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In this work, we report the design of pH-controlled releasing behaviors of polydopamine/tannic acid-allicin@chitosan (PDA/TA-ALL@CS) multilayer coatings to realize antibacterial and antifouling effects. The pH-responsive ALL@CS capsules were prepared using the microemulsion method with about 262–452 nm diameter. The bacteriostasis of ALL@CS microcapsules against E. coli, S. aureus, and P. aeruginosa all exceeded 94% as evaluated using the colony counting method. Because of the protonation in acid environments and deprotonation in alkaline environments for the amino groups of CS, ALL as biocides can be released from the nanocapsules and exert outstanding antibacterial properties. Confirmed by the plate colony counts, the ALL@CS capsules possessed an outstanding antibacterial effect for E. coli in acid solutions but were less effective in alkaline solutions. The PDA/TA-ALL@CS-7 coatings showed durable pH-responsive antibacterial activities with an efficiency of ∼87% after immersion in pH 8 solutions for seven days. The PDA/TA-ALL@CS coating with controlled release performance and antibacterial properties may provide a new solution for developing antifouling coating applications in the marine environment.
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INTRODUCTION
Biofouling issue in the marine environment brings a series of problems such as decreasing the speed of vehicles, increasing economic losses, and triggering the invasion of exotic species (Lejars et al., 2012). The conventional method comprises painted antifouling coatings containing biocides to restrain the biofouling process of the substrate underwater (Yebra et al., 2004; Banerjee et al., 2011; Bagley et al., 2015; Hao et al., 2016; Jia et al., 2017; Bloecher et al., 2021; Liu et al., 2021). The antifouling property of the coatings is realized through releasing of the antifoulant from the coating, so the releasing rate of the antifoulant is an important issue when designing coatings. Generally, the speed of vehicles has a huge impact on the releasing rate of the antifoulant, and the releasing rate is virtually much higher at high speed (Hao et al., 2020). At the anchor state, the coatings often cannot protect the substrates completely because the microorganism colonization occurs easily, but antifoulant release is more difficult. Hence, exploring antifouling coatings that release antifoulant as required, especially at low-speed and at anchor states, is a critical guide for the future. Because the secretions such as acetic acid and lactic acid produced by bacterial metabolisms can decrease the pH of the microenvironment to acidic (Qian et al., 2007a; Traba and Liang, 2015; Hao et al., 2019; Saadouli et al., 2021), pH-responsive antifouling coatings have attracted increasing attention and developed rapidly in recent years (Hao et al., 2019; Hao et al., 2020; Huang et al., 2020; Xu et al., 2020).
Chitosan (CS) as a cationic natural polysaccharide not only possesses antibacterial properties but also is a proper candidate for preparing pH-responsive nanocapsules as a shell material because of the protonation and deprotonation of the amino groups (Chen et al., 2021; Hosseini et al., 2022; Tian et al., 2022). Wang et al. and Andrew et al. provided that CS can help to control drug-releasing behaviors by adjusting diffusion, swelling, and stimulus response (Arifin et al., 2006; Lin and Metters, 2006). Cheng et al. designed biodegradable pH-responsive hollow mesoporous silica nanoparticles for the delivery of pheophorbide and doxorubicin. These carriers demonstrated pH-sensitive drug delivery because of the GM/CS capping layer (Yan et al., 2020). Arash et al. prepared a smart drug delivery system using CS nanocapsule-mounted cellulose nanofibrils, and the optimal release of metronidazole molecules was pH 5.8 (Yunessnia lehi et al., 2019). In addition to the wide application in drug delivery and biomedical fields, CS as a representative has also been used to design pH-responsive antifouling systems to acquire smart and controlled releasing of antifoulants. When the bacteria colonize and reproduce near the motionless substrates, the pH of microenvironments will change from alkaline to acidic, and trigger protonation of the amino groups on the side chain of CS, leading to the swelling of the nanocapsules and accelerated releasing of the biocides. Chen et al. had used CS as a capped layer to encapsulate capsaicin, and the amount of released capsaicin was five times higher in a pH 4 environment than that in pH 8.5 (Wang et al., 2018). The abovementioned studies show that precise releasing of antifoulants in the marine environment can be realized by virtue of the pH-responsive character of CS, thus preventing the substrates from biofouling at anchor states and extending the longevity of antifouling coatings.
