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Abstract

:

Catheter-related infections are a common worldwide health problem, highlighting the need for antimicrobial catheters. Here, antibacterial potential of graphene nanoplatelets (GNP) incorporated in the commonly used polymer for catheter manufacture—polyurethane (PU)—is investigated. Two strategies are explored: melt-blending, producing a composite, and dip coating, where a composite layer is deposited on top of PU. GNP with different lateral sizes and oxidation degrees—GNP-M5, GNP-M15, GNP-M5ox, GNP-M15ox—are applied in both strategies, and the antimicrobial potential towards Staphylococcus epidermidis of GNP dispersions and GNP-containing PU evaluated. As dispersions, oxidized and smaller GNP powders (GNP-M5ox) inhibit 74% bacteria growth at 128 µg/mL. As surfaces, GNP exposure strongly impacts their antimicrobial profile: GNP absence at the surface of composites yields no significant effects on bacteria, while by varying GNP: PU ratio and GNP concentration, coatings enhance GNP exposure, depicting an antimicrobial profile. Oxidized GNP-containing coatings induce higher antibacterial effect than non-oxidized forms, particularly with smaller GNPox, where a homogeneous layer of fused platelets is formed on PU, leading to 70% reduction in bacterial adhesion and 70% bacterial death. This pioneering work unravels how to turn a polymer clinically used to produce catheters into an antimicrobial surface, crucial to reducing risk of infection associated with catheterization.
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1. Introduction


Catheters are medical devices routinely used in patients in different healthcare centers [1]; catheter-related infections (CRI) are however a recurrent and threatening problem, especially if progressing to bloodstream infection, the third leading cause of hospital-acquired infections. These can cause morbidity, prolonged hospitalizations and ultimately death [2], being associated with elevated medical costs and therefore representing a serious worldwide health problem [3,4]. CRI are mainly caused by colonization of the catheter hub or tubing by microorganisms from the patient’s skin or external sources—Staphylococcus epidermidis being the major responsible one [5]—but also by contamination of the catheter lumen by circulating bacteria [3,6,7]. Treatment involves catheter replacement or removal, and antibiotic therapy—inefficient in most cases of biofilm formation [3] and associated with bacterial resistance [7]. To overcome and prevent CRI, apart from better clinical practices during catheter insertion/manipulation, new technologies and products have been continuously applied in the clinics, namely impregnation of catheters and dressings with antiseptics or antibiotics [3,4,8]. Other strategies are being investigated, focusing on conferring anti-adhesive and/or bactericidal properties through surface modification of the medical-grade polyurethane (PU)—a thermoplastic elastomer from which most catheters are made of [9,10]. Strategies include physical and chemical modifications such as incorporation or coatings with antibiotics or antiseptics [11,12,13], topography modification with micropatterns [14], functionalization or coating with antimicrobial peptides (AMPs) [15] and antimicrobial nanomaterials, such as silver nanoparticles (Ag NPs) [16], titanium oxide (TiO2) NPs [17], carbon nanotubes (CNT) [18], bioactive compounds [19], and graphene oxide (GO) [20]. Approaches that depend on eluting bactericidal agents have many drawbacks, namely the limitation of the amount loaded, difficulty in controlling the release rate and the concentration of the released agents during the application period [21,22]. In particular, antiseptics and antibiotics can induce bacteria resistance as a consequence of their prolonged use [23] and loose efficiency along time due to leaching [8]. Therefore, permanent modification of the catheter surface with antimicrobial properties is the ideal solution, aiming preventive strategies that act at the frontline by avoiding bacteria adhesion, colonization and consequent biofilm formation.



Graphene-based materials (GBM), a new family of nanomaterials, have attracted a lot of attention in the scientific community, with increasing interest and potential in biomedical applications [24,25,26,27,28]. The antibacterial effect of these materials was first explored in suspension in 2010 by Hu et al. [29] and since then increasing number of studies have described GBM as having antibacterial activity, making them strong candidates for antimicrobial applications [30,31,32]. Antimicrobial properties of these materials have been addressed in a large number of reviews [33,34,35,36,37,38,39], but mostly in suspension; their antimicrobial performance is however different when incorporated in surfaces [40,41]. The mechanisms of action have been thoroughly explored, with recently published reviews covering the most important conclusions so far. As suspensions, GBM act either through wrapping, isolating bacteria from the environment, or through insertion or nano knife, physically piercing the membrane, although oxidative stress can also be stimulated [31,42]. As surfaces, they act after direct contact with bacteria, with predominant mechanisms depending on the exposure of either basal planes or sharp edges: electron transference and oxidative stress induction occur mostly when only basal planes are exposed, while besides these, physical damage of the membrane (due to insertion or protein-protein destabilization) can also occur when both structures contact bacteria [40,43,44]. Very few studies report the use of GBM to confer antibacterial properties to PU [45,46,47]: An et al. produced polylactic acid (PLA)/PU composite films reinforced with GO with antibacterial activity against both Staphylococcus aureus and Escherichia coli [45]; in another work, hyperbranched polyurethane/reduced GO decorated with sulphur nanoparticles (HPU/SRGO) composite showed microbial inhibitory effects against S. aureus, E. coli and Candida albicans, inhibiting the growth rate and causing membrane disruption [46]; in the study of Tang et al., PU composites incorporated with GO and with slightly reduced GO modified with polyethylenimine (SRGO-PEI) showed an antiadhesive effect towards E. coli [47]. However, most of the times, either PU or GBM are combined with other polymers or materials, preventing the understanding of their effective role on the antibacterial performance; GBM type and oxidation state as well as the influence of the method of incorporation and degree of GBM exposure at the surface are seldom evaluated.



This work aims to incorporate graphene nanoplatelets—GNP, composed of 2 to 10 graphene sheets—into PU through two different methods compatible with catheter fabrication process—melt-blending and dip coating—and investigate the antimicrobial potential of the obtained surfaces for application on PU catheters aiming to prevent catheter-related infections. The antibacterial potential towards S. epidermidis of GNP powders with different lateral size and oxidation degree—GNP-M5 (5 µm), GNP-M15 (15 µm) and oxidized forms, GNP-M5ox, GNP-M15ox—was initially assessed and the impact of these parameters on GNP exposure and antimicrobial potential of the obtained surfaces was investigated. Since in GNP-related literature, evaluation fails in the complete assessment of their antibacterial properties and adaptability to different mechanisms of antimicrobial surface design (antimicrobial-releasing, contact-killing and non-adhesiveness) [48], in our study bacteria viability and quantification were conducted, both in the supernatant and adherent to the surface, by adaptation of ISO 22196.




2. Materials and Methods


2.1. Oxidation of Graphene Nanoplatelets (GNP)


Graphene nanoplatelets of grade M (xGnP® Graphene Nanoplatelets Grade M) with 5 μm (GNP-M5) and 15 μm of diameter (GNP-M15) were purchased from XG Sciences (Lansing, USA). Oxidized forms of GNP-M5 and GNP-M15, designated GNP-M5ox and GNP-M15ox, were produced by a modified Hummers’ method (MHM) using a GNP-M:KMnO4 mass ratio of 1:6. 4 g of GNP were added to a mixture of 160 mL of 95%–97% H2SO4 (VWR, Darmstadt, Germany) and 40 mL of H3PO4 (VWR, Germany) [49,50,51]. Oxidized GNP (GNPox) was repeatedly washed by resuspending in distilled water (dH2O) and centrifuging until the pH of the decanted washing water was close to the one of dH2O. To obtain dried GNPox for composite production, freeze-drying was performed at a temperature of −80 °C and at a pressure of 0.008 mBar for three days.




2.2. Production of GNP-Containing Polyurethane


GNP-containing polyurethane surfaces were produced using two approaches: melt-blending, originating PU/GNP composites that were composed of PU with GNP as nanofiller, and dip coating, yielding PU/GNP coatings, where a thin composite layer of GNP dispersed in PU was deposited on top of PU films.



2.2.1. Production of PU/GNP Composites


Pellets of Tecothane TT-1095A medical grade polyurethane (PU) were purchased from Lubrizol LifeSciences (Ohio, USA). PU composites with non-oxidized (GNP-M5 and GNP-M15) or oxidized (GNP-M5ox and GNP-M15ox) GNP powders were produced by melt-blending in a Micro-Compounder Xplore (DSM) MC5 (5 mL capacity, vertical, co-rotating twin-screws) at 200 °C and mixing for 3 min with a screw speed of 50 rpm, followed by injection molding performed using the Xplore micro injection moulder IM5.5. (Xplore Instruments BV, Sittard, The Netherlands) Different GNP contents were tested (0.5, 1, 5 and 10 wt%) and dog bone shaped composites obtained (Figure S1).




2.2.2. Production of PU/GNP Coatings


a. PU Films



PU films were prepared by solvent casting [52]. Briefly, PU pellets were dissolved at 12.5% w/v in tetrahydrofuran (THF, JMGS, Odivelas, Portugal), and 80 mL of this solution were casted into clean glass petri dishes of 14 cm of diameter. Petri dishes were covered with aluminum foil and left at room temperature (RT) for 48 h for slow evaporation of THF; films were removed and cut into squares of 2 × 2 cm2.



b. PU/GNP coatings on PU films



Coating formulations containing PU and GNP were prepared by solvent mixing. Briefly, GNP dispersions were prepared in dimethylformamide (DMF, Fisher Scientific, UK) at different concentrations (0.25, 0.5 and 1 mg/mL) with mechanical stirring and three periods of 1.5 min ultrasonication using a Hielsher UIP 1000 probe (1000 W, 20 kHz). Then, PU solution in DMF (50 mg/mL) was added to the GNP dispersions in different GNP to PU weight proportions (1:1, 1:0.5 and 1:0.25—diminishing the quantity of PU in the coating formulation), under continuous stirring followed by three periods of 1.5 min ultrasonication, to obtain homogenous PU/GNP dispersions in DMF. PU films were immersed vertically in the coating formulations for 30 s and dried vertically at 60 °C for 12 h in a vacuum oven.





