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Abstract

:

In this study, a durable superhydrophobic antibacterial coating was developed by a facile spraying method. A mixture of bisphenol A diglycidyl ether (BADGE) and hydrophobic SiO2 nanoparticles was sprayed on carbon steel to provide a superhydrophobic substrate. D-cysteine (D-cys) functionalized SiO2/dopamine/silver nanoparticles with multilayer core-shell structure were then sprayed on superhydrophobic substrate to enhance antibacterial performance. The results of morphology observation and X-ray photoelectron spectroscopy (XPS) indicated the successful preparation of antibacterial nanoparticles and presented the hierarchical micro/nanostructures of coating surface. The as-prepared coating exhibited superhydrophobicity, with the water contact angle of ~153°. The coating was endowed with good mechanical durability, which maintained the water contact angle of ~150° after 180 cycles in tape-peel tests. The results of electrochemical impedance spectroscopy showed satisfactory corrosion resistance of this coating during 3 days of immersion in 3.5% NaCl solution. Furthermore, the coating showed excellent antibacterial performances against Escherichia coli and Pseudomonas aeruginosa, which benefited from the synergistic actions of low wettability of superhydrophobic surface, bactericidal behavior of Ag nanoparticles, and biofilm inhibition effect of D-cys.
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1. Introduction


Bacterial adhesion and contamination can lead to the failure of medical equipment and even threaten human life. For example, bacteria adhere to clinical medical devices, such as intubation and endoscope in vivo, resulting in interventional iatrogenic infection. To solve this problem, a variety of antibacterial materials have been proposed and used. Antibiotics are gradually being abandoned because they pollute the environment and increase bacterial resistance. As an alternative, metal nanoparticles have been used in the development of antibacterial materials, including silver (Ag), copper, and zinc [1,2,3]. Ag nanoparticles have widely attracted attention due to their excellent bactericidal effects against some Gram-positive and Gram-negative bacteria, such as Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa [4,5,6,7]. Although the bactericidal mechanism of Ag nanoparticles is not fully elucidated, it is widely believed that Ag nanoparticles can destroy the structure of cell membranes, which change the permeability of cell membranes and lead to cell death [8,9,10]. However, the rapid release of Ag nanoparticles often limits their practical application and cannot achieve the purpose of long-term antibacterial activity. Because of this, other antibacterial methods have been used in combination with Ag nanoparticles.



Inspired by natural lotus leaf, superhydrophobic surfaces show excellent water repellency with low wettability. Superhydrophobic surfaces are surfaces with a water contact angle of more than 150° and a water sliding angle of less than 10°, which are always constructed by combining appropriate micro/nano hierarchical structure with low surface energy materials [11,12,13,14]. Rough surface microstructure can be prepared by various methods, such as anodic oxidation, template, hydrothermal treatment, and sol-gel methods [15,16,17,18,19]. Due to the low surface adhesion property, superhydrophobic surfaces have been used for the application of self-cleaning, antifogging, drag reduction, anticorrosion, oil–water separation, and anti-icing fields [20,21,22,23,24,25]. Recently, superhydrophobic surfaces have attracted increasing attention as a promising strategy to resist the adhesion of bacteria for antibacterial application. Pan et al. used picosecond laser texturing method to fabricate a superhydrophobic surface on AISI 420 martensitic stainless steel [26]. It reduced the adhesion of 99% E. coli and 93% S. aureus, even under oscillation condition. Xun et al. prepared a superhydrophobic surface on the AZ31B magnesium alloy by a facile two-step in situ immersion method and subsequent modification of stearic acid, which also exhibited an antiadhesion property against S. aureus and E. coli [27]. The low microbial adhesion of the superhydrophobic surfaces mainly results from the physical barrier effect of the air film trapped in the rough microstructure. The superhydrophobic surface reduces bacterial adhesion rather than killing bacteria, which effectively avoids the problem of increasing bacterial resistance. However, the fragile microstructure of superhydrophobic surfaces limits their industrial-scale applications [28]. It is necessary to improve the durability of superhydrophobic surfaces for long-term antibacterial application.