With the development of low copper and copper-free antifoulants, synthetic and natural biocides have been extensively studied as alternatives to prepare antifouling coating with excellent bactericidal performance (Qian et al., 2007b; Huang et al., 2019; Qian et al., 2019; Yang et al., 2021). Allicin (ALL), as one of the active components of freshly crushed garlic homogenates, has many advantages like broad-spectrum antibacterial effect at low concentrations, anticancer activity, and being less likely to develop bacterial drug resistance (Ankri and Mirelman, 1999; Bhatwalkar et al., 2021; Greef et al., 2021). In addition, Rajaneesh et al. demonstrated that garlic and its compounds have a positive effect on human beings by inhibiting reactive oxygen species, radical scavenging, and preventing DNA damage (Cao et al., 2014; Zhang et al., 2020; Bhatwalkar et al., 2021). Moreover, Breyer showed that garlic compound (ALL) can eliminate mortality on rainbow trout infected with Aeromonas hydrophila (Breyer, 2013). These kinds of literature prove that the ALL as an antifoulant is not only harmless to human beings but also has no side effect on marine vertebrates. However, the low stability and solubility of ALL restrict its applications. The disulfide bond, which is the main resource of the antibacterial properties in ALL, is particularly prone to rupture under alkaline conditions (Wills, 1956). One popular approach to solve this problem is to encapsulate allicin with proper encapsulation (Lawson and Hughes, 1992; Janská et al., 2021). For example, Malgorzata et al. designed oil-core nanocapsules based on a derivative of hyaluronic acid to protect garlic oil active components, resulting in preventing sulfur oxidation and maintaining antibacterial activities (Janik-Hazuka et al., 2021). Based on the previous discussion, it is believed that encapsulation of ALL in pH-responsive microcapsules could effectively improve the stability of ALL and achieve the purpose of a pH-controlled releasing process of the antifoulant.
Herein, the pH-responsive ALL@CS nanocapsules which were prepared by microemulsions were mixed with tannic acid (TA) as an anionic polyelectrolyte, followed by alternating deposition with polydopamine (PDA) which has an outstanding film-forming ability to acquire the pH-responsive PDA/TA-ALL@CS-n antifouling coatings. The ALL@CS nanocapsules with different diameters were obtained by adjusting the weight ratio of ALL and CS, and the PDA/TA-ALL@CS-n were prepared by adjusting the doping ratio of ALL@CS nanocapsules in TA solutions. The composite and size of the nanocapsules were evaluated using Fourier transform infrared spectroscopy (FTIR) and dynamic light scattering (DLS). The pH-responsive antibacterial properties of the nanocapsules were detected using DLS and the plate colony method. The composition, morphology, and thickness of the coatings were characterized using FTIR and scanning electron microscope (SEM). The antifouling and antibacterial performance of the PDA/TA-ALL@CS-n coatings were evaluated using the colony counting method and live/dead fluorescence. The ALL releasing behavior in different pH environments was measured using an ultraviolet–visible spectrophotometer (UV-Vis), and the pH-responsive antibacterial properties of the coatings were characterized using the colony counting method.
EXPERIMENTAL SECTION
Materials
CS with a low viscosity <200 mPa S and Tris (hydroxymethyl) aminomethane were provided by Aladdin Chemistry Co. Ltd. (China). ALL with a purity >95%, lecithin with a purity >98%, and dopamine hydrochloride were purchased from Shanghai Macklin Biochemical Co. Ltd. (China). TA was purchased from Sigma-Aldrich (United States). Different pH phosphate-buffered saline (PBS) solutions were stored after sterilization. Live/dead® BacLight TM Bacterial Viability Kit (L13152) was obtained from Thermo Fisher Scientific (America). The E. coli (ATCC 8739), S. aureus (ATCC 6538), and P. aeruginosa (MCCC 1A00099) were purchased from the Institute of Microbiology, Chinese Academy of Sciences, Beijing, China.
