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Abstract

:

The study of interfaces between engineered surfaces and prokaryotic cells is a subject whose actual relevance has been reinforced by the current outbreaks due to unknown viruses and antibiotic-resistant bacteria. Studies aiming at the development of antibacterial surfaces are based on two pillars: surface chemistry or topographical cues. This work reports the study of only the topographic aspect by the development of thin films of polyamide, which present attractive surface chemistry for bacterial adhesion. The same chemistry with only nano- or hierarchical nano- and micro-topography that mimics the extracellular matrix is obtained by sputter-depositing the thin films onto Si and polydimethylsiloxane (PDMS), respectively. The surface average roughness of the Si-modified surfaces was around 1 nm, while the hierarchical topography presented values from 750 to 1000 nm, with wavelengths and amplitudes ranging from 15–30 µm and 1–3 µm, respectively, depending on the deposition parameters. The surface topography, wettability, surface charge, and mechanical properties were determined and related to interface performance with two Gram+ and two Gram- bacterial strains. The overall results show that surfaces with only nano-topographic features present less density of bacteria, regardless of their cell wall composition or cell shape, if the appropriate surface chemistry is present.
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1. Introduction


Modeling surface chemistry and topography is necessary to ensure the success of the interaction between abiotic and biotic materials [1]. The complementary effect of each one of the characteristics/properties, provided they are well selected, will ensure successful application. Nevertheless, the final application and the type of cells that are going to interact with the synthetic material must always be considered. For eukaryotic cells, the success can, in fact, be achieved through adhesion, spreading, and proliferation [2,3], while for prokaryotic cells, an optimized surface can imply the ability to prevent adhesion, such as the case of antimicrobial surfaces [4].



Polymeric materials are easier to modify due to their properties and available processing techniques, which become advantageous for their use in several areas, including for biomedical applications [5]. Nevertheless, some polymers need long routes to be chemically modified in order to present the appropriate surface chemistry for interaction with biological compounds, an approach that has been used for a long time [6,7,8].



Considering the topographic features of a surface, currently, there are various techniques for changing the surface at the micro- and nano-scale. Some of these techniques are molding, nano/microprinting, laser ablation, and photolithography [9]. Among the different types of patterns that can be induced on a surface, wrinkles have emerged as a way of mimicking extracellular matrices due to the possibility of the spatial distribution of smooth, regular, and anisotropic architectures [10]. The wrinkles approach mimics the surfaces found in nature [11,12] in opposition to the engineered surfaces with grooves, pits, pillars, or channels often reported in literature [13].



Within the polymer materials, elastomers are preferred as most advantageous for the formation of surface wrinkles due to their low modulus of elasticity and, consequently, greater susceptibility to deformations induced by external stimuli [14,15]. The formation of wrinkled surfaces through the use of sputtering is not often reported in literature. Nonetheless, this physical-based technology, mainly the radio frequency (r.f.) magnetron mode, allows the deposition of any material, insulating or not, onto any surface. It is very versatile, for example, allowing the deposition of functionally graded hybrid thin films of metals and polymer [16], nanocomposite hybrid coatings [17], or preferentially oriented crystallographic metals [18]. Additionally, it is considered a green technique with zero-waste production, and, therefore, a sustainable engineering technology [19].



For wrinkle formation, the reported work in literature only describes the deposition of other classes of materials, such as metals [20,21] onto the surface of polymers. The formation of wrinkles can derive from the different linear thermal expansion coefficient between substrate and coating. An example of this is the use of r.f. magnetron sputtering for depositing silicon oxide on a substrate of poly(methylmethacrylate) [22]. The research demonstrated that the wrinkle formation occurred during the first stages of the deposition procedure. In fact, a thickness up to 10 nm was the minimal thickness necessary for obtaining a continuous film according to the authors, and the roughness increased but maintained its value for higher deposition times. In another work [23], the same technique was used for the deposition of tin-doped indium oxide (ITO) film onto a polydimethylsiloxane (PDMS) substrate. The obtained film had 40 nm thickness and a wrinkled surface. From the real-time recording of the process, the researchers found that the formation of the rough surface occurred between 5 to 10 s after the deposition started. This was the time that it corresponded to a thickness of the deposited film of 0.4 to 0.8 nm, which is not enough for the coalescence of the deposited material to form a continuous coating. Therefore, it was concluded that the deposited thin film was not responsible for the formation of the wrinkled surface.