2.3. Characterization of GNP Powders and GNP-Containing Polyurethane


2.3.1. Transmission Electron Microscopy (TEM)


Size of GNP powders was confirmed based on images obtained from TEM using a JEOL JEM 1400 TEM (Tokyo, Japan) coupled to a digital camera CCD Orious 1100 W (Tokyo, Japan) at the Histology and Electron Microscopy Service (HEMS, i3S, Porto, Portugal). For that, a small amount of dry GBMs were dispersed in water and dropped on 200 mesh copper TEM grids.




2.3.2. Scanning Electron Microscopy (SEM)


Morphology of GNP powders and GNP-containing polyurethane—PU/GNP composites and PU/GNP coatings—was observed using a high-resolution SEM FEI Quanta 400FEG, with acceleration voltage of 10 or 15 kV. Powder samples and PU/GNP coatings were placed directly on conductive carbon tape. Composites were fractured transversely after freezing with liquid nitrogen, placed on carbon tape and both the surface and the transversal fracture surface were analyzed. To improve surface conductivity, all samples were sputtered with Au/Pd using a SPI Module Sputter Coater equipment for 50 s using a 15 mA current.




2.3.3. X-ray Photoelectron spectroscopy (XPS)


Chemical composition and oxidation degree of GNP powders and selected PU/GNP coatings were determined by XPS analysis. Measurements were performed using a Kratos Axis Ultra HSA equipment with a monochromatic Al X-ray source operating at 15 kV (90 W). The analyzer pass energy was 80 eV for survey spectra and 40 eV for C 1s high-resolution spectra. Analyzed scanning area was close to 5 mm2 and photoelectron take-off angle was 90° for powders and 70° for coating analysis. The effect of the electric charge was corrected by setting the reference of the C 1s peak to 284.6 eV. Spectra deconvolution was performed with CasaXPS processing software (version 2.3.16), using background type Shirley and Gaussian–Lorentzian (70:30) function to fit all peaks with exception of sp2 carbon peak, fitted using an asymmetric Lorentzian function with asymmetry parameter of 0.14 [53]; peak positions were established based on literature data [54].




2.3.4. X-ray Diffraction (XRD)


Oxidation degree, thickness, interlayer spacing between sheets, and crystallinity of GNP powders were determined by XRD analysis. Measurements were performed in a SmartLab Rigaku® diffractometer (Rigaku, Tokyo, Japan) that operates with 45 kV and 200 mA and has a Cu-Kα radiation source (wavelength of 1.540593 Å) in a Bragg-Brentano configuration. Samples were measured in a rotative system (30 deg min−1), in the range of 5–50 theta (2θ), with a step of 0.01°. Spectra were baseline corrected.




2.3.5. Raman Spectroscopy


Presence of GNP on the surface of selected PU/GNP coatings was evaluated by Raman spectroscopy. Spectra were acquired using a confocal Raman microscope, LabRAM HR800 UV, Horiba Jobin-Yvon, with a laser excitation of 633.3 nm and acquisition time of 20 sec in a depth of 50 µm. A 100× objective (Olympus) lens was used. Between two and four spectra (~19 µm2 each) were acquired for each sample, followed by baseline correction, and results are presented as mean of the spectra.




2.3.6. Water Contact Angle


Wettability of GNP-containing polyurethane was evaluated by water contact angle measurements using the dynamic sessile drop method and performed with an OCA 15 goniometer equipped with a video CCD camera and SCA 20 software (DataPhysics, Filderstadt, Germany). Samples were placed in a closed thermostatic chamber (25 °C) saturated with dH2O to prevent droplet evaporation. Drops of 4 µL of dH2O were placed on samples surface and images were taken 30 times/min during 2 min. Droplet profiles were fitted using Young-Laplace mathematical function. Water contact angles were calculated by extrapolating the time-dependent curve to zero. Results are the average of six measurements on six independent samples.




2.3.7. Rubbing Test


GNP adhesion of the PU/GNP coatings to the PU films was determined by rubbing a white eraser on samples surface with constant pressure. The resultant shade of grey on the rubber surface was used as a qualitative indication of GNP detachment.





2.4. Antibacterial Activity Assays


2.4.1. Bacterial Strains and Growth Conditions


Staphylococcus epidermidis (S. epidermidis, ATCC 35984), clinically isolated from catheter sepsis, was obtained from the American Type Culture Collection. Bacteria were grown in Trypticase Soy Agar (TSA, Merck, Darmstadt, Germany) plates overnight at 37 °C and used immediately or stored at 4 °C up to one week. Two colonies were collected, inoculated into 5 mL of Trypticase Soy Broth (TSB, Merck) and cultured overnight at 37 °C under stirring at 150 rpm.




2.4.2. Antibacterial Activity of GNP Dispersions


Overnight culture of S. epidermidis was adjusted to 2 × 105 Colony-Forming Units (CFUs)/mL in fresh TSB medium. GNP-M5 and GNP-M15 powders and respective oxidized forms (GNP-M5ox and GNP-M15ox) were dispersed in dH2O using ultrasound bath; 2-fold serial dilutions were prepared with concentrations ranging from 2 to 1024 μg/mL. 100 µL of each of the different dilutions were added to 100 µL of the initial bacterial inoculum, obtaining a final bacteria concentration of 1 × 105 CFU/mL and GNP concentration ranging from 1 to 512 μg/mL. Incubation was performed for 18–24 h at 37 °C under static conditions in a 96-well plate. Controls of TSB, inoculated TSB and materials suspensions in TSB (without bacteria) were performed. To avoid water evaporation, empty wells of the 96-well plate were filled with dH2O and the plate was placed in a container with moistened paper. The determination of the minimal inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) is commonly performed by visual analysis of bacterial growth inhibition on the bottom of the wells and by plating the content of the first three wells where visible growth is not observed, respectively [55]. However, since the presence of GNP turns the dispersions black, visual assessment of bacterial growth was not possible in this case. As such, for MIC determination, the metabolic activity of bacteria was evaluated by Alamar blue assay. For that, 20 µL of resazurin were added to each well and incubated for 3 h at 37 °C. Then, 100 µL were transferred to a 96-well black plate and the relative fluorescence units (RFUs) (λex: 530 nm and λem: 590 nm) were measured in a microplate fluorometer (Spectra Max GeminiXS, Molecular Devices). Wells where reduced metabolic activity was detected, and therefore considered MICs, were selected for MBC evaluation. This was performed by CFUs counting, where viable bacteria are counted by the agar plate culture method. For that 10-fold serial dilutions were made and three drops of 10 µL per dilution were plated in TSA and incubated overnight at 37 °C. Finally, the CFUs were counted for cell viability evaluation.




2.4.3. Antibacterial Activity of GNP-Containing Polyurethane


PU/GNP composites were cut into squares of 1 × 1 cm2 and PU/GNP-coated films were cut into disks of 14 mm diameter. All samples were rinsed 3 times with dH2O to remove possible impurities resultant from the cutting process, dried with argon (Ar) and sterilized using ethylene oxide.



The antibacterial activity of the surfaces was assessed following an adaptation of the standard “ISO 22196—Measurement of antibacterial activity on plastics and other nonporous surfaces”. Overnight culture of S. epidermidis was adjusted to a target concentration of 6 × 105 CFUs/mL in fresh TSB medium. A drop of 15 μL bacterial suspension was placed on top of surfaces and a 9 mm diameter polypropylene (PP) sterile film was placed on top to promote contact between bacteria and the sample surface. Empty wells were filled with dH2O and plates placed inside a container with moistened paper to avoid water evaporation. Samples were incubated for 24 h under static conditions at 37 °C. PU controls were used to measure viable cells immediately after inoculation to determine the recovery rate of bacteria from the test specimens. Experiments were conducted with five replicates of each sample and replicates of each sample were incubated with only TSB medium as contamination controls. After incubation, samples were rinsed with 1.5 mL of fresh TSB to detach the PP film and loosely adherent bacteria. The supernatant was collected to assess planktonic bacteria and the samples surfaces were analyzed regarding adherent bacteria.



a. Adherent Bacteria



Bacteria adherent to the surfaces were assessed by staining total and dead bacteria through DNA staining. Samples were rinsed twice with sterile phosphate-buffered saline (PBS), and for total bacteria staining the composites were incubated with 5 μg/mL Hoechst 33342 (Molecular Probes, Oregon, USA) at 37 °C and coatings with 5 μM Draq5 (BioStatus, Leicestershire, UK) at RT for 15 min and protected from light, due to autofluorescence issues of PU. Samples were then incubated with 1.25 μg/mL propidium iodide (PI) (Molecular Probes, Oregon, USA) at RT and protected from light, which only penetrates bacteria with damaged membranes (dead), staining them red. Afterwards, samples were rinsed with PBS and transferred to an uncoated black 24-well μ-plate (IBIDI, Munich, Germany) with the surface facing the bottom. Images of nine fields per sample were acquired using the high-content screening microscope IN Cell Analyzer 2000 (GE Healthcare Life Sciences, Illinois, USA) in the DAPI (455 nm), Cy5 (705 nm) and Cy3 (605 nm) channels with a Nikon 40x/0.95 NA Plan Fluor objective. Quantification of bacteria on the images was performed using the ImageJ software.



b. Planktonic Bacteria



Metabolic activity of planktonic bacteria was evaluated by Alamar blue assay. Resazurin was added to supernatants (10% v/v) and incubated for 1 h at 37 °C. RFUs were measured (λex: 530 nm; λem: 590 nm) in a microplate fluorometer (Spectra Max GeminiXS, Molecular Devices, California, USA) and correlated to the metabolic activity of bacteria present in the medium. Viable cell count was also performed using the agar plate culture method. For that, serial dilutions (10−2, 10−4, 10−6) of the supernatants were prepared and three drops of 10 μL of each dilution plated in TSA. Plates were incubated overnight at 37 °C and CFUs counted.






