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Abstract

:

Biomaterials used for the manufacture of biomedical devices must have suitable surface properties avoiding bacterial colonization and/or proliferation. Most biomaterial-related infections start during the surgery. Bacteria can begin colonization of the surface of a device right after implantation or in the next few hours. This time may also be sufficient to begin the deterioration of a biodegradable implant. This work explores the surface changes that hydrophobic films of poly(lactic) acid reinforced with Mg particles, prepared by solving-casting, undergone after in vitro degradation at different times. Hydrophobicity, surface tension, zeta potential, topography, and elemental composition were obtained from new and aged films. The initial degradation for 4 h was combined with unspecific bacterial adhesion and viability tests to check if degraded films are more or less susceptible to be contaminated. The degradation of the films decreases their hydrophobicity and causes the appearance of a biocompatible layer, composed mainly of magnesium phosphate. The release of Mg2+ is very acute at the beginning of the degradation process, and such positive charges may favor the electrostatic approach and attachment of Staphylococci. However, all bacteria attached on the films containing Mg particles appeared damaged, ensuring the bacteriostatic effect of these films, even after the first hours of their degradation.
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1. Introduction


Composite materials based on polymers provide an excellent platform for tailoring properties according to specific applications. Poly(lactic) acid (PLA) is one of the mostly used polymers in the market of biodegradable medical devices. The interest arises from its appropriate combination of biocompatibility and biodegradability rate. Nevertheless, some drawbacks limit its use. Poor compressive strength and the generation of acidic products during degradation limit the range of its applications [1,2]. To overcome these flaws several composites of PLA are being developed, based on copolymerization, reinforcement with carbon fibers, carbon nanotubes, hydroxyapatite (HA) or metallic particles [3,4,5,6].



Magnesium, Mg2+, is the fourth most present cation in human body. It has an essential role in the physiology of brain, heart, and skeletal muscles. It plays relevant functions in intracellular processes, as enzymatic activities, DNA repair and exchange of sodium and potassium through membranes. 99% of magnesium in body is found in bone, muscles and non-muscular soft tissue, and approximately 50%–60% of magnesium appears as surface substituent of the bone hydroxyapatite [7]. Despite the adequate biocompatibility of magnesium, its use as biomaterial is limited because its low surface stability and its fast corrosion rate in aqueous media, especially when media contain chloride. Degradation of magnesium leads to hydrogen release and increase of the pH. Moreover, fast corrosion can untimely deteriorate implants before tissue has healed. Therefore, development of biocompatible materials that slow down the production of Mg2+ and H2 bubbles is an interesting and important field of research [8,9].



To this purpose, new composites have been developed to improve the mechanical properties of PLA. These composites incorporate magnesium in the form of needles, wires, nanoparticles, particles [10,11], alloy fibers [12], and oxides [13,14]. Creep strength, hardness, and rigidity [15] are the main mechanical properties of PLA enhanced by these inclusions of magnesium.



In addition, the manufacturing method provides these composites with different surface properties depending on the protocol followed [1,2,10,16,17].



Surface properties, together with bulk and mechanics characteristics of the material, must be considered in detail for a successful design of an implant as far as interaction between the implant and the biological medium happens through the surface. Properties such as topography, surface electrical potential, hydrophobicity, and surface free energy can modulate the formation of a precursor layer of proteins and the subsequent adhesion and proliferation of cells [18]. Moreover, in the case of degradable materials, whose surface is continuously altered, it is necessary to follow the evolution of their surface properties with aging.



One of the most detrimental factors that can affect an implant is its colonization with bacteria, as it is the origin of infectious processes. Infection is one of the main causes, along with debridement for joint implants, leading to the removal of an implant. Half of the device-related infections are nosocomial [19], being the microbial contamination acquired along the surgical procedure. The patient’s own skin, clothing and surgical instruments inside the operating room are a source of contamination. This implies that the implant can enter already contaminated in the patient or that the bacteria, through the open wound in surgery, can access the implant a few hours after placement.



Although magnesium is an essential ion for the enzymes activity and can enhance coating formation on bacterial biofilms, it has also interesting properties against bacteria contamination [20,21,22,23]. The mechanisms behind this antibacterial effect are the alkalinization of the surrounding media and the great osmotic stress originated on the cells by the ingestion of magnesium ions [22,23,24].