D-amino acids are widely found in microorganisms, plants, and animals and are enantiomers of L-amino acids. D-amino acids are the main components of microbial cell wall peptidoglycans, playing an important role in maintaining cell stability and metabolism [29]. Exogenous D-amino acids have been reported to be capable of inhibiting the formation of biofilm [30,31]. Because bacterial cells do not reject exogenous D-amino acids, they can replace endogenous D-amino acids in the peptidoglycan, which causes the change in cell-wall-building proteins and leads to the destruction of the anchoring and crosslinking of intercellular fibers. Several D-amino acids have been reported to be effective in inhibiting biofilms, including D-tyrosine, D-methionine, D-leucine, and D-tryptophan [29]. Leiman et al. tested the biofilm-inhibitory behavior of soil bacterium Bacillus subtilis by D-tyrosine, D-leucine, and D-tryptophan, and found that they prevented biofilm formation at concentrations of 6 μM, 8.5 mM, and 5 mM, respectively [32]. Zilm et al. indicated that D-amino acids could inhibit the biofilm formation and even disrupt the established biofilms produced by Enterococcus faecalis [33]. Cancino-Diaz et al. evaluated the effect of D-amino acids on the biofilm formation of S. epidermidis isolated from healthy skin, conjunctiva, and ocular infection, and found that D-methionine exhibited the best biofilm inhibition property [34]. Moreover, a combination of D-amino acids and other antibacterial agents can greatly enhance the antibacterial effect and reduce the minimal inhibitory concentration of other antibacterial agents [35]. D-amino acids show great potential in the preparation of antibacterial coatings. To date, D-amino acids have been used mainly in their free form and have rarely been used in the development of antibacterial coatings. Moreover, the combination of superhydrophobic surface, Ag nanoparticles, and D-amino acids has not been reported.



This work fabricated a superhydrophobic antibacterial coating combining rough SiO2 nanoparticles/polymer substrate and D-cysteine (D-cys) functionalized SiO2/dopamine/silver nanoparticles through a facile spraying method. The mixture of hydrophobic SiO2 nanoparticles and epoxy polymer not only provided the microstructure required for superhydrophobic surface, but also endowed the coating with good mechanical durability. Antibacterial nanoparticles were further sprayed onto the substrate surface to reinforce antibacterial activity. The structure and composition of antibacterial nanoparticles were characterized with the change in preparation steps to prove the successful assembly. The coating morphology was observed to confirm the successful loading of antibacterial nanoparticles. The hydrophobicity of the coating was evaluated through water contact angle measurements, and the durability of the coating was characterized by tape-peel tests. The antibacterial performances of the coating against Escherichia coli and Pseudomonas aeruginosa were studied, and the antibacterial mechanism was proposed.




2. Experimental Section


2.1. Materials


Tetraethyl silicate, dopamine hydrochloride, and tris (hydroxymethyl) aminomethane were purchased from Aladdin Industrial Corporation (Shanghai, China). Silver nitrate (AgNO3), ethyl ethanol, and acetone were obtained from Sinopharm (Beijing, China). D-cys, bisphenol A diglycidyl ether (BADGE), and Jeffamine D230 hardener were purchased from Sigma-Aldrich (Shanghai, China). The concentrated ammonia was supplied by Beijing Chemical Works (Beijing, China). The silane coupling agent (KH550)-modified SiO2 nanoparticles with a diameter of 200 nm were purchased from China Metallurgical New Material Technology Co., Ltd. (Beijing, China). All chemicals were used as received and without further purification.




2.2. Preparation of Superhydrophobic Antibacterial Coating


The Stöber method was used to prepare SiO2 nanoparticles with a particle size of approximately 600 nm [36]. Dry SiO2 nanoparticles were added to 400 mL Tris-HCl buffer solution (10 mM, pH = 8.5) containing dopamine hydrochloride (2.0 mg/mL), with the pH value of 8.5, and the solution was stirred slowly at a speed of 100 rpm/min for 24 h. Afterwards, the polydopamine (PDA)-coated nanoparticles were immersed in 400 mL AgNO3 solution (5.0 mg/mL) and stirred slowly at 100 rpm/min for 1 h. During the AgNO3 treatment, the conical flask containing the AgNO3 solution and nanoparticles was completely wrapped in tin foil to protect it from light. The Ag-deposited nanoparticles were then added to 400 mL D-cys solution (10.0 mmol/L) and stirred at 100 rpm/min for 5 h. After washing with deionized water, the preparation of antibacterial nanoparticles was completed. The above steps were all performed at room temperature. The preparation process is shown in Figure 1.