3. Results and Discussion


This work explores the antimicrobial potential of graphene-based materials (GBM), in particular graphene nanoplatelets (GNP), for application on polyurethane (PU) catheters in order to prevent catheter-related infections. To our knowledge, modification of PU alone using GNP for antimicrobial applications has never been reported before, even though the two have been combined for other applications such as the improvement of mechanical, thermal and electrical properties [56,57,58,59,60,61,62,63]. Therefore, it was important to test different types of GNP by varying the platelet size and oxidation and, moreover, test different incorporation strategies such as the production of composites and the application as a coating. For this, four distinct types of GNP were explored, namely commercial non-oxidized GNP-M5 and GNP-M15, with two different lateral sizes (5 and 15 µm), and their respective oxidized forms, GNP-M5ox and GNP-M15ox, produced by chemical oxidation through the modified Hummers method.



3.1. GNP Powders


GNP powders were morphologically and chemically characterized before assessing their antibacterial potential. Difference between platelets lateral size was confirmed by TEM; both TEM and SEM demonstrated differences in their structure and morphology, with platelets morphology being closely related to their oxidation state (Figure 1a,b). Non-oxidized GNP-M5 and GNP-M15 powders presented a planar conformation, flat and smooth surfaces with irregular and sharp edges, as well as a more compact structure—denoted by the darker areas in the TEM images. Platelets were closely associated with each other due to inter-platelets hydrogen bonds and hydrophobic interactions that lead to a higher aggregation and agglomeration [64]. Oxidized GNP powders lost the planar conformation, with flakes appearing highly wrinkled, with folded sharp edges. This can occur due to formation of intra-platelet hydrogen bonds through the oxygen-containing functional groups present at the platelets’ edges and basal planes [49]. XPS analysis confirmed GNP oxidation and chemical composition (Figure 1c): non-oxidized GNP presented low oxygen content, with atomic percentage of O 1s being lower than 3%—this small amount of oxygen is associated with GNP preparation process that consists in graphite intercalation and thermal exfoliation, leading to addition of small amounts of oxygen groups mostly at the platelets edges [49]. GNP oxidation increased the oxygen content up to 30%, associated with intercalation of oxygen-containing groups and water molecules. The oxidation process led to a decrease in the sp2 carbon bonds, with reduction of the C=C groups from ~70% to ~30%, leading to a decrease of the sp2/sp3 ratio from 7.1 in GNP-M5 to 2.3 in GNP-M5ox and from 8.5 in GNP-M15 to 1.9 in GNP-M15ox. Predominant oxygen-containing groups in GNP-M5ox are epoxy groups (C-O-C), followed by carbonyl (C=O) and carboxyl (O-C=O) groups, while GNP-M15ox also shows the presence of hydroxyl (C-OH) groups. Oxidation is corroborated by the XRD patterns of GNP powders (Figure 1d), evidenced by the shift to the left of the 2θ diffraction angle. Non-oxidized GNP powders presented sharp and strong diffraction peaks (002 lattice) at 2θ = 26.5°, indicative of their ordered, stacked structure and reduced interlayer spacing between sheets (d = 3.4 nm). Oxidized powders exhibited a lower diffraction angle (001) at 2θ =~11.0°, corresponding to an increase in the interlayer spacing between sheets (d = ~8.0 nm), associated with the presence of oxygen-containing groups.



Antibacterial assessment revealed a decrease in metabolic activity with increasing GNP concentration, reaching reductions of 63%, 100%, 50% and 76% for the 512 μg/mL dispersions of GNP-M5, GNP-M5ox, GNP-M15 and GNP-M15ox, respectively (Figure 2a). Bacteria viability decreased particularly when in contact with oxidized materials, namely with 74% and 57% killing when in contact with 128 µg/mL of GNP-M5ox and 256 µg/mL of GNP-M15ox, respectively; the highest decrease of bacteria viability of 82% and 69% occurred with 512 μg/mL dispersions of GNP-M5ox and GNP-M15ox, respectively (Figure 2b). In the GNP-M5 dispersions, bacteria were metabolically less active (Figure 2a) but not dead since growth was observed in the viable cell counting method (Figure 2b).



When comparing GNP with different sizes, GNP-M5 led to a higher decrease on the metabolic activity than GNP-M15 (Figure 2a); the same tendency occurred for the GNP-M5ox and GNP-M15ox. This suggests that smaller particles (5 µm) have higher bacterial inhibitory effect. When comparing particles with different oxidation degree, higher oxidation led to a higher reduction in bacteria viability, leading to greater CFUs/mL reduction (Figure 2b). Bacteria were metabolically inactive but still viable when cultured with non-oxidized GNP and, on the other hand, metabolically inactive and dead when cultured with oxidized GNP. As powders in suspension, GNP-M5ox showed to possess stronger antibacterial activity than the other materials, expressed by a significant decrease of both metabolic activity (100%) and cultivable bacteria counting (82%) when 512 µg/mL were used. The impact of GNP lateral size was also explored on Rago et al. work [65], with lower thickness and smaller size GNP exhibiting stronger antibacterial activity towards Streptococcus mutans (500 μg/mL) than larger and thicker ones, with reductions of cell viability of 80% and 65%, respectively. However, the effect of GNP oxidation, namely comparison between different GNP (FLG or MLG) and GNPox alone on the antibacterial properties has, to our knowledge, never been reported. Most of the studies explore the relation between GO and reduced graphene oxide (rGO) in dispersion [29,66,67,68,69,70]—E. coli expressed a viability loss up to 98.5% when treated with 85 µg/mL GO for 2 h, higher than with rGO (≈90%) [29]; when increasing the concentration of GO and rGO to 150 µg/mL, the same tendency was maintained with E. coli presenting a viability loss of 87% and 81%, respectively [69]; increasing even more the concentration (250 μg/mL) and extending the period of incubation (18 h) with GO and rGO led to complete inhibition of the growth of Listeria monocytogenes and Salmonella [70]. Liu and co-workers [66] corroborated the higher antibacterial activity of smaller and more oxidized materials, demonstrating an increased antimicrobial potency for GO (0.31 μm) > rGO (2.75 μm) > graphite (6.87 μm) > graphite oxide (6.28 μm) dispersions (40 µg/mL) expressed by 70%, 46%, 26% and 15% of E. coli viability loss after 2 h. GNP and GNPox behaved similarly in our study, with smaller and oxidized particles having higher antibacterial potential.




3.2. PU/GNP Composites


GNP incorporation in the PU matrix was visually confirmed through an obvious change in color—from transparent PU into black opaque composites—even for the lower amount of GNP (0.5 wt%), due to the high specific surface area of the nanoplatelets (Figure S1). The effective incorporation of GNP in the PU matrix was corroborated by SEM of the fracture surfaces (Figure S2): in comparison with neat PU that has a smooth cross-section and surface, PU/GNP composites presented a rougher surface with apparent irregular stripes, as also reported by Tang and co-workers upon GO incorporation [47]. A homogenous dispersion of fillers was achieved, with an increase of GNP concentration leading to more platelets with sharp edges in the PU matrix and to a rougher fracture. Composites containing oxidized GNP (GNP-M5ox and GNP-M15ox) presented platelets with wrinkled appearance and folded edges, as observed in the oxidized GNP powders. A good adhesion at the interface between the GNP and the PU was observed, even without using any compatibilizers, as observed by others [56,58]; some aggregates could be found in composites containing the highest GNP amount (10 wt%), particularly when larger and oxidized GNP were used. However, surface morphology of the composites was rather similar to the neat PU surface, with very few platelets being exposed—may be partially or completely covered by a layer of polymer—and usually found in a planar orientation, independently of the type and loading of the GNP incorporated (Figure 3a).



Regarding surface wettability, all composite samples presented similar water contact angles, associated with the poor GNP exposure at the surface, and higher than 90°, independently on the oxidation degree. Only when incorporating GNP with larger lateral size significant differences from the neat PU were observed: incorporation of GNP-M15 (0.5, 1 and 5 wt%) contributed to a significant increase in PU hydrophobicity (angle increase around 4–5°) whereas GNP-M15ox (10 wt%) incorporation led to a significant decrease in PU hydrophobicity (angle decrease of 7°) (Figure 3b).



The antibacterial potential of these composites upon contact with S. epidermidis was low, both towards adherent and planktonic bacteria: no statistically significant differences were observed in the number of total or dead adherent bacteria compared to neat PU for any of the composites (Figure 4 and Figure S3) nor in the bacteria viability and metabolic activity of planktonic bacteria (Figure 4b and Figure S4). Common LIVE/DEAD kits could not be used due to the presence of green fluorescent stains: initial tests demonstrated PU autofluorescence in this channel. Incorporation of the different GNP onto PU neither decreased the bacterial adhesion nor increased the bactericidal activity of PU.



Melt-blending represents an economically attractive and industrially scalable method for efficiently dispersing nanofillers in polymers, being compatible with the manufacturing processes for catheter production [9,71]. Besides, this method does not involve the use of solvents, representing an environmentally friendly method that avoids concerns with human health during processing and with toxicity of remaining solvent residues [72]. However, although melt-blending allowed GNP to be effectively dispersed within the polymer matrix, surface characterization showed that this was not a good method to expose GNP at the surface and, consequently, favor GNP contact with bacteria; this can justify the lack of antibacterial properties of the composites.