Nonetheless, the report of wrinkle formations by sputtering, due to the deposition of polymeric material onto a polymeric substrate, could not be found, which is the approach described in this work. In this manuscript, we report the deposition of poly(amide) 6.6 (PA) onto PDMS and silicon (Si) substrates in order to obtain the same surface chemistry, but with a different scale of surface topography. The wrinkle formation mechanisms are studied and, after abiotic characterization, the surfaces are tested in vitro with Gram-positive and Gram-negative bacteria to evaluate the microorganism adhesion. This procedure will allow us to determine the influence of topographic cues independently from the chemical ones in the response of the studied bacterial strains.



The novelty of the reported work is to evaluate the real contribution of a nature mimicked hierarchical surface topography on the interface with bacteria, in opposition to groves and pits, which are engineered surfaces that also study the interaction with prokaryotic cells. Moreover, the process of surface modification by the deposition of a polymer onto a polymeric substrate eliminates the interface problems that induce coating failure and detachment.



The present study unequivocally aims to evaluate the influence of the topographic cues only in the antimicrobial activity must-use surfaces with an appropriate chemical composition to promote bacterial adhesion. Only in these terms can the topography be evaluated as an independent factor.




2. Experimental Section


2.1. Surface Modification


The poly(amide) 6.6 thin films were deposited by radio frequence (r.f.) magnetron Edwards E306A sputtering equipment from a PA target (Goodfellow, Huntingdon, UK, 99,99% purity, diameter 100 mm), using Argon (Ar, 99.9999%) as the discharge gas. The substrates, PDMS (Sylgard® 184, Dow Corning, Madrid, Spain, prepared according to manufacturer instructions) with a thickness of 400 mm and Si (polished, orientation (100) from Prolog Semicor Ltd., Kiev, Ukraine), were cut to 20 × 20 mm2 and were ultrasonically cleaned with alcohol and deionized water, for 10 min in each liquid, dried under hot air flow, before being introduced in the sputtering equipment. The ultimate pressure before each deposition was of 2.0 × 10−4 Pa, and the substrates and target were cleaned, prior to the deposition, with a shutter positioned between both in order to avoid cross-contamination. The cleaning process was made during 600s, with a power of 150, 200, and 250 W for the substrates (surfaces N1, N2, and N3, respectively) and 50 W for the target. The PA thin films were deposited, in non-reactive mode, with 60 W power during 900 s, at a pressure of 0.7 Pa.




2.2. Surface Topography and Morphology


The coated PDMS surfaces were characterized for their wrinkle spatial distribution by Infinite Focus Microscopy (IFM) in an Alicona equipment (Bruker, Leicestershire, UK) that allowed us to evaluate the wavelength (λ) and the amplitude (A) of the wrinkles. In each surface, three images, 200 × 200 µm2, were acquired, and the roughness parameters were evaluated at two different locations. The nano-topography of the deposited PA thin films was studied by Atomic Force Microscopy (AFM)) in both PDMS and Si substrates. The characterization was performed in a diInnova equipment, from Veeco (Barcelona, Spain), in tapping mode. Si tips (Bruker, Leicestershire, UK) with a resonance frequency (f0) of 150 kHz and a spring constant (k) of 10N m−1 were used. The images were treated in Gwyddion® software (version 2.0). For each surface, three different areas were scanned in order to ensure that the observed nano-topography was representative of the surface. The morphology of both surface and cross-sections of the thin films deposited on PDMS and Si were observed by Scanning Electron Microscopy (SEM), using a FEI Quanta 400FEG ESEM/EDAX Genesis X4M equipment (FEI, Hillsboro, Oregon, EUA).




2.3. Structural Characterization


X-Ray Diffraction (XRD)) was used to study the structural order of the deposited thin films. An X’Pert micro-diffractometer, from Panalytical (Kassel, Germany), with a Copper anti-cathode (λKα = 0.15418 nm), was used. The diffractograms were collected using an accelerating voltage of 45 kV, 40 mA current, a scan from 10 to 60° in 2θ, with a step of 0.03° and a time per step of 1 s.




