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Abstract

:

In this study, superhydrophobic ZnO/Polytetrafluoroethylene (ZnO/PTFE) films with water droplet contact angles (CA) observed as high as 165° and water droplet sliding angles of (SA) <1° have been prepared on glass substrates by RF magnetron sputtering. The PTFE was wrapped on a nano-rod made of a ZnO film with superhydrophobic properties while providing excellent UV resistance compared to hexadecyltrimethoxysilane (HDTMS) hydrophobic agents. The upper surface of the rough ZnO film was coated with PTFE, and most of the underlying coating was bare ZnO, which could well make contact with bacteria. For the Gram-negative strain, E. coli, the cell viability count of the ZnO/PTFE sample (3.5 log reduction, 99.96%) was conspicuously lower than that of the ZnO/HDTMS sample (1.2 log reduction, 93.87%) under 1 h illumination of UV light, which showed that the ZnO/PTFE sample has a better photocatalytic property than the ZnO/ HDTMS films. The ZnO/PTFE films also showed good mechanical robustness, which is an important consideration in their widespread real-world adoption.
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1. Introduction


Bacterial biofilms are known as a serious threat to human health which can cause secondary contamination in their transportation, storage, sales and use [1]. Bacterial infections lead to the deaths of a large number of patients worldwide every year [2,3,4]. The use of antibacterial products is considered an effective way to prevent microbial harm, which can reduce people’s chances of disease and medical expenses [5,6].



At present, there are two main research points for antibacterial materials; one is to inhibit the formation of bacterial biofilms on the surface, and the other is to kill the bacteria present on the coating [7,8,9]. Superhydrophobic surfaces (SHS) showing low bacterial adhesion due to their self-cleaning performance have been considered a promising strategy to limit bacterial attachment and subsequent biofilm formation [10,11,12,13]. There are many methods for preparing superhydrophobic coatings reported in recent years, which are mainly divided into two types: one is to change the roughness to obtain superhydrophobicity, and the other is to reduce the surface energy through chemical modification to form a superhydrophobic surface. In our earlier work, nano-structured ZnO/HDTMS coatings with excellent superhydrophobic properties have been successfully prepared by radio frequency magnetron sputtering, which has the advantages of convenience, good controllability of parameters, and easy mass production. However, Hwang et al. [14] showed that the anti-adhesion activity of superhydrophobic surfaces is short-lived and that their rough nature may actually enhance bacterial colonization over the longer term, which is bad for their use in healthcare or food-preparation environments.



The photocatalytic method is widely used in the field of sterilization due to its environmental protection and high efficiency [15,16,17]. Some metal elements such as silver, titanium, and zinc can absorb ultraviolet light to activate oxygen in the air or water to produce hydroxyl radicals and reactive oxygen ions that react with bacterial cells, destroying their normal structure and thereby causing them to die or lose their ability to proliferate [18,19,20,21]. The coatings, when combined with superhydrophobic and photocatalytic properties, can effectively reduce bacterial adhesion and kill adherent bacteria, but the hydrophobic agent could be simultaneously decomposed under photocatalysis. This has also been verified in this paper, and the hydrophobicity of ZnO/HDTMS decreased significantly after a few hours of exposure to UV light.



In previous research reports, almost all micro-/nano-structured surfaces of superhydrophobic antibacterial coating samples have a low surface energy. Few have prepared superhydrophobic coatings with low surface energy on the upper surface and superhydrophilic properties inside the coating, or studied the antibacterial properties of the coatings. Since RF magnetron sputtering does not require the target as an electrode to be conductive, DC magnetron sputtering is limited to the use of metal targets or non-metallic targets with a resistivity within a certain range. Therefore, the RF magnetron sputtering method is chosen to prepare the PTFE thin film. In this paper, ZnO, due to its photocatalytic property, was used to construct the rough rod-like nanostructure of the superhydrophobic coating based on RF magnetron sputtering, and PTFE, due to its low surface energy (~18 mN/m) and excellent UV resistance, was coated on the nanorods on the upper surface of the rough ZnO coating so that the entire ZnO/PTFE coating had excellent superhydrophobic properties. The vast majority of the underlying coating is still ZnO, which contributed to it maintaining its own photocatalytic properties.