3.3. PU/GNP Coatings


Composite dispersions containing PU and different GNP—GNP-M5, GNP-M5ox, GNP-M15 and GNP-M15ox—were applied as a coating onto PU substrates by dip coating. GNP concentration was varied (from 0.25 to 1 mg/mL) to understand if there was a direct relation between GNP concentration and exposure at the surface whereas the ratio of GNP to PU was increased (from 1:1 to 1:0.25) to evaluate if the PU content could be lowered and still ensure GNP adherence to the substrate. A change in color was visible for all samples, ranging from transparent PU to black or brownish color when GNP or oxidized GNP were incorporated, respectively; increasingly darker appearance occurred as GNP concentration increased (Figure S5). All coatings produced from different batches were homogenous. Comparing to composites obtained by melt-blending (Figure 3a), these PU/GNP coatings presented a mesh-like appearance (attributable to solvent evaporation and consequent PU precipitation) and much higher amounts of GNP platelets exposed at the surface (Figure 5). Particularly in coatings with non-oxidized GNP (GNP-M5 and GNP-M15) many platelets with sharp edges were bursting from the coating surface and at different orientations, although some of these platelets were also partially or completely covered with polymer; especially in coatings with higher GNP-M15 loading (1 mg/mL) some platelet aggregation took place. When decreasing the PU content (GNP:PU ratio increasing from 1:1 to 1:0.25), the surface acquired a more mesh-like and irregular topography with platelets less covered by polymer as particularly observed with GNP-M5 incorporation: the lower amount of PU present in the solution, although not enough for complete uniform surface coverage, allowed platelets to stick to the PU film substrate. As expected, the number of platelets and aggregates observed at the surface increased with GNP concentration. Individualized platelet-like structures were scarcely seen in the coatings with oxidized GNP (Figure 5): coatings with GNP-M5ox presented homogeneous creased surfaces composed of apparently fused wrinkled GNP-M5ox sheets with some protruding edges; coatings with GNP-M15ox also had areas with a similar wrinkled topography, but the presence of spherical wrinkled agglomerates was also visible. The wrinkled topography and formation of spherical structures indicates strong polymer–GNPox interactions [61], behavior related to the morphology and surface chemistry of the oxidized GNP where oxygen-containing groups present at the surface may have formed hydrogen bonds with the N-H groups present in the PU molecule, leading to strong interfacial interactions [45,73]. In the liquid-phase mixing method used, when PU was mixed with oxidized GNP sheets, they preferentially stuck together, causing agglomerated oxidized GNP/PU structures to be formed upon solvent evaporation [45]. Differences in lateral size can also contribute to the different morphology observed, both with non-oxidized and oxidized platelets, where the greater the sheet size the more irregular the surface, due to the aggregation of the GNP sheets and interaction with the polymer. Similar surface topographies were obtained by our group by dip or spray coating silicone films, obtaining exposed platelets and aggregates or creased structures when using either GNP-M5 or GNP-M5ox [50]. Flat coatings without sharp edges, identical to the coatings containing GNP-M5ox obtained here were also reported by others using GO [20]. Thampi et al. also observed wrinkled topography when spraying GO onto electrospun polycarbonate urethane (PCU) membranes [74]. Overall, coatings with GNP:PU ratio of 1:0.5, and specially with GNP concentration of 0.5 mg/mL, seemed to present more uniform and thus more promising surfaces.



GNP coatings’ adherence to the PU substrate was confirmed by the rubbing test with no GNP detachment being observed for all coatings, except for the coatings containing higher GNP content (1 mg/mL), with the resistance of the coating decreasing as the GNP:PU ratio increased. This result is not surprising as PU in solution works as binder between GNP and the PU film surface.



Regarding surface wettability, both PU film (substrate) and PU coating on PU film exhibited a water contact angle of 85° (Figure 6), less hydrophobic than PU produced by melting and injection (103°) (Figure 3b). Some variability regarding PU Tecothane surface wettability has been found throughout the literature—surfaces produced by solvent casting presented angles ranging from 90° to 73° [75,76], with the difference between studies relying on the solvent used to dissolve PU: DMF and THF, respectively; surfaces produced by solvent polymerization and curing presented a contact angle of 103° [77]—suggesting that not only the production method impacts surface wettability but also the materials interacting with the polymer. When producing the coating with PU/GNP-M5 composite, wettability change was only detected for the formulation with 0.25 mg/mL GNP and 1:1 GNP:PU ratio and with 1 mg/mL and 1:0.25 GNP:PU ratio, with the water contact angle of PU decreasing to 77° and increasing to about 100°, respectively. As observed in composites, when producing coating with larger GNP-M15 platelets, the hydrophobicity increased significantly in many samples and more evidently for 0.25 mg/mL GNP and GNP:PU ratio of 1:0.25, with an increase of the angle to 104°. Increasing the GNP-M15 concentration (1mg/mL) led to a significant increase in the hydrophobicity (from 85° (neat PU) to 93°), which is justified by the presence of more platelets and aggregates exposed at the surface, forming hydrophobic sites. Similar results have been reported for poly(vinyl acetate) (PVAc) with incorporation of 0.1 wt% GNP [78]. The impact of oxidation degree was less notorious independently of the size of the platelets (PU/GNP-M5ox and PU/GNP-M15ox), being roughly the same for all samples with no obvious tendency observed, which correlates with the similar topography observed for all these surfaces. There was however a decrease of the angle (to 78°), and thus an increase of the hydrophilicity, for 0.5 mg/mL GNP-M15ox and GNP:PU ratio of 1:1 and 1:0.5, suggesting that surface topography might play a role in wettability, with these surfaces being apparently smoother than the remaining conditions. When increasing the concentration (from 0.25 mg/mL to 1 mg/mL) for the same GNP:PU ratio (1:1), surface hydrophobicity decreased (from 99° to 95°), even though not significantly. At the highest concentration of GNP-M15ox, when reducing the amount of PU, an increase in hydrophobicity was observed (to 109°), even though more platelets are exposed; once again, surface topography may overrule chemistry on the effect of GNP exposure. It would be expected that incorporation of oxidized GNP increased the hydrophilicity due to the hydrogen bond interactions between the oxygen-containing groups present in GNP and water. Our group has previously reported a water contact angle decrease of ~9° on PLA/GO films compared to pristine PLA films [79]; others have also shown that incorporation of GO into PU decreased the water contact angle [80]. However, wettability is affected not only by chemical composition but also by surface roughness. Interestingly, for the coatings there seems to be a relation between the extent of irregularities at the surface, more randomized mesh and bigger defects, and the higher changes of water contact angle. In the composites, an increase of the hydrophilicity was also only observed with the highest GNP-M15ox loading (10 wt%), with surface roughness being similar between conditions.



Surface chemistry of the PU/GNP coatings was further explored using XPS and Raman spectroscopy, being PU/GNP coatings with intermediate GNP concentration (0.5 mg/mL) and intermediate GNP:PU ratio (1:0.5) selected for this analysis (Figure 7). XPS spectra showed that the PU/PU coating is mainly constituted by carbon (87.8%), oxygen (9.4%) and nitrogen (2.8%), as expected. Coating the surface with PU/GNP-M5ox and PU/GNP-M15ox increased the amount of oxygen to ~16%, as noticed by the increase of the oxygen peak in the survey, highlighting the presence of the oxygen-containing groups from the oxidized GNP in the upper 10 nm of the coatings. Raman spectra showed the characteristic bands of PU in all the analyzed surfaces, demonstrating the PU presence in all coatings. The presence of GNP-M5 and GNP-M15 in the coatings could not be confirmed since the strong, sharp G band (~1585 cm−1 [81]) typical from these materials overlapped with the C=C bond from PU at 1617 cm-1. For PU/GNPox, the presence of strong and broad D (~1310 cm−1) and G (~1615 cm−1) bands, characteristic of oxidized forms of graphene can be easily identified. G peak corresponds to the bond stretching of sp2 carbon atoms, while the D band is associated with the structural defects present in the GNPox rings introduced due to their oxidation process [82]. Therefore, XPS and Raman spectra confirmed the presence of both PU and GNP or GNPox at the surface of the composite coating, presenting different surface chemistry.



In order to study the impact of either GNP concentration and PU:GNP ratio on the antibacterial potential towards S. epidermidis, one of the variables was maintained while varying the other: GNP concentration of 0.5 mg/mL was fixed while varying PU:GNP ratio (1:1, 1:0.5 and 1:0.25) and the other way around, fixing the PU:GNP ratio of 1:0.5 and varying GNP concentration (0.25, 0.5 and 1 mg/mL). Regarding total adherent bacteria (Figure 8), there was a significant decrease of 37% when using GNP-M5 at 0.5 mg/mL and GNP:PU ratio of 1:0.5 when comparing to bare PU film. Increasing the concentration to 1 mg/mL or the GNP:PU ratio to 1:0.25 caused a significant increase of dead bacteria to 78% and 85%, respectively. These conditions contained higher amounts of sharp graphene nanoplatelets, suggesting the role of these structures on the effective killing of bacteria after contact with the surface. In oxidized samples with the same lateral size (GNP-M5ox) there was a reduction in bacterial adhesion up to 70% (ranging from 44% to 70% in different conditions) while increasing bacterial death (ranging from 53% for the lower concentration and ~70% in all other conditions); the exception was the condition with the highest amount of GNP-M5ox (1 mg/mL), showing high bacterial adhesion, although at the same time high killing ability (around 70%). The wrinkled morphology of the surfaces with GNP-M5ox associated with the oxidation of the surface may be behind this effect, preventing bacteria to adhere in high number while prompting some oxidative stress mechanism. Increasing platelets lateral size (GNP-M15) led to an increase in bacterial adhesion and death (reaching 62% and 71% bacterial death) when comparing to PU, specifically in conditions with lower amount of PU on the composite coating (0.5 mg/mL, ratio of 1:0.25) and with higher amount of GNP (1 mg/mL), suggesting that the exposure of the sharp edges of non-oxidized GNP and associated increase of surface area/roughness promotes bacterial adhesion despite killing them. Contrarily to GNP-M5ox, GNP-M15 oxidation (GNP-M15ox) significantly boosted bacterial adhesion in most of the conditions. The lower amounts of oxygen-containing groups in platelets with higher lateral size seems to prevent the formation of a continuous layer as observed in PU/GNP-M5ox surfaces, resulting in a surface with high roughness exposing both GNPox and PU, which can promote bacterial adhesion. The percentage of dead bacteria was on the other hand significantly higher than in PU and their non-oxidized counterparts, reaching 67% in conditions with lower amount of PU on the composite coating (0.5 mg/mL, ratio of 1:0.25).