Preparation of ALL@CS Nanocapsules
The ALL@CS nanocapsules were synthesized using the microemulsion method (Wang et al., 2018). Different volumes of ALL (60, 35, and 10 μL) were added into the lecithin-containing ethyl alcohol solution. 10 mg of CS was mixed with an aqueous solution with 1% v/v acetic acid. These two solutions were mixed and stirred at room temperature for 2 h, followed by dialysis, to eliminate free ALL and freeze-drying.
Preparation of PDA/TA-ALL@CS-n Coatings
The 316L stainless steel substrates were abraded to 1200 grit with silicon carbide papers and cleaned with acetone, ethanol, and distilled water in ultrasonic baths. After drying with N2, the coupons were immersed in dopamine hydrochloride (2 mg/ml) with Tris buffer (100 mM, pH 8.5) for 15 min at room temperature in a dark place, and then washed with distilled water smoothly, followed by immersion in different TA-ALL@CS solutions for another 15 min. The volume ratio of TA solution (2 mg/ml) and ALL@CS suspension (1 mg/ml) was 6:4, 7:3, and 8:2. The substrates were alternately dopped in these two solutions according to the abovementioned process about 20 times and dried with N2.
Antimicrobial Properties of ALL@CS Nanocapsules
The colony counting method was applied to evaluate the antimicrobial ability of the ALL@CS nanocapsules. The initial concentration of each bacterium was about ∼108 CFU/ml. Every 1 ml of E. coli or S. aureus suspensions was transformed into 50 ml Luria broth (LB) and incubated at 37°C for 18 h, and 1 ml P. aeruginosa suspensions were transformed into 2216 E medium culture and incubated at 30°C for 18 h. Afterward, 200 μL cultivated bacterial suspension was inoculated into 10 ml LB or 2216 E culture medium containing 1 mg/ml CS, ALL, or ALL@CS nanocapsules, and incubated for another 18 h at 37°C or 30°C. 20 μL suspension of each bacterial tube was diluted with physiological saline and spread on a solid medium plate, incubating overnight at corresponding temperature conditions.
pH-Responsive Performance and Antibacterial Properties of ALL@CS Nanocapsules
The ALL releasing behavior in different pH environments was evaluated initially. The dialysis bags with ALL@CS nanocapsule suspension were dialyzed at different pH PBS (pH 5, 6, 7, and 8) solutions for 4 h. The size of the ALL@CS nanocapsules was detected using DLS.
The pH-responsive properties of such nanocapsules were further measured using the colony plate method. The E. coli suspension was inoculated into 10 ml PBS solutions (pH 5, 6, 7, and 8) and LB with a 1:1 volume ratio containing ALL@CS nanocapsules, respectively. After incubation for 4 h, 20 μL diluted bacterial suspension was spread on the top of the solid medium and cultivated at 37°C for 18 h.
Antifouling and Antibacterial Properties of PDA/TA-ALL@CS-n Coatings
The colony counting method and live/dead fluorescence analysis were used to evaluate the antimicrobial ability of the PDA/TA-ALL@CS-n coatings. The initial concentration of each bacterium was about ∼108 CFU/ml. Every 1 ml of E. coli or S. aureus suspensions was transformed into 50 ml LB and incubated at 37°C for 18 h, and 1 ml P. aeruginosa suspension was transformed into 2216E medium culture and incubated at 30°C for 18 h. Thereafter, 200 μL cultivated bacterial suspension was inoculated in a 10-ml sterile tube with different PDA/TA-ALL@CS-n-coated substrates. After incubation for 18 h, 20 μL diluted bacterial suspensions were spread on the top of the solid medium at 37°C or 30°C for 18 h.