As for pure magnesium, composites materials using this metal also present these effects [25,26]. In a previous study on extruded bars of Mg with PLA, we proved that bacteria adhered on the surface of the composite were damaged [27].



In the present work we study the surface properties, degradation and bacterial response of thin films of PLA reinforced with 10% (w/w) of Mg particles prepared by solvent casting. According to Cifuentes et al. [11] this Mg proportion is a compromise solution between two factors: the generation of acidic products by the degradation of PLA, that decreases the pH, and the alkalinization due to Mg corrosion. Films of this composite were manufactured following a different procedure [28] and provided rough surfaces with water contact angle below 90° that could favor cell interactions. Our purpose is the analysis of films that could be used as coating for other supports to protect them against bacterial contaminations, avoiding the use of antibiotics and within a biocompatible environment. Contamination of the films with Staphylococcus epidermidis, one of the main microorganisms responsible of nosocomial infections [29] on new and aged surfaces, to simulate two possible scenarios for the contamination of the implant was investigated.




2. Materials and Methods


2.1. Sample Preparation


The poly(lactic) acid (PLA) particles (PLA2003D, with D-isomer content of 4.25%, purchased from NatureWorks LLC, Blair, NE, USA) were dissolved in chloroform (5% w/v) using a rotator stirrer (JP Selecta, Abrera, Barcelona, Spain). For preparation of films with magnesium (PLA10Mg), magnesium particles (≤ 50 μm, Nitroparis, Castellón, Spain) were added (10% w/w) to the solved polymer and stirred until complete homogenization. 1 mL of mixture, with and without magnesium, was placed in casts of 30 mm in diameter and left at room temperature for 8 h. After that, films were dried at 70 °C in an oven for 48 h, to completely remove any remaining solvent. Disks of 25 mm diameter were cut to perform further experiments.




2.2. Surface Structure Characterization


Morphology of surface of PLA films was evaluated by using an atomic force microscope (AFM) (Agilent AFM 5500, Agilent Technologies, California, CA, USA) operating at room temperature. Rectangular silicon cantilevers used have a nominal spring constant of 0.03 N m−1 and a specified tip radius of ~8 nm (CSC38/Cr-AlBs series, MikroMash, Sofia, Bulgaria). The quantification of the surface roughness was made through the root mean square (RMS) parameter and for this purpose images of 15 × 15 µm2 were scanned. Distribution of magnesium particles in the composite was observed with a scanning electron microscope (SEM, FEI Company, Quanta 3D FEG, Hillsboro, OR, USA). The operation was done under low vacuum conditions, avoiding any metallic coating of the films. Images were taken in the backscattered electron detector (BSED) mode and energy dispersive X-Ray (EDX) mode was used to provide the elemental analysis of the films.




2.3. X-Ray Diffraction


XRD was performed using a Bruker D8 Advance (Rheinstetten, Germany), with Bragg–Brentano geometry and CuK α1 radiation (λ = 1.5406 Å).




2.4. Surface Tension


The surface tension components of PLA and PLA10Mg films were evaluated using contact angle determinations under ambient conditions.



The measurements were carried out with a Krüss goniometer (Krüss, Hamburg, Germany) by the sessile drop method and using the Drop Shape Analyser software (Krüss GmbH, Hamburg, Germany). The values of contact angle are the average of at least nine drops deposited on different samples and reported with the standard deviation.



In the experiment, three liquids were used: deionized water, formamide, and diiodomethane, whose surface tension components are well-known [30].



The surface tension components of the films were calculated with Equation (1) using the approach of van Oss et al. [31,32,33].


   (  1 + cos θ  )   γ i  T O T   = 2  (     γ i  L W    γ s  L W     +    γ i −   γ s +    +    γ i +   γ s −     )  ,  



(1)




where θ is the contact angle between the liquid and the surface, γLW is the Lifshitz–van der Waals surface tension component, γ+ represents the electron acceptor parameter, γ− represents the electron donor parameter,    γ  T O T   =  γ  A B   +  γ  L W     is the total surface tension component and γAB is the Lewis acid-base component, with    γ  A B   = 2    γ +   γ −     . The subindex i represents the surface tension component of the liquids and subindex s the surface tension component of the surface.