2. Materials and Methods


2.1. Materials


The Zn targets (99.99% purity, diameter of 60 mm, and thickness of 5 mm) and the PTFE targets (diameter of 60 mm and thickness of 5 mm) were purchased from Beijing HeZong Science & Technology Co., Ltd., Beijing, China, absolute ethanol (99.5%) was obtained from Chengdu KeLong Chemical Co., Ltd., Chengdu, China, deionized water (15.6 MΩ·cm) was used to clean the substrates. Standard microscope glass slides and the sand grains that were used to test the wear resistance were purchased from VWR International, Inc., Radnall, PA, USA.




2.2. Fabrication


Microscope glass slides were ultrasonically cleaned in absolute ethanol and deionized water for 10 min in each and dried for 30 min in a drying oven at 90 °C before use as substrates. Zinc coatings were prepared by RF magnetron sputtering (JPGF-480, Shenyang Scientific Instruments Co., Ltd., Shenyang, China) of a Zn target. The glass slides were fixed in the deposition chamber at a distance of 10 cm from the target. The chamber was pumped to vacuum (5 × 10−3 Pa) before introducing argon gas. Films were deposited with a constant sputtering power (120 W) under Ar atmosphere at 1 Pa for 15 min. The deposited films were then annealed to the ZnO film in a muffle furnace at 400 °C for 30 min. Upon cooling to ambient temperature, the ZnO films were fixed in the deposition chamber at a distance of 10 cm from the PTFE target. The chamber was pumped to vacuum (5 × 10−3 Pa) before introducing argon gas. The ZnO films were coated for 2 min with PTFE using RF magnetron sputtering (120 W, 1 Pa), and finally yielding superhydrophobic ZnO/PTFE surfaces. The process for the fabrication of ZnO/HDTMS sample can be found in our previous work [22].




2.3. Characterization


The wettability of the samples was evaluated using an optical contact angle meter (Drop Meter A-100P, MAIST Vision Inspection & Measurement Co., Ltd., Ningbo, China). The surface morphology and the elemental composition of the superhydrophobic samples were observed by a field emission scanning electron microscope (FESEM/EDS, S-3400N, Hitachi Ltd., Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy (EDS), for which samples were prepared by sputtering a thin layer of Au onto the surface. ATR-FTIR measurements were taken over a range of 700–4000 cm−1 using a Perkin-Elmer Spectrum-100 (Ge crystal) equipped with a universal ATR attachment.




2.4. UV Activated Antimicrobial Test


Both the Gram-positive and Gram-negative bacteria were used to assess the antimicrobial activity of the material. The protocol was adapted from that of Macdonald et.al. [23]. For each test, one bacteria colony was incubated in brain heart infusion broth (BHI, Oxiod) at 37 °C with a shear speed of 200 rpm for 18 h. The pellet was recovered by centrifugation (5000 rpm for 5 min) and then washed with a sterilized phosphate-buffered saline (PBS, 10 mL) and re-suspended in PBS solution (10 mL). The washing process was repeated three times. The bacterial suspension was diluted to 1000-fold by putting the 10 µL aliquot into 10 mL of fresh PBS in order to obtain an initial inoculum with approx. 105~106 CFU/mL. A total of 15 µL of the initial inoculum was placed on top of each specimen and covered with a sterile cover slip (22 mm × 22 mm) (VWR). The specimen was then irradiated by UV light (UVItec LI-208.BL, 2 × 8 W, 365 nm, ~0.16 mW/cm2) for up to an hour. A further set of samples was maintained in the dark for the same time period as the UV irradiation. Post irradiation, each sample system was added to sterilized PBS (450 µL) and vortexed (30 s). The neat suspension (450 µL) was diluted in a stepwise process up to 100-fold. Each ten-fold serial dilution (100 µL) was placed onto an appropriate agar (Macconkey agar for E. coli and Manitol Salt agar for S. aureus) for viable counts. The plates were incubated aerobically at 37 °C for 24 h (E. coli) or 48 h (S. aureus). Each sample type contained two technical replicates and each test was reproduced three times.