The antibacterial and antifouling performances of the PDA/TA-ALL@CS-n coatings were detected using a confocal laser scanning microscope using a Live/dead® BacLight TM Bacterial Viability Kit. Each coated coupon was immersed in different bacterial suspensions for 18 h, and surfaces of the coupons were dyed at a 6-well plate for 20 min at dark places.
pH-Responsive Properties of PDA/TA-ALL@CS-n Coatings
The coated substrates were immersed in 0.1 M different PBS environments with pH values of 5–8 in a static environment. The concentrations of released ALL in different PBS solutions were measured spectroscopically at around 210 nm by UV-Vis after immersion for one, three, five, and seven days (Hathout et al., 2018). The coated coupons were collected, washed with diluted water, and dried with N2 to detect the antibacterial properties.
The collected coupons were sterilized and taken into the sterile tube containing 200 μL S. aureus or P. aeruginosa in 10 ml LB or 2216 E culture medium. The suspensions were shaken at 120 rpm and incubated at 37°C or 30°C for 18 h, and each 20 μL diluted bacterial suspension was taken for colony counting by spreading on the solid medium plate and incubating overnight at different temperature conditions.
Characterization
The size and zeta potential of the ALL@CS nanocapsules were detected using Zetasizer Nano ZS90 (Malvern Instrument, Britain). The FTIR VERTEX70 was manufactured by Burker (Germany). The thickness and the morphology of the PDA/TA-ALL@CS-n coatings were demonstrated using SEM (Jeol JSM-F100, Japan). The UV-Vis used was manufactured by Thermo Biomates 3S (Thermo, America). The CLSM (Zeiss Observer Z1, Germany) was applied to determine the fluorescent assay.
RESULTS AND DISCUSSION
Characterization of the Prepared ALL@CS Nanocapsules
FTIR spectra of the CS, ALL, and the product we prepared are evaluated and demonstrated in Figure 1. On the ALL spectrum, the peaks at 2978 cm−1 and 1420 cm−1 belong to C-H stretching (Zhou et al., 2021). 1641 cm−1 and 1073 cm−1 peaks are associated with the C=C stretching vibration and S=O stretching vibration, respectively. The peaks at 1215 cm−1 and 720 cm−1 are attributed to S-S single bond (Kumar et al., 2021; Zhou et al., 2021). As for the spectrum of products, it is similar to the CS spectrum. The broad peak at 3300–3200 cm−1 can be seen in these two spectra which are contributed with the O-N and N-H stretching vibration (Lawrie et al., 2007). 2873 cm−1 peak on CS spectrum and 2925 cm−1 on product spectrum are associated with the C-H stretching vibration. The peaks located at 1658 cm−1 and 1593 cm−1 which belong to the N-H bending vibration of the amino group appear on the spectrum a at 1643 cm−1 and 1589 cm−1 (Wang et al., 2018). In addition, the new peak appears at 1737 cm−1 on the spectrum a because of the H-bond between CS and ALL (Gu et al., 2018). The 1848 cm−1 on the ALL curve is disappeared in spectrum a, indicating the inclusion interaction between ALL and CS attenuated the absorption of the guest molecular moiety (Zhou et al., 2021).
[image: Figure 1]FIGURE 1 | FTIR spectra of ALL@CS (A), ALL (B), and CS (C).
Table 1 summarizes the mean diameter, polydispersity index (PDI), and zeta potential of the ALL@CS nanocapsules synthesized at different weight ratios with CS and ALL. The zeta potential is positive for CS but is negative for pure ALL. The nanocapsules are all positively charged like CS, suggesting that the negative surface charge of free ALL is completely covered by cationic CS. This result agrees well with the FTIR result. Moreover, the ratio of CS and ALL impacts the zeta potential and diameter of the ALL@CS nanocapsules. With the decrease of the ratio, the size of the nanocapsules increases from 261.7 ± 3.9 nm to 452.3 ± 1.5 nm and the zeta potential increases from 7.7 ± 1.1 mV to 40.6 ± 0.2 mV. According to the DLVO theory, the stability of the system becomes lower as the size of the ALL@CS nanocapsules decreases because the balance between the Van der Waals force and the electrostatic repulsive force is broken (Hao et al., 2019). It means the ALL@CS-1 nanocapsule systems are not stable, and the zeta potential data also support this conclusion.