Q235 carbon steels with a dimension of 10 mm × 10 mm × 3 mm were polished by abrasive papers until reaching 800 grit, followed by washing with ethyl alcohol under ultrasonic treatment and drying in air. A total of 1.2 g of hydrophobic KH550-modified SiO2 nanoparticles and 3.0 g of BAGDE were added to 30 mL of acetone. After 20 min of sonication at temperature, 1.0 g of Jeffamine D230 was added under mechanical stirring. The mixture solution was sprayed on the carbon steel surface using a spray gun with an air pressure of 0.5 MPa. After 5 times of spraying, the rough polymer-based superhydrophobic substrate was established. Subsequently, 1.0 g of antibacterial nanoparticles was added to 20 mL of acetone and dispersed by ultrasonic treatment for 15 min at temperature, followed by spraying on the superhydrophobic substrate. After curing at 45 °C for 24 h, the superhydrophobic nanocomposite coating was obtained. The whole preparation process is shown in Figure 2. The superhydrophobic substrate and final superhydrophobic nanocomposite coating are hereinafter referred to as SS and SNC.




2.3. Surface Characterization


The surface morphologies of synthesized nanoparticles and prepared coatings were observed by field emission scanning electron microscopy (FE-SEM, JSM-7610FPlus, JEOL, Tokyo, Japan). The structure of synthesized nanoparticles was characterized by transmission electron microscope (TEM, F200X G2, Talos, City of Industry, CA, USA). The 3D profile and roughness of prepared coating were characterized by confocal laser scanning microscopy (CLSM, KEYENCE VK-X, Tokyo, Japan). The chemical composition of the synthesized nanoparticles was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi, USA). The surface wettability of prepared coatings was measured by a goniometer (Data physics OCA20, Germany). The sessile drop method with a 5 μL water droplet was used to measure the water contact angle of sample surface at room temperature. The sliding angle was measured by tilting the sample surface until a 10 μL water droplet slid off.




2.4. Mechanical Durability Tests


The mechanical durability of the superhydrophobic nanocomposite coating was evaluated by the tape-peel tests. The 3M tape was pressed on the surface of the prepared coating at a pressure of 30 kPa to ensure a good contact between the coating surface and the 3M tape. A 300 g weight was placed on the 1 cm × 1 cm sample surface covered with tape to control the pressure. Then, the tape was peeled off from the coating surface, and the water contact angle and sliding angle of the coating surface were measured. The above process was a cycle. The cycle was repeated 180 times, and the variation of the water contact angle and sliding angle was recorded.




2.5. Electrochemical Tests


The corrosion resistance of the SS and the final SNC samples was evaluated by electrochemical impedance spectroscopy (EIS) using an electrochemical station (PARSTAT 2273, AMETEK, Berwyn, PA, USA). A three-electrode system was adopted, in which the steels with and without coatings acted as the working electrode, the platinum sheet acted as the counter electrode, and the saturated calomel electrode acted as the reference electrode. After 1 day and 3 days of immersion in 3.5% NaCl solution, EIS measurements were performed at the open circuit potential (OCP) in the frequency range of 105 Hz to 10−2 Hz.




2.6. Antibacterial Activity Tests


The E. coli (ATCC 8739) and P. aeruginosa (MCCC 1A00099) strains were used for antibacterial activity tests. The E. coli strain was purchased from the American Type Culture Collection (ATCC), and the P. aeruginosa strain was purchased from the Marine Culture Collection of China (MCCC). Before the antibacterial activity tests, the E. coli strain was incubated in lysogeny broth (LB) medium and the P. aeruginosa strain was incubated in 2216E culture medium at 37 °C overnight. During the inoculation process, the bacterial cells were first diluted with phosphate-buffered saline (PBS) solution. The diluted solution of E. coli was inoculated into new LB liquid culture medium, and the diluted solution of P. aeruginosa was inoculated into new 2216E liquid culture medium. The initiation concentration of these bacteria cells was adjusted to 1.0 × 106 cells·mL−1. Then, the SS and the final SNC samples were, respectively, immersed in different inoculated culture media and incubated at 37 °C for 1 day and 3 days.