Overall, when using non-oxidized GNP-M5 and GNP-M15, the highest bacterial death was observed when higher amounts of GNP are exposed (at the highest GNP:PU ratio of 1:0.25 and 0.5 mg/mL GNP and at the highest GNP concentration of 1 mg/mL). With oxidized GNP, more death was also observed in the coatings with 0.5 mg/mL and 1 mg/mL of GNP-M5ox. Increasing GNP:PU ratio (1:0.25), thus decreasing the amount of PU in the coating formulation, improved the exposure of platelets at the surface, which also seemed less covered by the polymer; this allowed more contact with bacteria. Increasing GNP concentration increased the chances of exposing platelets at the surface and thus the contact with bacteria. This correlates with the literature that states the importance of GBM sheets orientation, exposure and concentration on the antibacterial performance of surfaces integrating GBM [40,83]. Therefore, increasing platelets exposure increased contact with bacteria, which consequently seemed to potentiate the effects of the sharp edges and basal planes of the GNP platelets, either due to disruption of the cell membrane [36,84] or oxidative stress induction [41,85].



Concerning planktonic bacteria, in most of the surfaces, neither bacteria viability (Figure 9) nor metabolic activity (Figure S6) decreased. This result was also expected since these surfaces do not act as leaching systems and therefore the effects of GNP will only be exerted against the bacteria in contact with the surface. However, specifically in PU/GNP-M5ox surfaces where bacterial adhesion was reduced, viable bacteria on the supernatant significantly increased when compared to PU film, suggesting that bacteria were impaired to adhere but survived and grew in the supernatant.



As aforementioned, PU/GNP composites produced by melt-blending lacked GNP exposure at their surface, therefore failing on improving the antibacterial properties of PU. This was overcome through the application of PU/GNP composite as a coating on PU by dip coating, where higher GNP exposure at the surface was achieved, which, in some of the conditions, was translated into a reduction/increase in bacterial adhesion and/or increase in bacterial death. GNP exposure is therefore crucial for the antibacterial activity of the GBM-integrating surfaces, being potentiated when increasing the amount of platelets present and/or reducing the presence of the polymer. This affects the way GBM are deposited and oriented on the surface, thus impacting bacteria-GBM interaction and ultimately the antibacterial activity of the surfaces [40]. This relation of GBM exposure with the antibacterial activity of GBM-containing surfaces has been suggested in other studies, as recently by Cheng et al. [83]. Even though antibacterial activity has been observed both when basal planes [84,85,86] or sharp edges are exposed [87], a direct contact between bacteria and the surface must occur, as reinforced by the absence of antibacterial effects both on the bacteria incubated with the composites and on bacteria collected in the supernatant with both surfaces.



Apart from GNP exposure, we have also established the influence of oxidation degree by reporting higher antibacterial activity on PU/GNP coatings containing GNPox than on coatings with non-oxidized GNP, as also supported by a study comparing other GBM (namely GO with rGO [29]) and by our previous work with GNP/silicone coatings [50]. Lateral size also played a role, with smaller platelets being more promising regarding inhibition of bacterial adhesion, particularly, when smaller oxidized particles are used, as GNP-M5ox.This was also supported by several works, as by Perreault et al. that demonstrated that smaller GO sheets presented higher antimicrobial effect, attributed to oxidative mechanisms associated with the higher defect density of smaller sheets, which allow more oxygen to be adsorbed on them [41]. Bigger platelets (GNP-M15) led to the presence of topography irregularities, which seem to favor bacteria adherence. At the same time, this induces higher percentage of death. Morphology and topography of the surfaces play therefore a crucial role on the antibacterial potential of the surfaces, while on surfaces containing GNP the action towards bacteria can be attributable to mechanical damages provoked by the sharp edges of the exposed nanoplatelets, on surfaces containing GNPox, particularly GNP-M5ox, the wrinkled topography and the absence of sharp edges indicates oxidative stress induction.



Coatings containing GNP-M5ox revealed to be the most promising by having both antifouling and bactericidal effects towards S. epidermidis. Therefore, these coatings are the most suitable for the development of an antimicrobial material.





4. Conclusions


This work demonstrates the relevance of GNP oxidation and lateral size on the antimicrobial profile of GNP both as dispersions and surfaces. Oxidized and smaller particles (GNP-M5ox) in suspension induced stronger activity against S. epidermidis, decreasing bacteria viability in 74%. The impact of GNP exposure on the surface was stated by comparing surfaces produced by melt blending—bulk PU/GNP composite—and dip coating—PU/GNP composite layer on top of a substrate. Absence of GNP exposure at the surface of PU/GNP composites resulted in the lack of antibacterial effect towards S. epidermidis. On the other hand, PU/GNP coatings yielded surfaces with well-adhered and exposed nanoplatelets, revealing an improvement on antibacterial and anti-adhesive properties. Coatings containing smaller platelets (GNP-M5 and GNP-M5ox) caused higher antibacterial activity than coatings with larger platelets (GNP-M15 and GNP-M15ox). Coatings with GNP-M5 showed the highest increase of bacterial death (up to 85%). The most promising surfaces were however the PU/GNP coatings containing GNP-M5ox at a concentration of 0.5 mg/mL and GNP:PU ratio of 1:0.5, which presented both antifouling (70% reduction of bacterial adhesion) and bactericidal activity (70% bacterial death) towards S. epidermidis when comparing to bare PU surface.



As such, dip coating technique can be explored as a promising approach to easily transform clinically used catheters into efficient antimicrobial catheters, prolonging their lifetime by reducing the commonly associated risk of infections, thus impacting the life of millions of people. These data should also be considered in the process of designing new antimicrobial polyurethane surfaces in a wide range of applications.




5. Patents


PPP 20191000031489. (2019.06.07). ANTIMICROBIAL GRAPHEN COATING. Ana Patrícia Henriques, Inês Borges, Natacha Rosa, Manuel Pestana, Artur Pinto, Fernão Magalhães, Inês Gonçalves.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-4991/10/2/349/s1, Figure S1: Images of the PU and PU/GNP composites produced by melt-blending after injection molding, Figure S2: SEM images of PU and PU/GNP composites with different GNP content. Images were taken to the transversal fracture to analyse the composite matrix (scale bar = 10 µm and valid for all images), Figure S3: Representative images of the total/dead bacteria staining (Hoechst/PI) of adherent S. epidermidis after 24 h incubation on PU/GNP composites (scale bar = 20 μm). Due to the lower number of bacteria per mm2 found at the surfaces and the small area of each field, no or very few bacteria are found in the fields, being these images representative of the total number of bacteria presented in Figure 4a, Figure S4: Metabolic activity of S. epidermidis planktonic bacteria after 24 h incubation on PU/GNP composites, Figure S5: Images of the PU film produced by casting, PU coating on PU film and PU/GNP coatings on PU film, Figure S6: Metabolic activity of S. epidermidis planktonic bacteria after 24 h incubation on PU/GNP coatings.





Author Contributions


I.B. and P.C.H. participated in the conceptualization, methodology, investigation, formal analysis, data curation, writing—original draft and writing—review and editing, with I.B. focusing more on composites and P.C.H. focusing on coatings; R.N.G. participated in the investigation and writing—review & editing; A.M.P. participated in the conceptualization, methodology, writing—review and editing and funding acquisition; M.P. participated in the conceptualization and funding acquisition; F.D.M. and I.C.G. participated in the conceptualization, methodology, formal analysis, resources, writing—review and editing, supervision, project administration and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação para a Ciência e a Tecnologia (FCT) and Fundo Europeu de Desenvolvimento Regional (FEDER) for Projects POCI-01-0145-FEDER-006939, POCI-01-0145-FEDER-007274, PTDC/CTM-BIO/4033/2014, and NORTE-01-0145-FEDER-000012, and projects UID/BIM/04293/2019—i3S and UIDB/00511/2020—LEPABE, funded by national funds through FCT/MCTES (PIDDAC).