TABLE 1 | Mean hydrodynamic diameter, PDI, and zeta potential of nanocapsules made using different proportions of CS and ALL.
[image: Table 1]Antibacterial Properties and pH-Responsive Mechanism of ALL@CS Nanocapsules
E. coli and S. aureus were selected as representative Gram-negative bacterium and Gram-positive bacterium, and P. aeruginosa was selected as the marine bacteria representative strain. The antibacterial properties of three kinds of ALL@CS nanocapsules were evaluated using the colony counting method to choose the optimal preparation parameter. In Figure 2, all of these nanocapsules exhibit outstanding antibacterial effects, with the bacteriostasis rates ranging from 94.5 to 98.7%. The antibacterial properties of All@CS-3 nanocapsules are relatively poor of the three different diameter nanocapsules, and the bacteriostasis rates of E. coli, S. aureus, and P. aeruginosa are about 97.0, 98.0, and 94.5%, respectively. ALL@CS-1 and All@CS-2 nanocapsules show similar antibacterial properties, which surpass 97.03% against these three different bacterial strains. Considering the stability of the nanocapsules shown in Table 1 and the ALL dosage, ALL@CS-2 nanocapsules were selected in the following study.
[image: Figure 2]FIGURE 2 | Bacteriostasis of different ALL@CS nanocapsules against E. coli, S. aureus, and P. aeruginosa.
The antibacterial properties of pure CS, ALL, and ALL@CS nanocapsules were further evaluated using the colony counting method. Generally, CS and ALL have excellent antibacterial properties, and the antibacterial effect improves after synthesis of ALL@CS as shown in Figure 3. In Figure 3A, after incubation for 18 h, the colonies of E. coli on the solid medium are about 370 CFU for the control group, and there are about 63, 41, and 10 CFU after incubation with the pure CS, ALL, and ALL@CS nanocapsules. According to Figure 3B, the bacteriostasis rate of ALL@CS against E. coli is 97.3%, which is increased by ∼14.3 and ∼8.4% compared with that of pure CS and ALL. The bacteriostasis rates of pure CS, ALL, and ALL@CS nanocapsules against S. aureus are 80.6, 95.9, and 98.0%, respectively. Regarding the antibacterial effects on P. aeruginosa, there are approximately 323 CFU for the control group and 5 CFU of the group with ALL@CS; that is, the bacteriostasis rate of ALL@CS is ∼98.5%. The results revealed that the antibacterial properties of the ALL after encapsulating CS were almost unaffected or even slightly improved.
[image: Figure 3]FIGURE 3 | Number of E. coli, S. aureus, and P. aeruginosa colonies in LB and 2216E medium for 18 h with pure CS, ALL, and ALL@CS nanocapsules (A). The bacteriostasis of these three different bacteria strains corresponding to each counting result (B).