After 1 day and 3 days of incubation, the samples were taken out from the culture medium and washed with PBS to remove planktonic bacterial cells. Then, the samples were immersed in the glutaraldehyde solution for 8 h to fix the adherent bacterial cells. Subsequently, the fixed bacterial cells were continuously dehydrated with 50%, 60%, 70%, 80%, 90%, and 100% ethanol (v/v) for 10 min at each concentration. The morphologies of the adherent bacterial cells were observed by FE-SEM (JSM-F100, JEOL, Tokyo, Japan).



The live/dead biofilm-staining tests were adopted to further observe the adhesion of the bacterial cells on different sample surfaces. After 1 day and 3 days of exposure in the culture medium, the samples with adherent bacterial cells were removed from the culture medium and stained with SYTO-9 and propidium iodide (PI) dyes in PBS for 20 min in the dark. The live/dead conditions of the adherent bacterial cells were observed by a confocal laser scanning microscope (CLSM, TCS-SP5, Leica, Bensheim, Germany). In the CLSM image, live cells and dead cells were stained with green fluorescence and red fluorescence, respectively. The coverage area of adherent bacterial cells was calculated using the Image J software (Version 1.49, 2015, National Institutes of Health, Bethesda, MD, USA). For the antibacterial activity tests method, refer to previous reports [35,37].




2.7. The Release of Ag Ions and D-cys


The SS and SNC samples were immersed in 2 mL of sterile LB culture medium at 37 °C for 1 day and 3 days. During the immersion process, the concentration of released Ag ions from the sample surfaces in the medium was monitored by an inductively coupled plasma mass spectrometry (ICP-MS, ICAP-MS-Qc, Thermo Scientific, Waltham, MA, USA). At the same time, the concentration of released D-cys from the sample surfaces was also measured by a micro cysteine content assay kit (Solarbio, Beijing, China).





3. Results and Discussion


3.1. Characterization of Antibacterial Nanoparticles


A mussel-inspired strategy was employed to fabricate multilayer antibacterial nanoparticles, as shown in Figure 1. Dopamine can spontaneously polymerize on any organic or inorganic material surfaces [38]. The formed polydopamine membrane provides the pretreatment layer and reaction site for the subsequent deposition of Ag nanoparticles. The SiO2 nanoparticles with a diameter of approximately 600 nm showed a smooth surface (Figure 3a,b). The thin and rough polydopamine layer on SiO2 nanoparticles can be distinguished by SEM and TEM, as shown in Figure 3c,d. Catechols in the polydopamine structure are capable of reducing Ag+ in AgNO3 solution to form Ag nanoparticles [39]. After immersion in AgNO3 solution, obvious tiny particles with a diameter of approximately 50 nm were homogeneously distributed on the surface of polydopamine membrane (Figure 3e,f). The size of Ag particles is related to the immersion time, and the decrease in the size of Ag particles is helpful to improve the bactericidal ability [40]. Hence, nanoscale Ag particles are often used to build antibacterial surface materials [41,42]. Subsequently, D-cys molecules were grafted to the outermost layer of antibacterial nanoparticles relying on the strong silver-thiol groups (Figure 3g,h) [35]. The whole preparation procedure is facile and easy to operate, which includes a continuous immersion process and a series of spontaneous reactions at room temperature. Through the above treatments, the surface of SiO2 nanoparticles possesses the ability of sterilization and biofilm formation inhibition.



To further determine the successful fabrication of antibacterial nanoparticles, the chemical compositions of the nanoparticle surfaces after different fabrication steps were characterized by XPS, as shown in Figure 4. After treatment with dopamine hydrochloride, the peak of N appeared on the spectrum at the binding energy of approximately 400 eV (Figure 4a). The high-resolution spectrum of N element was fitted with four peaks at the binding energies of ~401.1 eV, ~400.0 eV, ~399.3 eV, and ~398.4 eV, which were associated with the –NH3+, –NH2, –NH–, and –N = groups in polydopamine structure [43,44] (Figure 4b). It indicated the successful encapsulation of polydopamine membrane. After treatments with AgNO3, the peaks of Ag can be observed clearly on the spectrum at the binding energy of approximately 370 eV. Furthermore, the high-resolution Ag 3d spectrum in Figure 4c was divided into two peaks at the binding energies of ~374.2 eV and ~368.3 eV, which were attributed to Ag3d5/2 and Ag3d3/2, respectively [45,46]. When the D-cys was modified on the surface of nanoparticles, a peak of S element appeared at the binding energy of approximately 162.5 eV (Figure 4d), which was related to the Ag-thiol groups, sulfur, and thiolate in D-cys structure [47,48]. The results of XPS demonstrated that the Ag nanoparticles and the D-cys were successfully grafted on the polydopamine surface. Based on the SEM, TEM, and XPS analysis, the successful preparation of antibacterial nanoparticles was confirmed.