3. Results


3.1. Chemical Composition


Thin films of ZnO/PTFE were deposited on microscope slides via RF magnetron sputtering with Zn and PTFE targets. The films covered 100% of the substrate and were well adhered to the glass. Figure 1a,b show the EDS spectra of ZnO and the ZnO/PTFE film; the atom concentrations of Zn and O elements on the ZnO film were 50.97% and 49.03%, respectively. The elemental composition of the superhydrophobic ZnO/PTFE film appears to have Zn, O, C and F, with the atom concentrations corresponding to 16.56%, 15.80%, 36.62% and 31.02%, respectively.




3.2. SEM Analysis


Superhydrophobic ZnO/PTFE thin films were successfully deposited by RF magnetron sputtering whereby textured ZnO was sputtered onto the glass substrate, followed by a coating of PTFE to yield the superhydrophobic films. Scanning electron microscopy (SEM) of the films revealed a highly textured nanostructure at various magnifications, as shown in Figure 2. It is apparent that the untreated ZnO surface uniformly comprised popcorn-like clusters of nanoparticles, as shown in Figure 2a–c. The porous structure suggests a large surface area available for coating by the PTFE, as well as great potential for the trapping of air by sessile water droplets; both are important factors in the fabrication of superhydrophobic surfaces. Figure 2d–f show the structure of the ZnO surface coated with PTFE sputtered for 2 min under 100 W. It was found that the diameter of the nanoparticles in Figure 2f were a little larger compared with those in Figure 2c due to the thin PTFE film coating, which turned the superhydrophilic ZnO surface into the superhydrophobic ZnO/PTFE surface.



To describe the relationship between surface wettability and heterogeneous surfaces, Cassie and Baxter [24,25] proposed the following equation:


cos θc = cos θ − f2 (cos θ + 1),



(1)




where f2 is the fraction of air in the composite surface, and θc and θ are the contact angles on the rough and untextured surfaces, respectively. When the contact angle θ of the untextured surface is constant, a lower f2 would lead to a larger contact angle θc of the superhydrophobic surface. The contact angle of the surface increased to 165°, as shown in Figure 2d, which is far above that of the bare surface, and the sliding angle greatly reduced to less than 1° demonstrating superhydrophobic properties. The contact angle of the flat PTFE film has been shown to be 116°. The f2 value was calculated for the superhydrophobic ZnO/PTFE film to be about 0.94 according to Equation (1), which indicates that the actual fraction of contact area between the solid surface and the water surface was only 0.06.




3.3. UV Resistance


In order to test the UV resistance of the superhydrophobic ZnO/PTFE surfaces, the samples were exposed to UV light (320–420 nm, 0.9 W/m2) for 6 h at 25 °C, and the contact angle (CA) and sliding angle (SA) of the ZnO/PTFE and ZnO/HDTMS surfaces were both measured after each 1-h period, as shown in Figure 3. It was found that the wettability of ZnO/HDTMS surfaces dropped significantly after irradiation, with the CA decreasing from 166° to 105° and the SA increasing from 1° to 37°. Meanwhile, the ZnO/PTFE surface still exhibited consistent superhydrophobicity with a contact angle of 165° and a sliding angle < 1° after irradiation for 6 h, showing a superior UV-stability. This can be ascribed to the C–F bonds with high bond energy (485 kJ/mol) on the long chain of PTFE coated on to the ZnO surface. These C–F bonds cannot be broken by the UV light (314–419 kJ/mol) [26]. But, the C–H bonds of HDTMS could be easily damaged by the UV light.




3.4. Antimicrobial Performance


The antimicrobial efficacy of the ZnO/PTFE and ZnO/HDTMS samples were quantitatively assessed by adopting a well-developed plate count method under UV illumination. Strains chosen were spread across Gram-positive bacterium and Gram-negative bacterium. Staphylococcus aureus 8325-4 [27] is one of the representative staphylococcal lineages that was refined for laboratory use. E. coli ATCC 25922 [28], a non-diarrheagenic pathogen that is considered as standard, is a commonly used clinical strain for microbiological research.