2.4. Chemical Analysis


The X-ray Photoelectron Spectroscopy (XPS) study was performed in a Kratos Axis Ultra HSA equipment (Kratos Analytical, Manchester, UK, using an X-ray Al Kα monochromatic beam (λ = 0.83401 nm) with a tension of 15 kV. The analysis was performed with the beam perpendicular to the surface, and the data analyzed using CasaXPS® software (version 2.3.20, Casa Software, Lda).




2.5. Wettability and Surface Charge


The evaluation of the surface wettability was made using the static contact angle measurements, using water and formamide. A drop of 10 µL of liquid was placed on each surface, and the contact angle measured by a DataPhysics QCA-20 equipment (DataPhysicsFilderstadt, Germany) at 25 °C. On each surface, a minimum of seven measurements were made.



The surface charge was evaluated through the zeta potential values. These were determined in SurPASS equipment, from Anton Paar GmbH (Graz, Austria). KCl 1mM, pH 7.4, which was used as the electrolyte, and the samples placed in the clamping cell system. For each surface, a minimum of 8 measurements were made.




2.6. Mechanical Properties


The mechanical properties of PDMS and N1/PDMS were assessed in an Autograph AGS-1kNX model from Shimadzu (Kyoto, Japan), and the TRAPEZIUM X program (Shimadzu, Kyoto, Japan) was used for the treatment of the results. All tests were made in triplicate at room temperature, 25 °C, with a relative humidity of 30%. Samples with a length of 100 mm and 30 mm width were used in the tensile tests, and the load applied at a loading speed of 5 mm.min−1 until the rupture of the material.



Due to the viscoelastic nature of the polymeric materials, the loading and unloading curves do not coincide and, instead, a hysteresis loop is formed, which is a measure of the energy lost through heat transfer mechanisms during the deformation. In order to evaluate the influence of the deposited N1 coating on the properties of PDMS, cyclic tests were conducted by subjecting the samples to 10 cycles. In each one, the load was applied until it reached 20% of sample strain, with a loading speed of 7.5 mm.min−1. A preload of 2 N was applied to each specimen to ensure that all were strained at the same level at the beginning of the test.




2.7. Microbial in Vitro Tests


In this study, four bacterial strains were used: two Gram-negative (Gram-) Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and two Gram-positive (Gram+) Staphylococcus aureus (S. aureus) and Bacillus subtilis (B. subtilis), all from the University of Coimbra Bacteria Culture Collection (Coimbra, Portugal). Before the tests, PDMS and Si substrates, unmodified and coated with PA thin films, were placed in the airflow chamber in a multiwall with 2 mL of ethanol solution (70% (v/v)) for 30 min, for sterilization. Luria–Bertani (LB) exponential phase cultures of the bacterial strains were diluted with sterile LB growth medium to an optical density (OD600nm) of 0.1.



Sterile LB growth medium was prepared with agar and the solution placed in Petri dishes. After this, 1 mL of bacterial suspension (0.1 OD600) was placed over the solid medium and spread with a glass spreader. The sterile modified and unmodified substrates were placed over the inoculated solid medium, with the surface of interest facing down. All the inoculated Petri dishes were incubated at 30 °C for 65 h. The tests were repeated twice in duplicate.



All the tested surfaces were chemically fixed and dehydrated, as previously described [24]. The surfaces were briefly washed three times with deionized water and were placed in multiwell plates. An amount of 3 mL of a glutaraldehyde solution (2.5%, v/v) was placed in each well for 10 min. After thorough washing with deionized water, the surfaces were subject to dehydration by placing in each well ethanol:water solution for 10 min, with increasing concentration of the alcoholic phase: 25%, 50%, 75%, and 100%. After drying, the surfaces were coated with 10 nm of sputtered gold to allow their observation in SEM.





3. Results and Discussion


3.1. Preliminary Study


The first characterization was made by SEM in order to understand whether the wrinkle formation was due to the cleaning or the deposition process. The SEM micrographs of Figure 1 indicate that after the cleaning process, no wrinkles were visible on the PDMS surfaces.