3.2. Surface Morphology of Antibacterial Coating


Figure 5 shows the surface morphologies and surface roughness of SS and SNC, respectively. The surface of the SS exhibited a rough microstructure with some agglomerates, which was caused by the aggregation of SiO2 nanoparticles (Figure 5a). The BADGE wrapped on the surface of SiO2 nanoparticles can be observed in Figure 5b. According to CLSM analysis, it can be seen that the size of the agglomerates was between 200 μm and 300 μm, and the surface roughness (Sa) of the SS was approximately 79.7 μm (Figure 5c,d). As shown in Figure 5e,f, after spraying the antibacterial nanoparticles, the surface morphology was significantly changed. A large number of tiny particles with the diameter of less than 1 μm uniformly covered the coating surface. Micro/nano hierarchical structures were established on the antibacterial coating surface, which was the typical physical structure required for superhydrophobic surfaces. The coating of antibacterial nanoparticles increased the cluster size to more than 300 μm, which also increased the surface roughness to approximately 114.4 μm (Figure 5g,h). In this study, antibacterial nanoparticles have dual functions: providing nanoscale morphology and enhancing antibacterial ability. The results of SEM observation indicated that the antibacterial nanoparticles were successfully loaded onto the SS, and the antibacterial SNC was prepared.




3.3. Surface Wettability


The surface wettability of steel surface, SS, and SNC is shown in Figure 6. The surface of carbon steel exhibited a water contact angle of approximately 100° (Figure 6a). The water droplet appeared hemispherical on the surface of the steel (Figure 6b). After the mixture of epoxy resin and SiO2 nanoparticles was sprayed on the carbon steel surface, the water contact angle of the sample surface was significantly increased to more than 150°, and the water droplet displayed an almost complete sphere on the sample surface. At this time, the superhydrophobic state was obtained. This resulted from the increased surface roughness by the accumulation of SiO2 nanoparticles. The air film was trapped between the liquid and solid substrate. The contact model between the water droplet and the sample surface can be explained by Cassie and Baxter model, which was calculated by the following formula [49]:


Cosθ = fSL·(cosθSL + 1) − 1



(1)




in which fSL represents the area fractions of solid/liquid interface. θSL is the intrinsic contact angles of solid/liquid interface. After the antibacterial nanoparticles were loaded, the water contact angle of the sample surface changed little. Due to abundant hydroxyl groups in catechol of polydopamine, the antibacterial nanoparticles will increase the surface energy of the coating surface slightly due to the hydrophilic property of polydopamine [50,51]. Hence, although the roughness of the sample surface was improved according to the CLSM images, the water contact angle did not change significantly. In addition, the sliding angle of the coating surface was approximately 7°, and the rolling state of a water droplet on the sloping sample surface was recorded, as shown in Figure 6c. In less than 1 s, the water droplet rolled away from the camera. The low adhesion of the water droplet can be seen from Figure 6d so that a slight contact could not bring the water droplet down from the needle tip. Even large amounts of water could not adhere to the sample surface (Figure 6b). The antibacterial coating exhibited good superhydrophobicity and excellent low wettability.