The degree of hydrophobicity of a material can be estimated as the free energy of interaction between two surfaces of the same material immersed in water: ΔGsws (Equation (2)) [34]. In this approach, if      Δ G    sws     <      0   mJ / m   2  ,   the material is considered hydrophobic and if      Δ G    sws   > 0      mJ / m   2  ,   the material is considered hydrophilic.


  Δ  G  s w s   = − 2    (     γ s  L W     −    γ w  L W      )   2  + 4  (     γ s +   γ w −    +    γ s −   γ w +    −    γ s +   γ s −    −    γ w +   γ w −     )   
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2.5. Surface Charge


The surface charge was analysed through streaming potential and streaming current measurements by an electrokinetic analyzer (EKA) (Anton Paar, Austria). The experiments were carried out with a symmetrical cell using two identical films (25 mm of diameter). The zeta potential was calculated using the Helmholtz–Smoluchowsky equation:


  ζ =  η   ε 0   ε r     L Q    d  I  s t r     d p   =  η   ε 0   ε r    K   d  V  s t r     d p    



(3)




where Istr and Vstr were the streaming current and streaming potential; p is the channel pressure; η and εr are the dynamic viscosity and the permitivity of the fluid, respectively; ε0 is the permittivity of vacuum; K is the conductivity of the channel; and L and Q are the length and cross-section of the channel. All measurements were made with the same compression conditions inside the electrokinetic channel and the geometrical factor L/Q was obtained as previously described [35]. Each streaming current or potential measurement involved four cycles, two in each flow direction. The pressure was applied in a ramp form, from 0 to 600 mbar. KCl 1 mM was used as the electrolyte solution with pH 5.6.




2.6. In Vitro Degradation Evaluation


Degradation of PLA and PLA10Mg films was evaluated by immersion (by triplicate) of samples of 25 mm of diameter in 50 mL of phosphate buffer saline (PBS) at 37 °C for 4 and 8 h and 1, 7, 14, 21 and 28 days. The pH of the starting PBS solution was 6.67, and after four weeks, pH increased to 6.91. After degradation, films were dried with nitrogen and stored for at least 24 h in a desiccator. Changes in the morphology of surfaces were analyzed again by AFM and SEM. Inductively coupled plasma-mass spectroscopy (ICP-MS, 7900 Agilent Technologies, California, CA, USA) was used to quantify the amount of Mg released to the PBS.



To simulate the degradation conditions in which bacterial adhesion was performed, PLA and PLA10Mg films were exposed (by triplicate) to 0.9 mL of PBS at 37 °C for 4 h with the help of reusable silicone adhesion cambers (flexiPERM, Greiner bio-one, Frickenhausen, Germany). Then, films were dried with nitrogen and stored for at least 24 h in a desiccator. AFM and SEM were used to assess the changes in topography and ICP-MS was used to determine the magnesium concentration.




2.7. Bacterial Adhesion Assays


Staphylococcus epidermidis ATCC 35983 (ATCC, American Type Collection Culture) was obtained. The strain was stored at −80 °C in porous beads (Microbank, ProLab Diagnostics, Richmond Hill, Ontario, Canada). From the frozen stock, blood agar plates (OXOID Ltd., Basingstoke, Hampshire, UK) were inoculated and incubated at 37 °C for 24 h to obtain cultures. The strain was then grown in trypticase soy broth (TSB) (BBL, Becton Dickinson and Company, Sparks, Franklin Lakes, New Jersey, USA) for different bacterial assays. For adhesion studies, bacteria were grown in TSB and resuspended in PBS to a final concentration of 3·108 bacteria/mL, then a volume of 0.9 mL was added to the PLA and PLA10Mg films with the help of reusable silicone adhesion chambers, previously described, and subjected to slight orbital shaking of 20 rpm, for 4 h at 37 °C. Quantification of the density of the bacteria was carried out with an epifluorescence microscope (Leitz DIAPLAN, Wetzlar, Germany) by staining the adhered microorganisms with the kit Live/Dead Baclight L-7012 (Invitrogen SA, Eugene, Oregon, USA). Bacteria were counted with the software NIS-Elements BR 4.10 (Nikon Instruments Inc., Melville, USA). These experiments provided the total number of bacteria adhered to the surface of the samples, and the viability of the cells. Bacteria appearing as red-orange have their viability compromised, whereas green bacteria are not damaged. Images were acquired from random surface positions for each sample.