The pH-responsive properties of the ALL@CS nanocapsules were evaluated using DLS and the colony plate method. In Figure 4A, with the pH of the PBS environment decreasing from 8 to 5, the size of the ALL@CS increases from about 342.0 to 531.2 nm because of the protonation of the amino group CS. Under acidic conditions (i.e., pH 5 and 6), the ALL@CS nanocapsules exhibit swelling behaviors because the internal electrostatic repulsion of the system increased resulting from the NH2 transformation to NH3+ (Lee and Mooney, 2012; Hao et al., 2019). However, the nanocapsules can remain at a smaller diameter which is about 396.1 and 342.0 nm in a neutral and alkaline environment, respectively. Meanwhile, the antibacterial performance against E. coli under different pH environments is different. Figures 4B–E demonstrate that after being treated with pH 8 and 7 solutions, the number of colonies is more than that with the pH 6 and 5 counterparts, and the colony count is minimal on the solid medium after incubation in pH 5 PBS environments, indicating that the ALL@CS nanocapsules have better antibacterial properties in acidic environments. Combined with the DLS results, the ALL@CS nanocapsules are swollen under an acidic environment, leading to the increased amount of released ALL and thus the stronger antibacterial effect. On the contrary, under the neutral and alkaline environment, the nanocapsules present a smaller diameter which restricts the releasing of ALL and leads to an inhibited antibacterial property. Hence, the ALL can be kept in the nanocapsules under alkaline conditions such as marine environments, and kill bacteria when the pH value drops due to bacteria reproduction under the anchoring state.
[image: Figure 4]FIGURE 4 | Size of ALL@CS nanocapsules in different pH PBS solutions (A). The plate colony images of ALL@CS incubating with E. coli for about 4 h (B–E).
Characterization of the Prepared PDA/TA-ALL@CS Coatings
The PDA/TA@ALL@CS coatings were fabricated by a layer-by-layer technique as shown in Figure 5, and the FTIR spectra of TA, PDA, TA-ALL@CS, and PDA/TA-ALL@CS are demonstrated in Figure 6. For the spectrum of TA, the broad peak at 3300 cm−1 is composed of the O-H stretching vibration (Dutta et al., 2021). The 1717 cm−1 and 1210 cm−1 peaks are accounted for the C=O and C-O stretching vibration, respectively (Dutta et al., 2021; Ricci et al., 2015). The peak at 1618 cm−1 belongs to the C=C stretching vibration, and the peak at 760 cm−1 is attributed to the O-H in a carboxylic group (Dutta et al., 2021; Ricci et al., 2015). In spectrum c, the broad peak at 3500 cm−1 to 3300 cm−1 belongs to the N-H and O-H stretching vibration of the ALL@CS nanocapsules, and the peaks located at 2947 cm−1which also appears in the spectrum of ALL@CS (Figure 1 spectrum a) are assigned to the C-H stretching vibration. These results demonstrated that the ALL@CS existed in this system. Moreover, the absorption peaks contributed by C=O and O-H in the carboxylic group of TA also appeared at 1717 cm−1 and 760 cm−1, respectively, on spectrum c, indicating that the TA also existed in this system. Hence, the TA-ALL@CS layer was prepared successfully. For the spectrum of PDA, the broad peak at 3300 cm−1 is assigned to the N-H stretching vibration, and the peaks at 1618 cm−1 and 1518 cm−1 belong to the C=C and C=N stretching vibrations of the benzene ring, respectively (Hao et al., 2019). As for spectrum d, the characterization of the curve is similar with spectrum b from 3500 cm−1 to 2500 cm−1, which means the stretching vibration of N-H and O-H from PDA is existing in this coating. Furthermore, the 1516 cm−1 peak belongs to the C=N stretching vibration from the benzene ring, revealing that the PDA is introduced in this coating further. The peaks at 1717 cm−1 (C=O), 1618 cm−1 (C=C), and 760 cm−1 (O-H) are witnessed in spectrum d demonstrating that the TA/ALL@CS also appears in such coatings. Hence, the PDA/TA-ALL@CS coatings were prepared by the immersion method successfully.
[image: Figure 5]FIGURE 5 | Schematic diagram of the preparation procedure of PDA/TA-ALL@CS coatings.
[image: Figure 6]FIGURE 6 | FTIR of TA (A), PDA (B), TA-ALL@CS (C), and PDA/TA-ALL@CS coatings (D).