3.4. Mechanical Durability


Poor mechanical property is one of the problems restricting the practical application of superhydrophobic surfaces. The physical microstructure and low surface energy chemical composition of the superhydrophobic surface are easily destroyed by external forces or ultraviolet light. To overcome this problem, this study improved the mechanical strength of the superhydrophobic antibacterial coating from three aspects, including the crosslinking of silane coupling agent, the bonding of polymer resin, and the reinforcement of antibacterial nanoparticles. The SiO2 nanoparticles had high hardness, and the wrapping and bonding of the polymer resin kept the SiO2 framework. The crosslinking of KH550 further improved the binding force between polymer and inorganic SiO2 nanoparticles. In addition, the integration of nanostructures also contributed to the durability of superhydrophobic surfaces [28]. The spraying of antibacterial nanoparticles provided the surface nanostructures. When the micrometer scale structures were abrased, the nanostructures between micrometer scale clusters remained intact, continuing to provide the roughness required for superhydrophobicity. In this work, the mechanical durability of the SNC was evaluated through the tape-peel tests. The schematic of the tape-peel tests is shown in Figure 7a. Figure 7b shows the variation in water contact angle and sliding angle of the SNC surface as a function of tape-peeling cycles. After 180 tape-peeling cycles, the water contact angle was only slightly reduced to around 150° and the sliding angle was maintained under 10°. From further SEM observation, it can be clearly seen that the hierarchical micro/nanostructures were still retained (Figure 7c,d), which ensured the storage of the air film and the formation of Cassie and Baxter contact model between the sample surface and water droplet. The tape-peel test is a commonly used method to study the mechanical durability of antibacterial coatings. More peeling times represent good mechanical strength and adhesive force, indicating that the antibacterial coating has the ability to resist external physical damage. In this paper, the tape-peeling cycle was carried out 180 times, which was more than that of other reported works [52,53,54]. The results of tape-peel tests suggested that the surface of the SNC had good mechanical durability.




3.5. Corrosion Resistance Analysis


The EIS spectra for the carbon steel, SS, and SNC after 1 day and 3 days of immersion in 3.5% NaCl solutions are shown in Figure 8. After 1 day of exposure, the SNC exhibited the largest capacitive arc radius, while the carbon steel showed the minimum capacitive arc radius in the Nyquist plots (Figure 8a). In corresponding Bode plots (Figure 8b), the low-frequency impedance modulus (|Z|0.01Hz) of SNC reached 1.47 × 1010 Ω·cm2, which was almost twice as much as that of the SS (6.29 × 109 Ω·cm2). |Z|0.01Hz of pure steel surface was only 1.22 × 103 Ω·cm2. After spraying the SNC, the|Z|0.01Hz value increased by about seven orders of magnitude. The low-frequency impedance modulus is always adopted as a relatively intuitive indicator of the corrosion resistance performance of anticorrosive coatings [55]. The |Z|0.01Hz value of the SNC was much higher than that of carbon steel and close to that of the pure epoxy coating [17]. Moreover, the phase-angle plots of SS and SNC showed only one time constant, suggesting that the corrosion electrochemical reaction on the steel surface had not yet started. The SNC exhibited excellent corrosion resistance during 1 day of immersion, which was contributed by the polymer/SiO2 substrate and the air film trapped in the superhydrophobic surface. In addition, the corrosion resistance of SNC was better than that of SS, which might be caused by the coating and barrier effect of antibacterial nanoparticle layer. After 3 days of exposure, the capacitive arc radius and corresponding |Z|0.01Hz value of the SNC and the SS decreased slightly (Figure 8c). The |Z|0.01Hz value of the SNC and the SS decreased to 4.41 × 109 Ω·cm2 and 2.73 × 109 Ω·cm2, respectively. This decrease should be related to the reduction in the air film and the penetration of water into the coating [17]. However, the |Z|0.01Hz values were still much higher than that of carbon steel, and the phase-angle plots still showed one time constant (Figure 8d). This demonstrated that the SNC maintained good corrosion resistance after immersing for 3 days and could prevent the occurrence of steel corrosion.




3.6. Antibacterial Activity


E. coli and P. aeruginosa were adopted to evaluate the antibacterial activity of the SS and the SNC. To quantitatively analyze the adhesion conditions of E. coli and P. aeruginosa, live/dead staining of bacterial cells on the sample surfaces was performed. The observation results and the calculated coverage rates are shown in Figure 9 and Figure 10a,b. Green fluorescence represented living cells, while red fluorescence represented dead cells. For the SS, green fluorescence appeared on the sample surface on the first day, indicating that living cells of E. coli and P. aeruginosa began to attach (Figure 9a,e). At this time, the coverage of living cells was only 0.5% and 1.6% for E. coli and P. aeruginosa, respectively. In our previous study, the biofilm coverage of E. coli and P. aeruginosa on steel surfaces exceeded 30.0% after only 1 day of exposure [35]. The bacterial coverage on SS surface was much smaller than that on steel surface. Hence, superhydrophobic surface exhibited good antiadhesion property during a short immersion period of 1 day. In addition, there was almost no dead cell on the surface of SS after 1 day. It proved that the superhydrophobic surface has no bactericidal effect but only reduces adhesion of bacteria. On the third day, green fluorescence gathered on localized areas, indicating that the biofilms of E. coli and P. aeruginosa began to form on the SS (Figure 9b,f). At this time, the coverage rate of living cells of E. coli and P. aeruginosa rapidly increased to approximately 7.3% and 9.0%, respectively. A few dead cells were observed, probably due to nutrients being depleted at 3 days and unable to support cell survival. Superhydrophobic surface of the SS had lost its antibacterial activity after 3 days of incubation. For the coating modified by antibacterial nanoparticles, there was almost no green and red fluorescence on the sample surfaces on the first day (Figure 9c,g), indicating that the bacterial cells were hard to adhere on the coating surface due to the superhydrophobicity. After 3 days of incubation, the green fluorescence was still hard to observe, and the coverage of living cells was nearly 0%, which was much lower than that on SS. Moreover, the number of dead cells on the SNC surface increased significantly (Figure 9d,h), and the coverage rate of dead cells reached 1.9% and 3.3% for E. coli and P. aeruginosa, respectively. The increase in dead cells resulted from the bactericidal effect of Ag nanoparticles. The dispersive distribution of red fluorescence indicated the inhibition effect of D-cys on biofilm formation.