The experiments were carried out in triplicate and repeated at least three times with independent cultures in order to confirm reproducibility.




2.8. Statistical Analyses


For adhesion assays, the data were reported as mean values ± S.D. from at least three independent experiments. The differences between groups were evaluated by Wilcoxon test. All statistical analyses were performed using the free software R, version 3.5.0. Differences were considered statistically significant at p-values ≤ 0.05.





3. Results and Discussion


3.1. Surface of Films Characterization


BSED images of the surface and of a transversal section of a PLA10Mg film are presented in Figure 1. Transversal section of films had a thickness comprised between 40 and 50 μm. Magnesium particles were well dispersed, without presence of aggregates or clusters. Some particles protruded from the film plane, but they stayed wrapped with a thin polymer layer. AFM images (Figure 2) confirmed the morphology of films. Profiles taken from images of PLA10Mg (Figure 2a) and PLA (Figure 2b) films gave roughness values of 45 ± 15 nm and 12 ± 5 nm, respectively. However, the larger RMS of PLA10Mg films was mainly related to the contribution of bumps due to particles. PLA film profile showed features no higher than 0.16 μm. PLA10Mg profile had larger features due to magnesium protuberances, particularly, in the case of the image, they could reach to ca. 0.64 μm height, but the surface topography between the Mg bumps was like that of the PLA film.



The crystallinity of PLA10Mg and PLA films was evaluated by XRD (Figure 3). Diffractograms presented well defined peaks, indicating that microcrystallinity was present in both types of films. PLA film showed a pair of peaks at 16.6° and 19.0°. PLA10Mg peaks were slightly displaced to 16.9° and 19.2°.



Both films had peaks at 14.4° and 22.5°, characteristics of α crystalline phase, thus discarding the δ phase. The small displacements of peaks may be due to some distortion in the polymer chain, but within the same crystalline phase, caused by the presence of Mg particles. This affects the packaging and spacing between chains and, therefore, the distance between reflection planes.



Contact angle of water, θw, formamide, θF, and diiodomethane, θD, on PLA10Mg and PLA films are listed in Table 1. Within the experimental uncertainty, water and formamide contact angle were identical for both materials. Differences in roughness of both films were not reflected in the value of the contact angle of sessile drops. Water contact angle obtained was higher than referred by other authors [36,37].



Onder et al. [38] reported contact angles of 109.1° in PLA films prepared under a relative humidity of 33%, conditions in which the PLA surface is microporous. Authors point out that the presence of air pockets in these pores is the reason why the surface becomes hydrophobic, in agreement with conditions for superhydrophobic surfaces. The analysis of the SEM images shows that these micropores had not been formed on the surface of our PLA films and, therefore, the air pockets could not be the cause of the high hydrophobicity. On the other hand, Li et al. [39] indicated that the hydrophobicity of PLA increased when its crystallinity did, due to the orientation of the methyl groups on its surface. Thus, these authors presented for PLA a θw of 78.1° and 107.5° before and after orienting these groups, respectively. After orientation, the crystallinity of the PLA samples increased significantly, leading to a higher content of methyl groups on the surface and, therefore, to an increase of hydrophobicity. Nevertheless, surface orientation depended on the process of fabrication and thickness of the layer, among other factors [40,41], which suggests that the experimental process is decisive for modulating the final behavior of the surface hydrophobicity. In the same line, manufacturing method could also affect the arrangement and conformation of the polymer chains, within the same crystalline phase, and therefore determines the orientation of the functional groups most exposed to the surface, thus influencing hydrophobicity.