In this study, we investigated the CFU counts on the ZnO/PTFE and ZnO/HDTMS superhydrophobic surfaces and their corresponding controls in response to UV light with mild intensity. Each strain was used in a total of three trials so as to obtain reliable and reproducible results. Figure 4a,b show that upon irradiation with UV light, both S. aureus and E. coli bacteria were growing on the bare microscope slides. This indicates that the long wavelength UV light on its own is not capable of eradicating either of the bacterium. The CFU counts of bare microscope slides in both dark and illuminated conditions also suggest that the slides provide a hospitable “hotbed” for bacteria to proliferate on at room temperature.



From Figure 4a,b the graphs reveal the same trend with neither the ZnO/PTFE nor the ZnO/HDTMS superhydrophobic samples exhibiting significant antibacterial activity under dark conditions when tested against S. aureus and E. coli. The ZnO/PTFE sample has 0.06 log (13%) and 0.12 log (24%), respectively, and ZnO/HDTMS sample has 0.24 log (~43%) for both strains compared to the dark control (microscope slide). It is postulated that the trivial bactericidal activity of ZnO in both the ZnO/PTFE and ZnO/HDTMS samples in the absence of a light source can be attributed to the attachment of ZnO to bacterial cell walls, which subsequently causes the dissolution of local ZnO and therefore increases the concentration of Zn2+ ions within the bacterial cytoplasm [29].



Both the teichoic acid and lipopolysaccharide shown in Figure 5a,b are rich in polyphosphate anions in these two species, and can be found in peptidoglycan layer of the Gram-positive bacteria and the outer membrane of the Gram-negative bacteria, respectively. They are considered to be the active sites for ZnO to attach to the bacteria cell wall [30,31]. As a consequence, teichoic acid or lipoteichoic acid could facilitate ZnO dissolution via the formation of ionic salts with Zn2+ ions. The Zn2+ ions then reach the cytoplasm through the peptidoglycan layer or outer membrane via the facilitator metalloproteins, and therefore becomes cytotoxic [32].



With long wavelength irradiation (365 nm), however, both the ZnO/PTFE and ZnO/HDTMS surfaces demonstrated remarkable antimicrobial activity. Illumination of samples containing ZnO resulted in the enhancement of photo-activated bactericidal activity. The ZnO/PTFE sample obtained a 3.7 log reduction when tested against S. aureus whereas the ZnO/HDTMS sample demonstrated a 0.9 log reduction for a 30 min incubation duration, which are equivalent to 99.98% and 88.86% reductions compared to their illuminated control. For the Gram-negative strain, E. coli, the cell viability count of the ZnO/PTFE sample (3.5 log reduction, 99.96%) was conspicuously lower than that of the ZnO/HDTMS sample (1.2 log reduction, 93.87%) under 1 h illumination of UV light. Both of these results show that the ZnO/PTFE sample has a greater photobactericidal property than the ZnO/HDTMS sample.



ZnO is believed to have an intrinsic photocatalytic efficiency; therefore, it can absorb UV radiation efficiently [33]. This characteristic enables the ZnO to interact with the bacteria. Upon UV illumination, any loosely attached oxygen will desorb from the surfaces and therefore be converted to a reactive oxygen species (ROS) such as H2O2 OH− and O2−. Therefore, by penetrating the bacterial cell, these active species can eradicate microorganisms. Compared with the ZnO/HDTMS sample, in which ZnO nanorods were completely coated with the modifier, only the upper part of the ZnO/PTFE sample is coated in PTFE; the entire underlying coating was bare ZnO, which could well make contact with bacteria, showing its photocatalytic property.




3.5. Wear Resistance


To test the wear resistance of the ZnO/PTFE films, 10 g of sand grains was dropped from a 50 cm height onto the 30° tilted ZnO/PTFE surface, as shown in the online supplementary Video S1. After the impact of the sand grains, the water droplet CA and SA were measured; the CA was still higher than 153° and the SA was <5°, and thus retained excellent superhydrophobicity. Figure 6a,b shows the surface structure of the superhydrophobic ZnO/PTFE film after the sand impingement. As can be seen from the figure, the nano-sized ZnO/PTFE protrusions on the film surface still maintained a good roughness. The same method was used to test the wear resistance of the ZnO/HDTMS films, and the results showed that the contact angle was still greater than 152° and the sliding angle was less than 5°. This observation is apparently due to the strong adhesion of the ZnO clusters to the glass substrate and the fact that most of the ZnO/PTFE protrusions were able to resist sand grain impingement at a certain height. This property is of great importance for the long-term use of this superhydrophobic film.