The adhesion conditions of E. coli and P. aeruginosa cells on the sample surfaces after 3 days of immersion in their culture media were also observed by SEM, which are shown in Figure 11. For the SS without antibacterial nanoparticles, obvious bacterial aggregation behavior of E. coli and P. aeruginosa cells appeared after immersing in the culture media for 3 days, and E. coli and P. aeruginosa cells all showed rod shapes with a length between 1 μm and 3 μm (Figure 11a,b,e,f). Although superhydrophobic surface can reduce protein adhesion and resist the attachment of bacterial cells, the antibacterial experimental results of the SS indicated that it cannot be maintained for a long time in the inoculated medium. When the antibacterial nanoparticles were loaded, the bacterial adhesion state on the sample surface changed significantly. After immersing for 3 days, only several adherent bacteria cells could be seen (Figure 11c,d,g,h). The results of SEM and live/death staining showed that the SNC had excellent antibacterial performance during 3 days of incubation against E. coli and P. aeruginosa.



The concentrations of released Ag+ and D-cys from the SNC after 1 day and 3 days of immersion in the LB medium were also measured, which are shown in Figure 10c,d. The concentration of Ag+ after 1 day of immersion was approximately 50 μg/L. After 3 days of immersion, the concentration of released Ag+ increased to approximately 70 μg/L. This demonstrated that Ag+ was released gradually during immersion rather than explosive release at the beginning of immersion. Superhydrophobic surfaces have been reported to delay the rapid release of Ag+ [56,57]. As the superhydrophobic surface gradually failed, more and more silver nanoparticles contacted with medium solution and released silver ions. At the same time, the superhydrophobic surface in this study also showed the property of controllable release of D-cys. From the first day to the third day, the concentration of released D-cys increased from approximately 50 μmol/L to approximately 120 μmol/L. Superhydrophobic surface not only reduced bacterial adhesion, but also ensured the sustainable release of Ag+ and D-cys, which endowed the SNC with long-term antibacterial ability.



The antibacterial mechanism of the D-cys-loaded coating is presented in Figure 12. The antibacterial ability of the coating in this study is associated with the synergistic effect of the antiadhesion property of superhydrophobic surface, the bactericidal ability of nano-silver ions, and the biofilm inhibition property of D-cys. At the initial stage of incubation, the antibacterial behavior mainly depends on the low wetting property of the superhydrophobic surface, which is due to the existence of air film [58,59]. The trapped air film greatly reduces the contact area between the medium and the rough micro/nano hierarchical structure, resulting in fewer sites for bacterial colonization. Only the tip of the cluster may be coated by the extracellular polymeric substance and bacterial cells. Because of the barrier effect of air film, most of the antibacterial nanoparticles do not contact the medium, resulting in a low release of silver ions and D-cys. As the immersion progresses, the biofilms develop deeper into the ravine from the tip of the cluster. Sample surfaces covered by biofilms exhibit hydrophilicity. The increasing wetting area of the solid surface and the pressure of the medium lead to the gradual reduction in the air film, resulting in the gradual failure of superhydrophobic surface [60]. However, more antibacterial nanoparticles contact with the medium and begin to release D-cys and silver ions. The biofilm inhibition property of D-cys alleviates the attachment and aggregation of bacterial cells. The release of silver ions further kills the attached cells, completing the further elimination of adherent cells. The construction of superhydrophobic surface can realize the controlled release of silver ions and D-cys, and the antibacterial properties of D-cys and silver ions also delay the failure rate of superhydrophobic surface. This synergistic effect endowed the coating with high efficiency and durable antibacterial property. This synergistic antibacterial effect makes the coating have great application potential in the surface coating of medical devices. D-cys is relatively expensive, which will increase the cost of coating preparation. In the future work, other amino acids with low price and excellent antibacterial performance will be selected for coating preparation, which will help reduce the cost of coating preparation and increase the practical value.