It appears that the contact angle of the apolar liquid diiodomethane was slightly lower on the PLA10Mg than on the PLA film. The higher interaction of the non-polar liquid with PLA10Mg than with PLA may be related with the slightly distortion in the crystalline phase of films, where a change in the ordination of polymer can slightly increase the number of non-polar methyl groups exposed in the surface. Nevertheless, this redistribution did not seem to be important enough to alter the interaction with water and formamide so much that θw and θF were modified. Table 1 includes the total surface free energy (γT) and its Lifshitz–van der Waals (γLW) and acid–base (γAB) components for both films. According to the differences in θD, γLW of PLA10Mg film seemed larger than for PLA, and, since there were no differences in polar interactions, total surface energy was slightly higher for the composite film. The interaction free energy of two equal surfaces immersed in water, ΔGSWS, provides a measure of the interplay of material and water, and an accurate quantification of the hydrophobicity of the material [42]. A more negative value of ΔGSWS, indicated that interaction between the surfaces of the material or the ordination in water was favored over the interaction of surfaces with water. PLA10Mg and PLA films presented the same ΔGSWS (Table 1), within the experimental uncertainty, which confirms the same hydrophobicity for both films. However, it cannot be discarded that some magnesium ions were displaced out of the surface, being the highly hydrated Mg2+ ions favoring water-water ordering.



Zeta potential (ζ) provides information of the surface electrical property of the samples. Using the Helmholtz–Smoluchowski approach, the values were −26.0 ± 0.6 mV for PLA10Mg and −35 ± 3 mV for PLA. The absolute value for the PLA film was slightly lower to the obtained by Kolska et al. [43]. They measured ζ for different polymers after and before various surface treatments and pH. In the case of pristine PLA the value was −47.5 mV at pH 7. However, Bastekova et al. [44] got for their films, whose contact angle was 74.5° ± 5.8°, a ζ value of −67.2 ± 5.0 mV, measured at pH 6.5, that indicates an important negatively-charged surface. Differences in zeta potential have to be associated with the different preparation methods. On the other hand, the less negative zeta potential of PLA10Mg can be related with the release of Mg2+ cations to the surrounding media during the measuring process with the EKA. Positive ions can be retained within the double layer of the material, decreasing its measured zeta potential.



We have followed the release of magnesium ions from PLA10Mg films for a period of 28 days (Figure 4). Within the first 4 h of surface immersion in PBS, the Mg2+ liberation is very fast and afterwards the ions release per unit area of the film progresses linearly with time (release rate equal to 0.080 μg/(mm2·day) or 0.003 μg/(mm2·h)). The liberation of magnesium ions to the PBS media, rich in phosphate salts, allows the formation of the very insoluble magnesium phosphate. Images of transversal sections of films after 7 (Figure 5a), 14 (Figure 5b) and 21 (Figure 5c) days allowed us to visualize the progressive formation of the deposited layer on the PLA10Mg films. Figure 5d displays the extension of the deposit on the PLA10Mg film surface after 28 days of immersion. EDX analysis confirms that this layer was formed mainly by magnesium phosphate (Figure 5d, inset).



Zhang and Ma reported [45] that PLA was able to form apatite once incubated in simulated body fluid (SBF) because of the carboxylic acid groups generated during hydrolysis. This process charged the surface negatively, and thus promoted the binding to Ca2+ via electrostatic forces and hydrogen bonding. Previously, it had been reported that by soaking the material in SBF, a calcium phosphate layer was formed [46,47]. The appearance of a white precipitate was already observed by Li et al. [16] when immersing PLA samples in PBS in a dynamic system, applying a load frequency of 2.5 Hz. In their case, the layer was composed of calcium and phosphor, while in ours the alkaline-earth metal is magnesium. From the study of Li et al. it can be concluded that the salt precipitates if the PLA is submerged in PBS in both static and dynamic methods, due to the poor solubility of phosphates in aqueous medium.



Amorphous magnesium phosphate (AMP) has suitable properties such as biocompatibility, biodegradability, and bioactivity [48,49,50,51]. Also, it can provide efficient protection against Mg and polymer degradation. Water contact angle measured on the PLA10Mg films aged for 28 days in PBS was 71° ± 20°. The large experimental uncertainty for this angle is due to the irregularities of the surface layer, as far as the deposit does not cover uniformly the film. Despite uncertainty, it appears that the presence of this deposit on the PLA10Mg film reduces its hydrophobicity.