Acknowledgments


Inês C. Gonçalves acknowledges FCT research position (IF/01479/2015) and Patrícia C. Henriques her PhD grant (SFRH/BD/120154/2016). Authors also thank André Maia and Maria Lázaro from the BioSciences Screening and Bioimaging i3S Scientific Platforms (members of the PPBI: PPBI-POCI-01-0145-FEDER-022122), Carlos Sá and Daniela Silva from Centro de Materiais da Universidade do Porto, and Ana L. Pires and André M. Pereira from IFIMUP—Instituto de Física dos Materiais da Universidade do Porto.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Mermel, L.A. Prevention of Intravascular Catheter-Related Infections. Ann. Intern. Med. 2000, 132, 391–402. [Google Scholar] [CrossRef]

	



Blot, S.I.; Depuydt, P.; Annemans, L.; Benoit, D.; Hoste, E.; De Waele, J.J.; Decruyenaere, J.; Vogelaers, D.; Colardyn, F.; Vandewoude, K.H. Clinical and Economic Outcomes in Critically Ill Patients with Nosocomial Catheter-Related Bloodstream Infections. Clin. Infect. Dis. 2005, 41, 1591–1598. [Google Scholar] [CrossRef]

	



Gahlot, R.; Nigam, C.; Kumar, V.; Yadav, G.; Anupurba, S. Catheter-related bloodstream infections. Int. J. Crit. Illn. Inj. Sci. 2014, 4, 162–167. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, K.L.; Fey, P.D.; Rupp, M.E. Coagulase-Negative Staphylococcal Infections. Infect. Dis. Clin. N. Am. 2009, 23, 73–98. [Google Scholar] [CrossRef] [PubMed]

	



Otto, M. Staphylococcus Epidermidis-the ‘Accidental’ Pathogen. Nat. Rev. Microbiol. 2009, 7, 555–567. [Google Scholar] [CrossRef] [PubMed]

	



O’Grady, N.P.; Alexander, M.; Burns, L.A.; Dellinger, E.P.; Garland, J.; Heard, S.O.; Lipsett, P.A.; Masur, H.; Mermel, L.A.; Pearson, M.L. Guidelines for the Prevention of Intravascular Catheter-Related Infections. Clin. Infect. Dis. 2011, 52, e162–e193. [Google Scholar] [CrossRef] [PubMed]

	



Rupp, M.E.; Archer, G.L. Coagulase-Negative Staphylococci: Pathogens Associated with Medical Progress. Clin. Infect. Dis. 1994, 19, 231–245. [Google Scholar] [CrossRef] [PubMed]

	



Timsit, J.-F.; Dubois, Y.; Minet, C.; Bonadona, A.; Lugosi, M.; Ara-Somohano, C.; Hamidfar-Roy, R.; Schwebel, C. New materials and devices for preventing catheter-related infections. Ann. Intensiv. Care 2011, 1, 34. [Google Scholar] [CrossRef]

	



Gloukhoff Wentling, A. Hemodialysis Catheters: Materials, Design and Manufacturing. In Hemodialysis Vascular Access and Peritoneal Dialysis Access; Karger Publishers: Basel, Switzerland, 2004; pp. 112–127. [Google Scholar]

	



McKeen, L. Elastomers. In The Effect of Sterilization on Plastics and Elastomers; William Andrew Publishing: Boston, MA, USA, 2012; pp. 319–353. [Google Scholar]

	



Schierholz, J.M.; Steinhauser, H.; Rump, A.; Berkels, R.; Pulverer, G. Controlled release of antibiotics from biomedical polyurethanes: Morphological and structural features. Biomaterial 1997, 18, 839–844. [Google Scholar] [CrossRef]

	



Falagas, M.E.; Fragoulis, K.; Bliziotis, I.A.; Chatzinikolaou, I. Rifampicin-impregnated central venous catheters: A meta-analysis of randomized controlled trials. J. Antimicrob. Chemother. 2007, 59, 359–369. [Google Scholar] [CrossRef]

	



Tal, M.G.; Ni, N. Selecting Optimal Hemodialysis Catheters: Material, Design, Advanced Features, and Preferences. Tech. Vasc. Interv. Radiol. 2008, 11, 186–191. [Google Scholar] [CrossRef] [PubMed]

	



May, R.M.; Magin, C.M.E.; Mann, E.; Drinker, M.C.; Fraser, J.C.A.; Siedlecki, C.; Brennan, A.B.; Reddy, S.T. An engineered micropattern to reduce bacterial colonization, platelet adhesion and fibrin sheath formation for improved biocompatibility of central venous catheters. Clin. Transl. Med. 2015, 4, 9. [Google Scholar] [CrossRef]

	



Riool, M.; De Breij, A.; Drijfhout, J.W.; Nibbering, P.H.; Zaat, S.A.J. Antimicrobial Peptides in Biomedical Device Manufacturing. Front. Chem. 2017, 5, 63. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, V.K.; Yngard, R.A.; Lin, Y. Silver nanoparticles: Green synthesis and their antimicrobial activities. Adv. Colloid Interface Sci. 2009, 145, 83–96. [Google Scholar] [CrossRef] [PubMed]

	



Muranyi, P.; Schraml, C.; Wunderlich, J. Antimicrobial Efficiency of Titanium Dioxide-Coated Surfaces. J. Appl. Microbiol. 2010, 108, 1966–1973. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.; Pinault, M.; Pfefferle, L.D.; Elimelech, M. Single-Walled Carbon Nanotubes Exhibit Strong Antimicrobial Activity. Langmuir 2007, 23, 8670–8673. [Google Scholar] [CrossRef]

	



Zarafu, I.; Turcu, I.; Culiță, D.C.; Petrescu, S.; Popa, M.; Chifiriuc, M.C.; Limban, C.; Telehoiu, A.; Ioniță, P. Antimicrobial Features of Organic Functionalized Graphene-Oxide with Selected Amines. Material 2018, 11, 1704. [Google Scholar] [CrossRef]

	



Liu, Y.; Wen, J.; Gao, Y.; Li, T.; Wang, H.; Yan, H.; Niu, B.; Guo, R. Antibacterial graphene oxide coatings on polymer substrate. Appl. Surf. Sci. 2018, 436, 624–630. [Google Scholar] [CrossRef]

	



Neoh, K.G.; Li, M.; Kang, E.-T.; Chiong, E.; Tambyah, P.A. Surface modification strategies for combating catheter-related complications: Recent advances and challenges. J. Mater. Chem. B 2017, 5, 2045–2067. [Google Scholar] [CrossRef]

	



Cloutier, M.; Mantovani, D.; Rosei, F. Antibacterial Coatings: Challenges, Perspectives, and Opportunities. Trends Biotechnol. 2015, 33, 637–652. [Google Scholar] [CrossRef]

	



Torreggiani, M.; Scaramuzzi, M.L.; Manini, A.; Castoldi, F.; Serpieri, N.; Maggi, N.; Sileno, G.; Migotto, C.; Esposito, V.; Montagna, F.; et al. Hemodialysis Vascular Access: Everything You Always Wanted to Know About It (but Were Afraid to Ask). J. Nephrol. 2013, 26, 836–847. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, A.M.; Gonçalves, I.C.; Magalhães, F.D. Graphene-based materials biocompatibility: A review. Colloids Surf. B Biointerfaces 2013, 111, 188–202. [Google Scholar] [CrossRef] [PubMed]

	



Fadeel, B.; Bussy, C.; Merino, S.; Vazquez, E.; Flahaut, E.; Mouchet, F.; Evariste, L.; Gauthier, L.; Koivisto, A.J.; Vogel, U.; et al. Safety Assessment of Graphene-Based Materials: Focus on Human Health and the Environment. ACS Nano 2018, 12, 10582–10620. [Google Scholar] [CrossRef] [PubMed]

	



Swetha, P.D.P.; Manisha, H.; Sudhakaraprasad, K. Graphene and Graphene-Based Materials in Biomedical Science. Part. Part. Syst. Charact. 2018, 35, 1800105. [Google Scholar] [CrossRef]

	



Syama, S.; Mohanan, P.V. Comprehensive Application of Graphene: Emphasis on Biomedical Concerns. Nano-Micro Lett. 2019, 11, 6. [Google Scholar] [CrossRef]

	



Priyadarsini, S.; Mohanty, S.; Mukherjee, S.; Basu, S.; Mishra, M. Graphene and Graphene Oxide as Nanomaterials for Medicine and Biology Application. J. Nanostruct. Chem. 2018, 8, 123–137. [Google Scholar] [CrossRef]

	



Hu, W.; Peng, C.; Luo, W.; Lv, M.; Li, X.; Li, D.; Huang, Q.; Fan, C. Graphene-Based Antibacterial Paper. ACS Nano 2010, 4, 4317–4323. [Google Scholar] [CrossRef]

	



Seabra, A.B.; Paula, A.J.; De Lima, R.; Alves, O.L.; Durán, N. Nanotoxicity of Graphene and Graphene Oxide. Chem. Res. Toxicol. 2014, 27, 159–168. [Google Scholar] [CrossRef]

	



Xia, M.-Y.; Xie, Y.; Yu, C.-H.; Chen, G.-Y.; Li, Y.-H.; Zhang, T.; Peng, Q. Graphene-based nanomaterials: The promising active agents for antibiotics-independent antibacterial applications. J. Control. Release 2019, 307, 16–31. [Google Scholar] [CrossRef]

	



Choudhary, P.; Das, S.K. Bio-Reduced Graphene Oxide as a Nanoscale Antimicrobial Coating for Medical Devices. ACS Omega 2019, 4, 387–397. [Google Scholar] [CrossRef]

	



Malmsten, M. Nanomaterials as Antimicrobial Agents. In Handbook of Nanomaterials Properties; Springer: Berlin/Heidelberg, Germany, 2014; pp. 1053–1075. [Google Scholar]

	



Bianco, A. Graphene: Safe or toxic? The two faces of the medal. Angew. Chem. Int. Ed. 2013, 52, 4986–4997. [Google Scholar] [CrossRef] [PubMed]

	



Palmieri, V.; Carmela Lauriola, M.; Ciasca, G.; Conti, C.; De Spirito, M.; Papi, M. The Graphene Oxide Contradictory Effects against Human Pathogens. Nanotechnology 2017, 28, 152001. [Google Scholar] [CrossRef] [PubMed]

	



Notley, S.M.; Crawford, R.J.; Ivanova, E.P. Bacterial Interaction with Graphene Particles and Surfaces. Adv. Graphene Sci. 2013, 99–118. [Google Scholar]

	



Santos, C.M.; Mangadlao, J.; Ahmed, F.; Leon, A.; Advincula, R.C.; Rodrigues, D.F. Graphene Nanocomposite for Biomedical Applications: Fabrication, Antimicrobial and Cytotoxic Investigations. Nanotechnology 2012, 23, 395101. [Google Scholar] [CrossRef]

	



