLGA (step-d) to improve the corrosion resistance and biocompatibility of
AZ31 mg alloy.