This result is in contradiction with previous work by other authors [23] that reported that wrinkle formation is due to the removal of carbon from PDMS during the cleaning process, thus creating silica like surface, which, due to the development of compressive stress, leads to the wrinkle formation. The reported work claimed that this process is independent of the coating deposition step. However, in the present work, SEM characterization shows that, under the used experimental conditions, the wrinkle formation is not related to this mechanism as no wrinkles were observed after the cleaning step.



After the deposition of the PA thin film deposited onto PDMS and Si substrates, in the same batch, different surface topographies were obtained as observed by SEM (Figure 2). The difference in the thickness of the coatings depending on the substrate material was expected, especially when considering that PDMS is electrically insolating while Si is a semiconductor material [25].



Moreover, it should be highlighted that, in thin films, intrinsic stress is more pronounced closer to the substrate, due to lattice mismatch [26]. This fact is evident in the cross-section micrograph of the PA thin film on Si (Figure 2f), where the tension applied during the fracture of the substrate/coating system induced the release of the interface tensions leading to the detachment of the coating. On the PDMS coated substrate, no lack of adhesion was observed due to the chemical compatibility between the polymeric material of the substrate and the polymeric material of the thin film. Therefore, the adhesion forces are higher than the cohesive ones in opposition to what occurs in the PA thin films deposited onto Si.



In order to characterize the roughness parameters at the micro-scale, the thin films were analyzed by IFM (Figure 3). This characterization enabled determining the surface roughness parameters as well as the wrinkle wavelength (λ) and amplitude (A) (Table 1).



From the results in Table 1, it is possible to observe that there is a relation between wavelength and amplitude of the wrinkles and the power used during the cleaning process, which can be justified by the increase of the substrate temperature as a consequence of its bombardment by a higher number of particles, with more energy, as the applied power increases, thus inducing the additional expansion of the polymeric substrate [25]. After the deposition of the film, the cooling stage induced the formation of wrinkles with a longer wavelength and higher amplitude in the substrates that reached higher temperatures.



Accordingly, the average surface roughness (Sa), and the average surface quadratic roughness (Sq) increases with higher spatial dimensions of the wrinkles. The dimensionless parameter skewness measures the symmetry of the profile, in relation to the median plane, thus comparing the distribution and height of the peaks with the depth of the valleys. A symmetric profile has a skewness value of zero. Kurtosis is another dimensionless parameter and evaluates the “smoothness” of the surface. A value of three defines the limit, and the surface is considered flattened (<3) or sharped (>3), respectively, having a platikurtic or leptokurtic distribution, respectively [27].



According to the surface roughness parameters, the N1 surface was selected to pursue the rest of the characterization and the in vitro tests. By selecting this surface (with the lowest λ and A values), we intended to hinder the adhesion of the prokaryotic cells. Therefore, the chemistry of the surface must be appealing in order for the adhesion step of the bacterial colonization to occur and be irreversible, therefore evaluating the real influence of the topography. A negative value of the skewness parameter indicates that, although with a very symmetric distribution, the valleys present some predominance over the peaks.




3.2. Surface Characterization


A more detailed topographic characterization was made by AFM and observed by SEM (Figure 4) for the N1 surface deposited both onto PDMS and Si. It is visible the double scale roughness of the thin film deposited onto the PDMS substrate (Figure 4a,d). The roughness parameters were determined, for both substrates, in the same 2 × 2 µm2 area (Figure 4b,c) and the values presented in Table 2.



The structural characterization of both pristine targets and N1 thin film was made through XRD (diffractograms not shown). The target material presented a diffractogram typical of a semi-crystalline polymer, and the diffraction peaks were identified as polyamide according to reference pattern nº 043-1661 from the International Center for Diffraction Data (ICDD). As expected, the structural order of the bulk target is lost during the sputtering of the polymer, regardless of the substrate used, a known fact for supper-deposited polymeric materials [28], due to chemical rearrangement of the ejected molecular species. When these arrived at the substrate, their diffusion and ordered structural arrangement is hindered by the size of the aggregates, and amorphous coatings are produced.



The chemical composition of the deposited polymer was evaluated by XPS (Figure 5). The chemical elements detected where carbon (C), oxygen (O), and nitrogen (N), as expected, with average atomic percentages of 57%, 11%, and 31%, respectively. The deconvolution of the high-resolution spectra of C and N (Figure 5) indicates the presence of the expected chemical bonds, with particular emphasis on the amide group (R–(CO)–N), characteristic of polyamide.