3.2. Bacterial Adhesion


Infection is one of the main detrimental processes that can compromise implanted devices. In most cases, the bacterial contamination of the devices occurs right at the time of surgery. It takes a few hours for bacteria to bind to the surface and grow to form a biofilm. Consequently, any degradable material or coverage is intended to resist bacterial colonization when degradation has not yet started or after a short period of time after it begins. To simulate such situations two different experiments of bacterial adhesion were designed. These experiments consisted in the contact for 4 h of a suspension of S. epidermidis with PLA10Mg film and PLA film. In one case these films were new and in the other case the films were previously aged by immersion in PBS at 37 °C for 4 h. The density of adhered bacteria and viability in both experiments are shown in Table 2. The adhesion of S. epidermidis on new films of PLA10Mg was slightly lower than on new PLA films (p-value < 0.05, according to Wilcoxon test), but the opposite tendency happened on aged films (p-value < 0.05, according to Wilcoxon test). In relation to viability, there were huge changes when comparing the films without and with Mg particles: in both cases, new and aged films, it is remarkable that all bacteria adhered on the PLA10Mg surface appeared damaged after the adhesion experiment (p-value < 0.05 in both comparisons: new films and aged films, according to Wilcoxon test). Magnesium-based materials are bacteriostatic. Mechanisms behind this characteristic are related to the joint action of magnesium ions and the modification of the pH of the surrounding media, especially in a local range near the surface. The pH and the concentration of Mg2+ ions that could have some impact on bacterial adhesion have been measured. New and aged films of PLA10Mg were immersed in PBS (pH 6.64) for 4 h, the same time as the bacterial adhesion experiments lasted. After that time, the pH and concentration of Mg2+ ions were measured. The results for both experiments listed in Table 2 are similar. This is due to the low solubility of magnesium phosphates in aqueous media, leading to their saturation. The pH increase was only 0.13 units, despite the high density of Mg2+ ions in the medium. It is in accordance with the important role that the polymeric matrix plays controlling the corrosion of Mg particles, hindering the alkalinization of the media.



Immersion of PLA and PLA10Mg films in PBS for 4 h was sufficient to initiate the surface degradation. The RMS obtained from AFM images on PLA degraded samples increased to almost three times in relation to non-aged samples (32 ± 9 µm versus 12 ± 5 µm). However, this roughness change is not enough to affect the contact angle measurements. There are not differences between contact angles on PLA10Mg and PLA aged surfaces (Table 1). Water contact angle slightly decreases respect to the new surfaces, but no changes are obtained in formamide or diiodomethane with respect to the new PLA film. Nevertheless, it can be expected that the cations released during the ageing process, highly hydrated, retained within the Helmholtz plane will remain deposited on the surfaces when films are removed from PBS for contact angle measurements. In addition, the deposition of some precipitates on the film surface begins once degradation starts, decreasing also the hydrophobicity of the surface and the contact angle of water. Some authors have stated that hydrophobicity of the material surface plays an important role in bacterial adhesion, more than bacterial surface hydrophobicity [52]. In our case, this is difficult to confirm since similar changes in hydrophobicity, as the values of ΔGSWS in Table 1 show, in PLA and PLA10Mg before and after 4h degradation give opposite changes in bacterial adhesion: on PLA10Mg increases and on PLA decreases. As has already been suggested, the Mg2+ cations released and trapped at the PLA10Mg films interface after degradation would favor the electrostatic approach and further attachment of the negative charged bacterial cells [53], increasing the number of the bacterial adhesion in 25% (Table 2). These results reinforce the idea that bacterial adhesion is the result of the joint action of different factors where it is difficult to ponder the impact of hydrophobic or electrical forces.





4. Conclusions


Thin films of a composite of PLA with a proportion of 10% (w/v) of magnesium particles, manufactured by solvent casting, exhibited high hydrophobicity and intense bacteriostatic behavior. The degradation of the films allowed the appearance of a biocompatible layer, composed mainly by magnesium phosphates, decreasing the hydrophobicity of the film. The release of Mg cations was carried out at a constant rate throughout the period studied, except within the first hours of degradation, when the release was very acute.