4. Conclusions


ZnO/PTFE films with nanorod structures were successfully fabricated on glass slides by RF magnetron sputtering using Zn and PTFE targets, which combined both superhydrophobic and bactericidal properties. The rod-like ZnO structure on the upper layer was wrapped by PTFE, which presented low surface energy, and thus demonstrated excellent superhydrophobic properties with water droplet contact angles of up to 165°, which can effectively resist the adhesion of bacteria. Moreover, most of the ZnO nano particles inside were in a bare state, showing superhydrophilic properties, which can remove the adhering bacteria by photocatalysis, achieving an excellent antibacterial effect. The ZnO/PTFE films also showed excellent stability for UV/wear resistance. This method for ZnO/PTFE deposition is cheap and straightforward, promising a route to larger-scale antimicrobial superhydrophobic coating fabrication, while the approach of combining superhydrophobic and superhydrophilic properties opens up the field to a huge variety of potential material combinations in antimicrobial coating designs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/mi14071292/s1, Video S1: Test for the wear resistance.





Author Contributions


Conceptualization, A.Z. and K.W.; writing—original draft preparation, K.W.; writing—review and editing, A.Z.; supervision, Y.L.; funding acquisition, J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of Zhejiang Province, grant number LZY21E050003.




Data Availability Statement


The data used to support the findings of this study are available from the corresponding author upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Di Domenico, E.G.; Oliva, A.; Guembe, M. The Current Knowledge on the Pathogenesis of Tissue and Medical Device-Related Biofilm Infections. Microorganisms 2022, 10, 1259. [Google Scholar] [CrossRef] [PubMed]

	



Vaillancourt, M.; Jorth, P. The Unrecognized Threat of Secondary Bacterial Infections with COVID-19. mBio 2020, 11, e01806-20. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yang, Y.; Shi, Y.; Song, H.; Yu, C. Antibiotic-Free Antibacterial Strategies Enabled by Nanomaterials: Progress and Perspectives. Adv. Mater. 2020, 32, e1904106. [Google Scholar] [CrossRef] [PubMed]

	



Zaborowska, M.; Welch, K.; Brånemark, R.; Khalilpour, P.; Engqvist, H.; Thomsen, P.; Trobos, M. Bacteria-material surface interactions: Methodological development for the assessment of implant surface induced antibacterial effects. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 179–187. [Google Scholar] [CrossRef]

	



Barbieri, R.; Coppo, E.; Marchese, A.; Daglia, M.; Sobarzo-Sánchez, E.; Nabavi, S.F.; Nabavi, S.M. Phytochemicals for human disease: An update on plant-derived compounds antibacterial activity. Microbiol. Res. 2017, 196, 44–68. [Google Scholar] [CrossRef]

	



El-Naggar, M.E.; Hasanin, M.; Hashem, A.H. Eco-Friendly Synthesis of Superhydrophobic Antimicrobial Film Based on Cellulose Acetate/Polycaprolactone Loaded with the Green Biosynthesized Copper Nanoparticles for Food Packaging Application. J. Polym. Environ. 2021, 30, 1820–1832. [Google Scholar] [CrossRef]

	



Qiu, H.; Pu, F.; Liu, Z.; Deng, Q.; Sun, P.; Ren, J.; Qu, X. Depriving Bacterial Adhesion-Related Molecule to Inhibit Biofilm Formation Using CeO(2) -Decorated Metal-Organic Frameworks. Small 2019, 15, e1902522. [Google Scholar] [CrossRef]

	



El-Tarabily, K.A.; El-Saadony, M.T.; Alagawany, M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Elwan, H.A.M.; Elnesr, S.S.; EAbd El-Hack, M. Using essential oils to overcome bacterial biofilm formation and their antimicrobial resistance. Saudi J. Biol. Sci. 2021, 28, 5145–5156. [Google Scholar] [CrossRef]

	



Li, R.; Chen, T.; Pan, X. Metal-Organic-Framework-Based Materials for Antimicrobial Applications. ACS Nano 2021, 15, 3808–3848. [Google Scholar] [CrossRef]

	