We considered that the interface between abiotic material and prokaryotic cells, surface wettability, and charge also plays an essential role in the performance of the developed material. For the N1 PA thin film, the static contact angles with water of the films deposited onto Si and PDMS and the zeta potential values are displayed in Table 3.



The values of the contact angle are different for the film deposited onto different substrates. This result was predictable, since roughness is one of the parameters that has a significant influence on the wettability. However, it was not expected that the value of the coating onto PDMS was higher than the one determined when the substrate is Si. In fact, according to the Wenzel equation [29], if a hydrophilic surface is roughened, it becomes more hydrophilic. Therefore, the contact angle of water on the N1/PDMS surface should be lower than 59° and not around 100°. This apparent contradiction is related to the capability of a liquid to flow through a rough solid [30].



The measurement of the contact angle with time (Figure 6) shows that, after allowing the liquid through its chemical interaction with the surface to overcome the topography, the value is very similar to the contact angle obtained in the same thin film sputter-deposited onto Si. The same result was also observed by other authors that, instead of measuring the contact angle over time, applied strain in order to promote drop movement in the sliding mode [31].



The surface energy (γs) was calculated according to the Young–Dupre equation as described previously [28] and presented as the sum of its polar (γsp) and dispersive (γsd) components (Table 3). The determination of the surface energy of the modified surfaces (Table 3), in particular by the polar component, γsp, shows that it actively contributes to the wettability of the surfaces and is directly related to the presence of hydrophilic functional chemical groups on the surface as observed in XPS analysis. In addition, a surface with a surface energy of 50 mJ.m−2 is considered mildly reactive [32], which is in accordance with the reactivity of the chemical functional groups presented in the outermost surface, as determined by XPS.



The zeta potential of the surfaces is negative (Table 3), as was expected for surfaces that present a high content of –C–O groups such as carboxylic and carbonyl groups [28]. Only the presence of amine groups could decrease the negative value of the surface charge, but the nitrogen present in the sample is in an amide group and, therefore, it does not balance the negative charge of the surface [28]. The determined value is out of the range were surfaces are considered unstable, +30 to −30 mV. Therefore, consistent behavior is expected from these surfaces when exposed to high ionic strength environments such as the one in the culture media and, therefore, the interaction of the prokaryotic cells must be conditioned by the topographic cues.



The mechanical properties determined by tensile testing, Young’s modulus (for 1% strain, E1), the toughness (Ut) and the rupture stress (σr), and strain (εr) at rupture, are all summarized in Table 4.



Although the thickness of the thin film is minimal when compared to the substrate, the mechanical properties of the modified PDMS are different from the original PDMS. These results are not surprising, as PA coating has different mechanical properties than PDMS, and is the core of the wrinkle formation mechanism, as presented previously. Therefore, the presence of the coating confers more stiffness to the PDMS due to the presence of unsaturated bonds and cross-linked chains that are formed during the sputtering process of polymers [24].



The area enclosed by the curves obtained during the cycling loading tests (Figure 7), the hysteresis loop area, represents the energy absorbed in each cycle. For a viscoelastic material, some of the strain energy is stored as potential energy, and some dissipates as heat. Once the applied load is removed, the potential energy stored is available for the body to recover some of the deformations.



However, there is not enough energy to return to its original configuration [33]. The value of each hysteresis energy is a convenient measure of the accumulated fatigue damage [34]. The energy values, for the first and tenth cycles of each sample, are summarized in Table 4, where it is possible to confirm the decrease of their value with the number of cycles. Besides the fact that the first cycle corresponds to higher energy in the uncoated PDMS, it also clearly seems that the N1 coated sample has very low energy in each of the subsequent cycles, while PDMS shows a progressive decrease but always has higher values than the ones registered for the modified elastomer [35]. These results show that the presence of the PA thin film induces a more stable mechanical performance of the coating/substrate than the original PDMS [36].



After these characterizations, it was demonstrated that the significant difference between the polymeric surfaces deposited onto N1-PDMS and N1-Si is their topography. Moreover, it is topography that is likely to occur on medical devices and other related equipment that exists in hospital and related facilities, unlike the holes, pillars, and other engineered surfaces that are often reported in literature for the study of the topographic effect of surfaces on bacterial adhesion.