Since bacteria may begin colonization of the implants surface during the surgery or after a few hours, when a biodegradable material would have already begun to deteriorate, bacterial tests on few hours aged films provide relevant information about the material performance. S. epidermidis adhesion on PLA10Mg aged films increases respect to the new ones probably due to the favorable electrostatic interaction between the negatively charged cells and the more positively charged surface, because of released Mg2+ ions, despite the lower hydrophobicity of degraded films. Nevertheless, the strong initial release of Mg ions from PLA10Mg films ensures that the bacteriostatic effect observed on new prepared films also takes place on aged surfaces for the first hours.
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Figure 1. Backscattered electron detector (BSED) images from SEM of the surface of a poly(lactic) acid (PLA) film (a), a PLA10Mg film (b,c) and a cross-section of a PLA10Mg film (d). Scale bars are included at the bottom of the images. Different colours indicate different atomic numbers. In this case, white spots are related to Mg particles and grey background is related to polymer. 
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Figure 2. Atomic force microscope (AFM) topographical images and a representative profile (white line in topographical images) of (a) PLA10Mg film and (b) and PLA film. As it can be seen from the scale, different colors represent different heights: dark colors indicate hollows and lighter colors indicate higher areas. 
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Figure 3. X-Ray diffractrogram of PLA10Mg and PLA films. Peaks have been assigned for the polymer and for the Mg particles. PLA10Mg (black line) and PLA (red line) presents peaks at 14.4° and 22.5°, characteristics of α crystalline phase. 
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Figure 4. Mg2+ release from PLA10Mg films immersed in phosphate buffer saline (PBS) over time. 
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Figure 5. SEM images of PLA10Mg films after (a) 7, (b) 14, (c) 21 and (d) 28 days of degradation. (a–c) are cross-section images, and (d) is a surface image. In (d), the EDX spectrum of the surface is included, confirming that the layer is composed of magnesium phosphate. 
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Table 1. Contact angles (θw: water, θF: formamide, θD: diiodomethane) of PLA10Mg and PLA new and aged films and surface free energy (γT), components (γLW: Lifshitz–van der Waals, γAB: acid–base) and surface free energy of interaction of surfaces immersed in water (ΔGSWS).
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Sample

	
θW [°]

	
θF [°]

	
θD [°]

	
γT

(mJ·m−2)

	
γLW

(mJ·m−2)

	
γAB

(mJ·m−2)

	
ΔGSWS

(mJ·m−2)






	
New film

	
PLA10Mg

	
106 ± 1

	
88 ± 1

	
58 ± 3

	
30 ± 3

	
28 ± 2

	
1.9 ± 0.6

	
−67 ± 5




	
PLA

	
106 ± 2

	
90 ± 4

	
66 ± 2

	
25 ± 2

	
24 ± 1

	
1.2 ± 1.0

	
−70 ± 10




	
Aged film

	
PLA10Mg

	
97 ± 4

	
86 ± 4

	
63 ± 7

	
28 ± 4

	
25 ± 3

	
2.9 ± 2.5

	
−48 ± 14




	
PLA

	
98 ± 4

	
89 ± 4

	
64 ± 2

	
27 ± 3

	
24 ± 2

	
3.4 ± 2.3

	
−46 ± 15
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Table 2. Number of adhered bacteria to surfaces, viability of adhered bacteria, Mg2+ concentration and pH of PLA10Mg new and aged films.
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Adhesion of S. Epidermidis (Bacteria·104 per cm2)

	
Viability

(%)

	
[Mg2+]

(ppm)

	
pH






	
New Film

	
PLA10Mg

	
110 ± 2

	
0

	
14.33 ± 0.92

	
6.77 ± 0.02




	
PLA

	
129 ± 1

	
100

	
-

	
6.61 ± 0.01




	
Aged Film

	
PLA10Mg

	
138 ± 2

	
0

	
14.79 ± 0.54

	
6.77 ± 0.01




	
PLA

	
120 ± 5

	
100

	
-

	
6.60 ± 0.01
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