Hizal, F.; Rungraeng, N.; Lee, J.; Jun, S.; Busscher, H.J.; van der Mei, H.C.; Choi, C.-H. Nanoengineered Superhydrophobic Surfaces of Aluminum with Extremely Low Bacterial Adhesivity. ACS Appl. Mater. Interfaces 2017, 9, 12118–12129. [Google Scholar] [CrossRef] [PubMed]

	



Privett, B.J.; Youn, J.; Hong, S.A.; Lee, J.; Han, J.; Shin, J.H.; Schoenfisch, M.H. Antibacterial fluorinated silica colloid superhydrophobic surfaces. Langmuir 2011, 27, 9597–9601. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Pei, X.; Huang, J.; Ke, X.; Xu, C.; Zhao, W.; Li, L.; Weng, Y.; Chen, J. Construction of Hierarchical Micro/Nanostructured ZnO/Cu-ZnMOFs@SA Superhydrophobic Composite Coatings with Excellent Multifunctionality of Anticorrosion, Blood-Repelling, and Antimicrobial Properties. ACS Appl. Mater. Interfaces 2023, 15, 265–280. [Google Scholar] [CrossRef]

	



Chen, F.; Wang, Y.; Tian, Y.; Zhang, D.; Song, J.; Crick, C.R.; Carmalt, C.J.; Parkin, I.P.; Lu, Y. Robust and durable liquid-repellent surfaces. Chem. Soc. Rev. 2022, 51, 8476–8583. [Google Scholar] [CrossRef]

	



Hwang, G.B.; Page, K.; Patir, A.; Nair, S.P.; Allan, E.; Parkin, I.P. The Anti-Biofouling Properties of Superhydrophobic Surfaces are Short-Lived. ACS Nano 2018, 12, 6050–6058. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Yu, J.; Jaroniec, M. Hierarchical photocatalysts. Chem. Soc. Rev. 2016, 45, 2603–2636. [Google Scholar] [CrossRef]

	



Wang, S.; Yang, X.; Zhang, X.; Ding, X.; Yang, Z.; Dai, K.; Chen, H. A plate-on-plate sandwiched Z-scheme heterojunction photocatalyst: BiOBr-Bi 2 MoO 6 with enhanced photocatalytic performance. Appl. Surf. Sci. 2017, 391, 194–201. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yan, H.; Tang, J.; Li, P.; Su, R.; Zhong, H.; Su, W. Dual-mode antibacterial core-shell gold nanorod@mesoporous-silica/curcumin nanocomplexes for efficient photothermal and photodynamic therapy. J. Photochem. Photobiol. A Chem. 2022, 425, 113722. [Google Scholar] [CrossRef]

	



Bruna, T.; Maldonado-Bravo, F.; Jara, P.; Caro, N. Silver Nanoparticles and Their Antibacterial Applications. Int. J. Mol. Sci. 2021, 22, 7202. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Luo, B.; Guet, C.; Narasimalu, S.; Dong, Z. Preparation and Formula Analysis of Anti-Biofouling Titania–Polyurea Spray Coating with Nano/Micro-Structure. Coatings 2019, 9, 560. [Google Scholar] [CrossRef]

	



Akbar, S.; Tauseef, I.; Subhan, F.; Sultana, N.; Khan, I.; Ahmed, U.; Haleem, K.S. An overview of the plant-mediated synthesis of zinc oxide nanoparticles and their antimicrobial potential. Inorg. Nano-Metal. Chem. 2020, 50, 257–271. [Google Scholar] [CrossRef]

	



Kargar, H.; Ardakani, A.A.; Tahir, M.N.; Ashfaq, M.; Munawar, K.S. Synthesis, spectral characterization, crystal structure determination and antimicrobial activity of Ni(II), Cu(II) and Zn(II) complexes with the Schiff base ligand derived from 3,5-dibromosalicylaldehyde. J. Mol. Struct. 2020, 1229, 129842. [Google Scholar] [CrossRef]

	



Liao, R.; Zuo, Z.; Guo, C.; Zhuang, A.; Zhao, X.; Yuan, Y. Anti-icing performance in glaze ice of nanostructured film prepared by RF magnetron sputtering. Appl. Surf. Sci. 2015, 356, 539–545. [Google Scholar] [CrossRef]

	