3.3. Microbial in Vitro Tests


The in vitro tests were performed with Gram- strains E. coli and P. aeruginosa and Gram+ bacterial strains from the species B. subtilis and S. aureus. The inhibition growth on solid media tests did not result in any inhibitory halo formation. The chemistry of the deposited surfaces presents chemical groups, which do not induce any oxidative stress to the bacteria [37] or eukaryotic cells [38] and, therefore, no inhibition halo was expected to occur [39,40]. Moreover, by choosing a test where the surfaces are facedown when in contact with the bacteria ensures that the preference to valleys or peaks is not due to gravity-driven cell settlement. This fact allows us to discuss the effect of topography independent of surface chemistry. The observation of bacterial surface colonization of the samples, after incubation, was performed by SEM (Figure 8).



In order to integrate and discuss the results, it should be noticed that besides being Gram+ and Gram-, the studied bacteria present other relevant differences. All the bacterial strains are rod except for the spherical S. aureus. Moreover, all the rod-shaped bacteria are flagellated, while the spherical one is not. Within the flagellated species, some differences can be summarized, namely: B. subtillis are eximious users of the flagella for locomotion when compared with the other two species, and from these two P. aeruginosa has a higher number of flagella than E. coli. All these differences influence the results as it must be considered not only the non-active result, which is due to the properties/characteristics of the abiotic surface, but especially the active metabolic response that is due only to the cell’s response to the abiotic surface. The interaction of the microorganism with the abiotic surface induces changes in the expression of genes that, consequently, influences cell morphology, mobility, and surface attachment [41].



The first observation shows that every bacterial strain prefers the hierarchical wrinkled surface over the nano-scale roughness. The results indicate that the chemical composition of the bacterial wall, the shape of the microorganism, or the presence of flagella cannot be considered differentiating features. Overall, all the bacteria cover a higher fraction area in the double-scale wrinkled surface than in the one that presents only nano-topographic features. This result is very interesting, considering that the coating over the Si substrate has a higher surface contact area with the solid culture medium inoculated with the microorganisms than the same thin film over PDMS.



Furthermore, considering that in the surfaces with hierarchical topography the valleys of the surface do not directly contact the solid medium, the results from P. aeruginosa and S. aureus indicate that besides adhesion, proliferation occurred and the prokaryotic cells “migrated” to the deeps presented in the surface.



The obtained results with prokaryotic cells are in agreement with other works reported in literature concerning eukaryotic cells. In recent years, the influence of topographical clues on decisions of the behavioral aspects of the cell has been gaining relevance and, currently, are considered as one of the main factors that influence cellular behavior. Cells can adapt their shape and orientation depending on the topography of the surface where they are placed. This phenomenon was studied initially by Weiss, who designed it as contact guidance [42,43,44]. This cellular orientation is explained through mechanodetection cycles, mechanotransduction, and mechanoresponse that occur in the cell and allows them to evaluate the surface topography and define a response according to its interpretation [45].



Topography at the nanometric scale influences the cell behavior in a more fundamental way, namely in the organization of the receptors that promote the adhesion of the cells, the integrins. The micrometric scale has more influence on cellular and supracellular characteristics, such as cell morphology and migration processes [43,44,46]. Studies showed that the adhesion process is strictly dependent on both the nanometric and micrometric scales. In other words, nano-topography influences agglomeration of integrins; however, the arrangement and maturation of focal adhesion (junctions that allow cell/substrate bonding) are influenced by micro-tography [35]. Therefore, a topography with a combination of the two scales is more favorable than the use of each one separately.





4. Conclusions


In this work, the real effect of the surface topography in the adhesion of the different bacterial strains Gram+ and Gram-, with rod and spherical morphology, with and without flagella, was evaluated. An attractive surface chemistry was chosen by depositing polyamide thin films onto two different substrates, PDMS and Si, inducing hierarchical topography and nano-scale features, respectively. The power density used for the plasma cleaning of PDMS, which was previously used for the thin film deposition, induced differences in the Sa, λ, and A surface parameters of the produced hierarchical wrinkles.