4. Conclusions


In summary, a superhydrophobic antibacterial coating is fabricated combining a durable superhydrophobic substrate and antibacterial nanoparticles through a facile spraying method. The mixture of BADGE resin and KH550-modified SiO2 nanoparticles was sprayed on carbon steel surface to construct superhydrophobic substrate. D-cys functionalized SiO2/dopamine/silver nanoparticles were subsequently sprayed to enhance the antibacterial property of the coating. The prepared antibacterial coating exhibited low wettability property, with a water contact angle of more than 150° and a water sliding angle of approximately 7°. Due to the bonding of epoxy resin and the crosslinking of KH550, the coating exhibited good mechanical durability, which maintained the water contact angle of about 150° after 180 cycles in tape-peel tests. The results of EIS showed that the antibacterial coating had satisfactory corrosion resistance against 3.5% NaCl solution. Moreover, the coating showed excellent antibacterial performance against E. coli and P. aeruginosa, relying on the co-operation of superhydrophobic surface, Ag nanoparticles, and D-cys. This coating has great potential in the application of medical equipment surface coating to endow the long-term antibacterial property.
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Figure 1. Schematic illustration of the preparation procedure of antibacterial nanoparticles. 
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Figure 2. Schematic illustration of the preparation procedure of superhydrophobic nanocomposite coating. 
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Figure 3. SEM and TEM morphologies of (a,b) SiO2 nanoparticles, (c,d) PDA-coated nanoparticles, (e,f) Ag-deposited nanoparticles, and (g,h) D-cys-grafted nanoparticles. 
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Figure 4. XPS spectra of (a) wide scans, (b) N 1s, (c) Ag 3d, and (d) S 2p of the antibacterial nanoparticles. 
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Figure 5. (a,b) SEM images and (c,d) CLSM images of the surface of SS; (e,f) SEM images and (g,h) CLSM images of the surface of SNC. 
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Figure 6. (a) Water contact angle of steel surface, SS, and SNC; (b) photographs of a water droplet on steel surface, SS, and SNC and the video snapshot of the rolling state of water on SNC; (c) video snapshots of the rolling behavior of the water droplet on SNC; (d) video snapshots of the low adhesion behavior of the water droplet on SNC. 
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Figure 7. (a) The schematic of the tape-peel tests; (b) variation in the water contact angle and the sliding angle with peeling cycle numbers; (c,d) SEM images of the surface morphologies of the SNC after 180 tape-peeling cycles. 
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Figure 8. EIS results of the samples after (a,b) 1 day and (c,d) 3 days of immersion in 3.5% NaCl solution. 
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Figure 9. Fluorescence microscope images of E.coli on the SS after (a) 1 day and (b) 3 days of immersion, and on the SNC after (c) 1 day and (d) 3 days of immersion in the culture medium; fluorescence microscope images of P. aeruginosa on the SS after (e) 1 day and (f) 3 days of immersion, and on the SNC after (g) 1 day and (h) 3 days of immersion in the culture medium. 
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Figure 10. The coverage rates of (a) E. coli and (b) P. aeruginosa on the SS and SNC surfaces after 1 day and 3 days of immersion in the inoculated media; the concentrations of released (c) Ag+ and (d) D-cys from the SNC surface after 1 day and 3 days of immersion in the LB medium. 
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Figure 11. Surface SEM morphologies of the (a,b) SS and (c,d) SNC after 3 days of immersion in the E. coli-inoculated media; surface SEM morphologies of the (e,f) SS and (g,h) SNC after 3 days of immersion in the P. aeruginosa-inoculated media. 
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Figure 12. The schematic figure of the antibacterial behavior of the superhydrophobic nanocomposite coating on the (a) first day and (b) third day. 
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