Macdonald, T.J.; Wu, K.; Sehmi, S.K.; Noimark, S.; Peveler, W.J.; du Toit, H.; Voelcker, N.H.; Allan, E.; MacRobert, A.J.; Gavriilidis, A.; et al. Thiol-Capped Gold Nanoparticles Swell-Encapsulated into Polyurethane as Powerful Antibacterial Surfaces Under Dark and Light Conditions. Sci. Rep. 2016, 6, 39272. [Google Scholar] [CrossRef]

	



Wenzel, R.N. Surface Roughness and Contact Angle. J. Phys. Colloid Chem. 2002, 53, 1466–1467. [Google Scholar] [CrossRef]

	



Cassie, A.B.D.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [Google Scholar] [CrossRef]

	



Coulson, S.R.; Woodward, I.; Badyal, J.P.S.; Brewer, S.A.; Willis, C. Super-Repellent Composite Fluoropolymer Surfaces. J. Phys. Chem. B 2000, 104, 8836–8840. [Google Scholar] [CrossRef]

	



O’Neill, A.J. Staphylococcus aureus SH1000 and 8325-4: Comparative genome sequences of key laboratory strains in staphylococcal research. Lett. Appl. Microbiol. 2010, 51, 358–361. [Google Scholar] [CrossRef] [PubMed]

	



Vermeulen, N.; Keeler, W.J.; Nandakumar, K.; Leung, K.T. The bactericidal effect of ultraviolet and visible light on Escherichia coli. Biotechnol. Bioeng. 2007, 99, 550–556. [Google Scholar] [CrossRef] [PubMed]

	



Joe, A.; Park, S.-H.; Shim, K.-D.; Kim, D.-J.; Jhee, K.-H.; Lee, H.-W.; Heo, C.-H.; Kim, H.-M.; Jang, E.-S. Antibacterial mechanism of ZnO nanoparticles under dark conditions. J. Ind. Eng. Chem. 2017, 45, 430–439. [Google Scholar] [CrossRef]

	



Djurišić, A.B.; Leung, Y.H.; Ng, A.M.C.; Xu, X.Y.; Lee, P.K.H.; Degger, N.; Wu, R.S.S. Toxicity of Metal Oxide Nanoparticles: Mechanisms, Characterization, and Avoiding Experimental Artefacts. Small 2014, 11, 26–44. [Google Scholar] [CrossRef]

	



Gross, M.; Cramton, S.E.; Gotz, F.; Peschel, A. Key Role of Teichoic Acid Net Charge in Staphylococcus aureus Colonization of Artificial Surfaces. Infect. Immun. 2001, 69, 3423–3426. [Google Scholar] [CrossRef] [PubMed]

	



Hood, M.I.; Skaar, E.P. Nutritional immunity: Transition metals at the pathogen–host interface. Nat. Rev. Genet. 2012, 10, 525–537. [Google Scholar] [CrossRef] [PubMed]

	



Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D. Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism. Nano-Micro Lett. 2015, 7, 219–242. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 14 01292 g001 550] 





Figure 1. EDS spectra of ZnO film (a) and ZnO/PTFE film (b) of the superhydrophobic ZnO/PTFE film. 
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Figure 2. FE-SEM images of the superhydrophilic ZnO film (a–c) and the superhydrophobic ZnO/PTFE film (d–f), and an optical photograph of the water droplet on the superhydrophobic ZnO/PTFE surface. 
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Figure 3. Contact angles and sliding angles of the superhydrophobic ZnO/HDTMS and ZnO/PTFE films after different UV exposure times (320–420 nm, 0.9 W/m2, 25 °C). 
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Figure 4. Antimicrobial assay illustrating the kill activity induced by the microscope slide and treated superhydrophobic microscope slides when tested against (a) S. aureus and (b) E. coli at 23 °C under UV irradiation and in the dark for 30 min and 1 h, respectively. Light source emitted with an average intensity of 0.16 mW/cm2. Error bars are standard deviation. 
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Figure 5. Cell wall structures of (a) Gram-positive bacteria and (b) Gram-negative bacteria. 
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Figure 6. SEM images (a,b) of the superhydrophobic ZnO/PTFE film at different magnifications after the sand impingement from 50 cm height. 
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