The comparison of the adhesion and proliferation of the prokaryotic cells was made between the surface with nanotopographic features (Sa ≈ 1 nm) and the hierarchical wrinkles of the N1 surface (Sa = 750 nm, λ = 16 µm, and A = 1 µm). The results indicate that when bacteria interact with an abiotic surface with amicable surface chemistry, a double-scale topography that mimics the extracellular hierarchical matrix is preferred.
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Figure 1. Scanning Electron Microscopy (SEM) micrographs of the PDMS surface: (a) pristine material; (b) after plasma cleaning with 250 W. 
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Figure 2. SEM micrographs of poly(amide) (PA) thin film deposited on PDMS: (a) N3, (b) N2, (c) N1 surface, and (d) N1 cross-section morphology. The same thin film (N1) deposited onto Si: (e) surface and (f) cross-section morphology. 
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Figure 3. Infinite Focus Microscopy (IFM) of N1 thin film deposited onto PDMS: (a) optical image; (b) 2D profile over 50 µm (red line in a)) enabling wrinkle wavelength (λ) and amplitude (A) determination. (In b) red line correspond to the measured length, green lines were used to evaluate amplitude, and blue line is the 2D profile of the surface). 
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Figure 4. AFM topographic images of N1 surface deposited onto: (a), (b) PDMS, and (c) Si. (d) SEM micrograph of double scale wrinkles of N1. 
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Figure 5. The X-ray Photoelectron Spectroscopy (XPS) Carbon (a) and Nitrogen (b) high-resolution spectra of N1 thin film deposited onto Si. 
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Figure 6. Variation, with time, of the contact angle of a drop of water onto the surface of double scale wrinkled N1 coated PDMS. The dotted line indicates the average value of the contact angle of the same coating onto Si substrate. 
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Figure 7. Loading-unloading curves obtained from the cyclic loading tests for: (a) PDMS; (b) N1 coated PDMS. 
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Figure 8. SEM micrographs of the N1 thin film deposited onto PDMS and Si after the growth-halo inhibition test (white bars = 5 µm; red & white bars = 2 µm). 
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Table 1. Wavelength, amplitude, and micrometer roughness parameters, determined by IFM, of the PA thin films deposited onto PDMS substrates.
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Thin Film

	
λ (µm)

	
A (µm)

	
Roughness Parameters




	
Sa (nm)

	
Sq (nm)

	
Skewness

	
Kurtosis






	
N1

	
15.9 ± 0.3

	
1.2 ± 0.2

	
754 ± 30

	
963 ± 5

	
−0.25

	
3.10




	
N2

	
30.0 ± 10

	
2.7 ± 0.8

	
353 ± 50

	
440 ± 10

	
0.30

	
2.92




	
N3

	
28.6 ± 1.6

	
3.1 ± 0.5

	
1006 ± 45

	
1201 ± 20

	
--

	
--
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Table 2. Roughness parameters, determined by AFM, of N1 thin film deposited onto PDMS and Si substrates.
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Substrate

	
Roughness Parameters




	
Sa (nm)

	
Sq (nm)

	
Sz (nm)

	
Skewness

	
Kurtosis






	
Si

	
0.91

	
1.7

	
6.40

	
0.09

	
−0.11




	
PDMS

	
24.5

	
31.1

	
226.2

	
−0.44

	
0.52
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Table 3. Static contact angles, surface energy, and zeta potential of N1 deposited thin film.
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Contact Angle(°)

	
Surface Energy (mJ.m−2)

	




	
Substrate

	
Water

	
Formamide

	
γSd

	
γSp

	
Zeta Potential (mV)






	
Si

	
59 ± 3

	
32 ± 2

	
37.1

	
12.9

	
−52.8 ± 15.4




	
PDMS

	
100 ± 3

	
---

	
---

	
---
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Table 4. Mechanical properties of PDMS and N1 coated PDMS.
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Energy Loss (J.m−3)




	

	
E1 (MPa)

	
σr (MPa)

	
εr (%)

	
1st cycle

	
10th cycle






	
N1

	
1.24 ± 0.05

	
1.56 ± 0.3

	
115 ± 8

	
4320

	
325




	
PDMS

	
0.55 ± 0.17

	
1.77 ± 0.09

	
189 ± 14

	
3730

	
210












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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