Szunerits, S.; Boukherroub, R. Antibacterial activity of graphene-based materials. J. Mater. Chem. B 2016, 4, 6892–6912. [Google Scholar] [CrossRef]

	



Shi, L.; Chen, J.; Teng, L.; Wang, L.; Zhu, G.; Liu, S.; Luo, Z.; Shi, X.; Wang, Y.; Ren, L. The Antibacterial Applications of Graphene and Its Derivatives. Small 2016, 12, 4165–4184. [Google Scholar] [CrossRef]

	



Henriques, P.C.; Borges, I.; Pinto, A.M.; Magalhães, F.D.; Gonçalves, I.C. Fabrication and antimicrobial performance of surfaces integrating graphene-based materials. Carbon 2018, 132, 709–732. [Google Scholar] [CrossRef]

	



Perreault, F.; De Faria, A.F.; Nejati, S.; Elimelech, M. Antimicrobial Properties of Graphene Oxide Nanosheets: Why Size Matters. ACS Nano 2015, 9, 7226–7236. [Google Scholar] [CrossRef]

	



Han, W.; Wu, Z.; Li, Y.; Wang, Y. Graphene family nanomaterials (GFNs)—promising materials for antimicrobial coating and film: A review. Chem. Eng. J. 2019, 358, 1022–1037. [Google Scholar] [CrossRef]

	



Rojas-Andrade, M.D.; Chata, G.; Rouholiman, D.; Liu, J.; Saltikov, C.; Chen, S. Antibacterial mechanisms of graphene-based composite nanomaterials. Nanoscale 2017, 9, 994–1006. [Google Scholar] [CrossRef]

	



Hegab, H.M.; El Mekawy, A.; Zou, L.; Mulcahy, D.; Saint, C.P.; Ginic-Markovic, M. The controversial antibacterial activity of graphene-based materials. Carbon 2016, 105, 362–376. [Google Scholar] [CrossRef]

	



An, X.L.; Ma, H.B.; Liu, B.; Wang, J.Z. Graphene Oxide Reinforced Polylactic Acid/Polyurethane Antibacterial Composites. J. Nanomater. 2013, 2013, 1–7. [Google Scholar] [CrossRef]

	



Thakur, S.; Barua, S.; Karak, N. Self-Healable Castor Oil Based Tough Smart Hyperbranched Polyurethane Nanocomposite with Antimicrobial Attributes. RSC Adv. 2015, 5, 2167–2176. [Google Scholar] [CrossRef]

	



Tang, X.Z.; Mu, C.Z.; Zhu, W.Y.; Yan, X.L.; Hu, X.; Yang, J.L. Flexible Polyurethane Composites Prepared by Incorporation of Polyethylenimine-Modified Slightly Reduced Graphene Oxide. Carbon 2016, 98, 432–440. [Google Scholar] [CrossRef]

	



Sjollema, J.; Zaat, S.A.; Fontaine, V.; Ramstedt, M.; Luginbuehl, R.; Thevissen, K.; Li, J.; Van Der Mei, H.C.; Busscher, H.J. In Vitro Methods for the Evaluation of Antimicrobial Surface Designs. Acta Biomater. 2018, 70, 12–24. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, A.M.; Goncalves, C.; Sousa, D.M.; Ferreira, A.R.; Moreira, J.A.; Goncalves, I.C.; Magalhaes, F.D. Smaller Particle Size and Higher Oxidation Improves Biocompatibility of Graphene-Based Materials. Carbon 2016, 99, 318–329. [Google Scholar] [CrossRef]

	



Gomes, R.N.; Borges, I.; Pereira, A.T.; Maia, A.E.; Pestana, M.; Magalhaes, F.D.; Pinto, A.M.; Goncalves, I.C. Antimicrobial Graphene Nanoplatelets Coatings for Silicone Catheters. Carbon 2018, 139, 635–647. [Google Scholar] [CrossRef]

	



Pinto, A.M.; Moreira, J.A.; Magalhaes, F.D.; Goncalves, I.C. Polymer Surface Adsorption as a Strategy to Improve the Biocompatibility of Graphene Nanoplatelets. Colloids Surf. B Biointerfaces 2016, 146, 818–824. [Google Scholar] [CrossRef]

	



Martins, M.C.L.; Wang, D.; Ji, J.; Feng, L.; Barbosa, M.A. Albumin and Fibrinogen Adsorption on Pu–Phema Surfaces. Biomaterials 2003, 24, 2067–2076. [Google Scholar] [CrossRef]

	



Kovtun, A.; Jones, D.; Dell’Elce, S.; Treossi, E.; Liscio, A.; Palermo, V. Accurate Chemical Analysis of Oxygenated Graphene-Based Materials Using X-Ray Photoelectron Spectroscopy. Carbon 2019, 143, 268–275. [Google Scholar] [CrossRef]

	



Stobinski, L.; Lesiak, B.; Malolepszy, A.; Mazurkiewicz, M.; Mierzwa, B.; Zemek, J.; Jiricek, P.; Bieloshapka, I. Graphene Oxide and Reduced Graphene Oxide Studied by the Xrd, Tem and Electron Spectroscopy Methods. J. Electron Spectrosc. Relat. Phenom. 2014, 195, 145–154. [Google Scholar] [CrossRef]

	



Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and Broth Dilution Methods to Determine the Minimal Inhibitory Concentration (Mic) of Antimicrobial Substances. Nat. Protoc. 2008, 3, 163–175. [Google Scholar] [CrossRef] [PubMed]

	



Caradonna, A.; Colucci, G.; Giorcelli, M.; Frache, A.; Badini, C. Thermal Behavior of Thermoplastic Polymer Nanocomposites Containing Graphene Nanoplatelets. J. Appl. Polym. Sci. 2017, 134, 44814. [Google Scholar] [CrossRef]

	



Shams, E.; Yeganeh, H.; Naderi-Manesh, H.; Gharibi, R.; Mohammad Hassan, Z. Polyurethane/Siloxane Membranes Containing Graphene Oxide Nanoplatelets as Antimicrobial Wound Dressings: In Vitro and in Vivo Evaluations. J. Mater. Sci. Mater. Electron. 2017, 28, 75. [Google Scholar] [CrossRef]

	



Strankowski, M.; Korzeniewski, P.; Strankowska, J.; Anu, A.S.; Thomas, S. Morphology, Mechanical and Thermal Properties of Thermoplastic Polyurethane Containing Reduced Graphene Oxide and Graphene Nanoplatelets. Material 2018, 11, 82. [Google Scholar] [CrossRef]

	



Urban, M.; Strankowski, M. Shape Memory Polyurethane Materials Containing Ferromagnetic Iron Oxide and Graphene Nanoplatelets. Material 2017, 10, 1083. [Google Scholar] [CrossRef]

	



Xu, B.F.; Lai, S.; Lin, Z.D.; Chen, J.M.; Lin, J. Preparation and Characterization of Gnp/Tpu Composites. Appl. Mech. Mater. 2014, 644, 4760–4762. [Google Scholar] [CrossRef]

	



Yadav, S.K.; Cho, J.W. Functionalized Graphene Nanoplatelets for Enhanced Mechanical and Thermal Properties of Polyurethane Nanocomposites. Appl. Surf. Sci. 2013, 266, 360–367. [Google Scholar] [CrossRef]

	



Yuan, D.; Pedrazzoli, D.; Pircheraghi, G.; Manas-Zloczower, I. Melt Compounding of Thermoplastic Polyurethanes Incorporating 1d and 2d Carbon Nanofillers. Polym. Plast. Technol. Eng. 2017, 56, 732–743. [Google Scholar] [CrossRef]

	



Goncalves, C.; Goncalves, I.C.; Magalhaes, F.D.; Pinto, A.M. Poly(Lactic Acid) Composites Containing Carbon-Based Nanomaterials: A Review. Polymers 2017, 9, 269. [Google Scholar] [CrossRef] [PubMed]

	



Stankovich, S.; Dikin, D.A.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.T.; Ruoff, R.S. Synthesis of Graphene-Based Nanosheets Via Chemical Reduction of Exfoliated Graphite Oxide. Carbon 2007, 45, 1558–1565. [Google Scholar] [CrossRef]

	



Rago, I.; Bregnocchi, A.; Zanni, E.; Aloia, A.G.D.; Angelis, F.D.; Bossu, M.; Bellis, G.D.; Polimeni, A.; Uccelletti, D.; Sarto, M.S. Antimicrobial Activity of Graphene Nanoplatelets against Streptococcus Mutans. Paper presented at the 2015 IEEE 15th International Conference on Nanotechnology (IEEE-NANO), Rome, Italy, 27–30 July 2015. [Google Scholar]

	



Liu, S.; Zeng, T.H.; Hofmann, M.; Burcombe, E.; Wei, J.; Jiang, R.; Kong, J.; Chen, Y. Antibacterial Activity of Graphite, Graphite Oxide, Graphene Oxide, and Reduced Graphene Oxide: Membrane and Oxidative Stress. ACS Nano 2011, 5, 6971–6980. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.N.; Wang, X.P.; Han, H.Y. A New Function of Graphene Oxide Emerges: Inactivating Phytopathogenic Bacterium Xanthomonas Oryzae Pv. Oryzae. J. Nanoparticle Res. 2013, 15, 1658. [Google Scholar] [CrossRef]

	



Gurunathan, S.; Han, J.W.; Dayem, A.A.; Eppakayala, V.; Kim, J.H. Oxidative Stress-Mediated Antibacterial Activity of Graphene Oxide and Reduced Graphene Oxide in Pseudomonas Aeruginosa. Int. J. Nanomed. 2012, 7, 5901–5914. [Google Scholar] [CrossRef] [PubMed]

	