The thickness of the PDA/TA-ALL@CS-n coating was evaluated using SEM, and the results are shown in Figures 7A-C. Interestingly, the thickness of the coatings did not increase when the ratio of the ALL@CS nanocapsules increased. The thickness of the PDA/TA-ALL@CS-6, PDA/TA-ALL@CS-7, and PDA/TA-ALL@CS-8 coatings was ∼1.9, ∼2.0, and ∼1.6 μm, respectively. In the top view of these three coatings, the number of introduced nanocapsules was the most for PDA/TA-ALL@CS-7 coatings (Figure 7E). Because the amount of the ALL@CS was fewest in the TA-ALL@CS-8 mixture, there were fewer nanocapsules dispersed in the coatings (Figure 7F). While for PDA/TA-ALL@CS-6 coating, with the number of nanocapsules increased, precipitation could occur in the mixture due to electrostatic interaction between TA and the ALL@CS nanocapsules, and restrict the deposition process of the TA-ALL@CS layer.
[image: Figure 7]FIGURE 7 | Cross-section and top-view SEM images of PDA/TA-ALL@CS-6 coatings (A, D); PDA/TA-ALL@CS-7 coatings (B, E) and PDA/TA-ALL@CS-8 coatings (C, F).
Antibacterial Properties of PDA/TA-ALL@CS-n Coatings
The colony counting method was used to assess the antibacterial properties of the PDA/TA-ALL@CS-6, PDA/TA-ALL@CS-7, and PDA/TA-ALL@CS-8 coatings. Figure 8 shows that all these three coatings exhibit good antibacterial effects against E. coli, S. aureus, and P. aeruginosa. In Figure 8A, the number of the colonies on the surface of the solid medium is lowest after incubation with PDA/TA-ALL@CS-7 coatings in regard to all these three bacteria, which is about 45, 46, and 46 CFU for E. coli, S. aureus, and P. aeruginosa, respectively. Compared with the control group, the bacteriostasis of these three kinds of bacteria is ∼89.2, ∼89.2, and ∼90.7% (Figure 8B), respectively. After incubation with PDA/TA-ALL@CS-8 coated substrates, there are about 104, 109, and 106 CFU on the solid medium, and the antibacterial performance is about 74.9, 74.3, and 78.6% for E. coli, S. aureus, and P. aeruginosa, respectively. According to Figure 7F, the number of the introduced ALL@CS nanocapsules is less than that of the other two coatings, which could be the reason why the antibacterial performance is not ideal. Compared with the PDA/TA-ALL@CS-8 group, the antibacterial properties of the PDA/TA-ALL@CS-6 coatings are also lower than the PDA/TA-ALL@CS-7 counterparts, which is decreased by ∼12.4, ∼10.3, and ∼7.3%, respectively.
[image: Figure 8]FIGURE 8 | Number of E. coli, S. aureus, and P. aeruginosa bacterial colonies on the solid medium after incubation with the controlled specimen and prepared coatings in Luria-Bertani medium for 18 h (A); the bacteriostasis of E. coli, S. aureus, and P. aeruginosa for the PDA/TA-ALL@CS-n coatings (B). For PDA/TA-ALL@CS-6, PDA/TA-ALL@CS-7, and PDA/TA-ALL@CS-8 coatings, the volume ratios of TA solution to ALL@CS suspension were about 6:4, 7:3, and 8:2, respectively.
Generally, the surfaces of the specimens coated with PDA/TA-LL@CS-n have remarkable antibacterial properties. After dying, Figures 9A–A2 exhibit almost green spots in view, indicating the bare coupons have little antibacterial properties and nearly all of the bacteria are alive. A few green spots can be witnessed on the PDA/TA-ALL@CS-6 (Figures 9B–B2) and PDA/TA-ALL@CS-8 (Figures 9D–D2), but there are almost all red spots in the view of the PDA/TA-ALL@CS-7 coating surface as seen in a (Figures 9C–C2). This demonstrated that the antibacterial and antifouling effects of the PDA/TA-ALL@CS-7 coating are better than the other coatings. Combined with the results shown in Figures 7D–F, the antibacterial property of the coating was affected by the introduced quantity and dispersion of ALL@CS. Hence, the PDA/TA-ALL@CS-7 coating was selected to evaluate the pH-responsive antibacterial and antifouling bacterial properties.