Gurunathan, S.; Han, J.W.; Dayem, A.A.; Eppakayala, V.; Park, M.R.; Kwon, D.N.; Kim, J.H. Antibacterial Activity of Dithiothreitol Reduced Graphene Oxide. J. Ind. Eng. Chem. 2013, 19, 1280–1288. [Google Scholar] [CrossRef]

	



Kurantowicz, N.; Sawosz, E.; Jaworski, S.; Kutwin, M.; Strojny, B.; Wierzbicki, M.; Szeliga, J.; Hotowy, A.; Lipinska, L.; Kozinski, R.; et al. Interaction of Graphene Family Materials with Listeria Monocytogenes and Salmonella Enterica. Nanoscale Res. Lett. 2015, 10, 23. [Google Scholar] [CrossRef]

	



Harper, C.A. Modern Plastics Handbook; McGraw-Hill Professional: New York, NY, USA, 2000. [Google Scholar]

	



Pinto, A.M.; Gonçalves, C.; Gonçalves, I.C.; Magalhães, F.D. Effect of biodegradation on thermo-mechanical properties and biocompatibility of poly(lactic acid)/graphene nanoplatelets composites. Eur. Polym. J. 2016, 85, 431–444. [Google Scholar] [CrossRef]

	



Ramanathan, T.; Abdala, A.A.; Stankovich, S.; Dikin, D.A.; Herrera-Alonso, M.; Piner, R.D.; Adamson, D.H.; Schniepp, H.C.; Chen, X.; Ruoff, R.S.; et al. Functionalized graphene sheets for polymer nanocomposites. Nat. Nanotechnol. 2008, 3, 327–331. [Google Scholar] [CrossRef]

	



Thampi, S.; Nandkumar, A.M.; Muthuvijayan, V.; Parameswaran, R. Differential Adhesive and Bioactive Properties of the Polymeric Surface Coated with Graphene Oxide Thin Film. ACS Appl. Mater. Interfaces 2017, 9, 4498–4508. [Google Scholar] [CrossRef]

	



Zhao, T.; Chen, H.; Zheng, J.; Yu, Q.; Wu, Z.; Yuan, L. Inhibition of protein adsorption and cell adhesion on PNIPAAm-grafted polyurethane surface: Effect of graft molecular weight. Colloids Surf. B Biointerfaces 2011, 85, 26–31. [Google Scholar] [CrossRef]

	



Stachelek, S.J.; Alferiev, I.; Choi, H.; Kronsteiner, A.; Uttayarat, P.; Gooch, K.J.; Composto, R.J.; Chen, I.W.; Hebbel, R.P.; Levy, R.J. Cholesterol-Derivatized Polyurethane: Characterization and Endothelial Cell Adhesion. J. Biomed. Mater. Res. A 2005, 72, 200–212. [Google Scholar] [CrossRef]

	



Wang, X.; Hu, J.; Li, Y.; Zhang, J.; Ding, Y. The surface properties and corrosion resistance of fluorinated polyurethane coatings. J. Fluor. Chem. 2015, 176, 14–19. [Google Scholar] [CrossRef]

	



Pinto, A.M.; Martins, J.M.; Moreira, J.A.; Mendes, A.M.; Magalhães, F.D. Dispersion of graphene nanoplatelets in poly(vinyl acetate) latex and effect on adhesive bond strength. Polym. Int. 2013, 62, 928–935. [Google Scholar] [CrossRef]

	



Pinto, A.M.; Moreira, S.; Gonçalves, I.C.; Gama, F.M.; Mendes, A.M.; Magalhães, F.D.; Gama, M. Biocompatibility of poly(lactic acid) with incorporated graphene-based materials. Colloids Surf. B Biointerfaces 2013, 104, 229–238. [Google Scholar] [CrossRef]

	



Pant, H.R.; Pokharel, P.; Joshi, M.K.; Adhikari, S.; Kim, H.J.; Park, C.H.; Kim, C.S.; Pokherel, P. Processing and characterization of electrospun graphene oxide/polyurethane composite nanofibers for stent coating. Chem. Eng. J. 2015, 270, 336–342. [Google Scholar] [CrossRef]

	



Scaffaro, R.; Maio, A.; Re, G.L.; Parisi, A.; Busacca, A. Advanced piezoresistive sensor achieved by amphiphilic nanointerfaces of graphene oxide and biodegradable polymer blends. Compos. Sci. Technol. 2018, 156, 166–176. [Google Scholar] [CrossRef]

	



Ferrari, A.C.; Basko, D.M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 2013, 8, 235–246. [Google Scholar] [CrossRef]

	



Cheng, W.; Lu, X.; Kaneda, M.; Zhang, W.; Bernstein, R.; Ma, J.; Elimelech, M. Graphene Oxide-Functionalized Membranes: The Importance of Nanosheet Surface Exposure for Biofouling Resistance. Environ. Sci. Technol. 2019, 54, 517–526. [Google Scholar] [CrossRef]

	



Li, J.; Wang, G.; Zhu, H.; Zhang, M.; Zheng, X.; Di, Z.; Liu, X.; Wang, X. Antibacterial activity of large-area monolayer graphene film manipulated by charge transfer. Sci. Rep. 2014, 4, 4359. [Google Scholar] [CrossRef]

	



Mangadlao, J.D.; Santos, C.M.; Felipe, M.J.L.; Rodrigues, D.; Advincula, R.C.; De Leon, A.C.C. On the antibacterial mechanism of graphene oxide (GO) Langmuir–Blodgett films. Chem. Commun. 2015, 51, 2886–2889. [Google Scholar] [CrossRef]

	



Parra, C.; Montero-Silva, F.; Henríquez, R.; Flores, M.; Garín, C.; Ramírez, C.; Moreno, M.; Correa, J.; Seeger, M.; Häberle, P. Suppressing Bacterial Interaction with Copper Surfaces through Graphene and Hexagonal-Boron Nitride Coatings. ACS Appl. Mater. Interfaces 2015, 7, 6430–6437. [Google Scholar] [CrossRef] [PubMed]

	



Pham, V.T.H.; Truong, V.K.; Quinn, M.D.J.; Notley, S.M.; Guo, Y.; Baulin, V.A.; Al Kobaisi, M.; Crawford, R.J.; Ivanova, E.P. Graphene Induces Formation of Pores That Kill Spherical and Rod-Shaped Bacteria. ACS Nano 2015, 9, 8458–8467. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 10 00349 g001 550] 





Figure 1. Characterization of graphene nanoplatelet (GNP) powders (GNP-M5, GNP-M5ox, GNP-M15 and GNP-M15ox): (a) TEM images (first row) and (b) SEM (second row) images (scale bar = 5 µm), (c) XPS atomic composition and carbon high-resolution spectra with respective functional groups, and (d) XRD patterns with diffraction angle (2θ), thickness (t) and interlayer spacing between sheets (d). 
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Figure 2. Antibacterial activity of GNP dispersions: (a) metabolic activity determined by resazurin assay and (b) bacteria vibility of S. epidermidis determined by viable cell count after 24 h incubation with GNP-M5, GNP-M5ox, GNP-M15 and GNP-M15ox aqueous dispersions. * Statistically significantly different from control (one-way ANOVA (A) and Kruskal–Wallis (B); p ≤ 0.05). 
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Figure 3. Characterization of polyurethane (PU)/GNP composites: (a) surface topography and (b) wettability of PU and PU/GNP composites with different GNP content produced by melt-blending. Images were obtained by SEM (scale bar = 10 µm) and wettability determined by water optical contact angle measurements. * and # statistically significantly different from control (PU) and differences between samples, respectively (one-way ANOVA; p ≤ 0.05). 
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Figure 4. Antibacterial activity of PU/GNP composites after 24 h incubation with S. epidermidis: (a) total and dead adherent bacteria per mm2 determined after total/dead staining and (b) planktonic viable bacteria collected in supernatant determined through viable cell counting. * and # statistically significantly different from PU (control) and differences between samples, respectively (Kruskal–Wallis (A) and one-way ANOVA (B); p ≤ 0.05). 
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Figure 5. Characterization of PU/GNP coatings: surface topography of PU film (substrate), PU coating (PU coating on PU substrate) and PU/GNP coatings with different GNP concentration and GNP:PU ratio produced by dip coating with different GNP concentration and GNP to PU weight ratio. Images were obtained by SEM (scale bar = 10 µm); yellow circles indicate spherical agglomerates observed in the surfaces. 
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Figure 6. Characterization of PU/GNP coatings: surface wettability of PU (control) and PU/GNP coatings with different GNP concentration and GNP:PU ratio, obtained by water optical contact angle measurements. * statistically significantly different from control (PU) (one-way ANOVA; p ≤ 0.05). 
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Figure 7. Characterization of surface chemistry of PU/PU and PU/GNP coatings with intermediate GNP concentration (0.5 mg/mL) and intermediate GNP:PU ratio (1:0.5): XPS survey spectra and C/O ratios (left panel) and Raman spectra (right panel). 
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Figure 8. Antibacterial activity of PU/GNP coatings with different GNP concentration and GNP:PU ratio towards adherent S. epidermidis after 24 h incubation. Images of live/dead bacteria staining (Draq5/PI) (scale bar = 10 µm) and total and dead adherent bacteria per mm2 determined from total/dead staining. *, o, ∆ and # statistically significantly different from control PU film (PU), from PU coating on PU (PU/PU), from both and differences between the correspondent non-oxidized samples, respectively (Kruskal–Wallis; p ≤ 0.05). 
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Figure 9. Antibacterial activity of PU/GNP coatings with different GNP concentration and GNP:PU ratio towards planktonic S. epidermidis after 24 h incubation determined by viable cell count. *, o, ∆ and # statistically significantly different from control PU film (PU), from PU coating on PU (PU/PU), from both and differences between the correspondent non-oxidized samples, respectively (one-way ANOVA (B); p ≤ 0.05). 
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