[image: Figure 9]FIGURE 9 | BacLight Live/Dead Kit Assay staining of E. coli, S. aureus, and P. aeruginosa colonized on the bare coupon (A–A2), and the specimens coated with PDA/TA-ALL@CS-6 (B–B2), PDA/TA-ALL@CS-7 (C–C2), PDA/TA-ALL@CS-8 (D–D2), respectively.
pH-Responsive Properties of the PDA/TA-ALL@CS Coatings
The releasing behaviors of ALL and the antibacterial properties of the immersed PDA/TA-ALL@CS coatings in different pH PBS (pH 5, 6, 7, and 8) were evaluated using UV-Vis and the colony counting method. In Figure 10A, with the increasing pH value of the PBS, the concentration of the released ALL from the coating decreases apparently. After seven days of immersion in pH 5, the amount of released ALL increased gradually from∼5.9 ppm to ∼14.5 ppm. The concentration of released ALL increased from ∼4.5 to ∼13.9 ppm after immersion in pH 6 solutions. The release of the ALL was more rapid in the first five days. When the coated coupon was immersed in a neutral solution, the release of the ALL became slower, which was about 3.6, 4.5, 9.2, and 9.6 ppm for released ALL from one, three, five, and seven days, respectively. Because the protonation of the nanocapsules was restricted in an alkaline environment, the amount of the released ALL was maintained at a very low level (3.7 ppm) after immersion in pH 8 PBS solutions for seven days. Hence, the PDA/TA-ALL@CS coatings showed good pH-responsive properties and could restrict the release of antifoulants in the marine environment when bacterial reproduction did not occur.
[image: Figure 10]FIGURE 10 | Concentration of ALL released from the PDA/TA-ALL@CS-7 coatings in different pH PBS solutions (A). The bacteriostasis of the PDA/TA-ALL@CS-7 coatings against P. aeruginosa after being immersed in different pH PBS solutions for seven days (B).
To further determine the antibacterial effects of PDA/TA-ALL@CS coatings, the bacteriostasis of the PDA/TA-ALL@CS coatings against P. aeruginosa after immersion in different pH solutions for seven days is shown in Figure 10B. The antibacterial efficiency decreased dramatically after immersion in an acidic environment but was maintained at a high level after immersion in an alkaline environment. The antibacterial properties decreased from ∼84.7% after one day to ∼58.1% after seven days of immersion in pH 4 PBS solution. As for the pH 5 group, the bacteriostasis rate decreased from ∼88.7% after one day to 71.9% after seven days. However, after immersion in a neutral PBS for seven days, the bacteriostasis only decreased by ∼6.4%. When immersed in an environment with a pH value similar to seawater (pH 8), the PDA/TA-ALL@CS coating could maintain an outstanding antibacterial property after seven days, which was ∼87.1% (decreased by 3.7%). The above results demonstrated that the PDA/TA-ALL@CS coatings maintained remarkable antibacterial and antifouling properties after immersion for seven days in an alkaline environment, and released ALL to kill bacteria when the pH of the microenvironment was decreased by bacterial reproduction.
CONCLUSION
In this work, the ALL@CS nanocapsules are synthesis by the emulsion method. These nanocapsules exhibit outstanding antibacterial properties against E. coli, S. aureus, and P. aeruginosa. Because of the protonation of CS, the ALL@CS nanocapsules have pH-responsive properties, which can release an amount of ALL in acidic environments and maintain the releasing rate at a low level in alkaline environments. When preparation of the PDA/TA-ALL@CS coatings, the volume ratio of TA and nanocapsules affects the amount of ALL@CS introduced on the coating, and the proper parameters are 7:3 of the volume ratio. The antibacterial and antifouling properties of PDA/TA-ALL@CS-7 coatings are best against E. coli, S. aureus, and P. aeruginosa, and the bacteriostasis is all above 89.2%. Moreover, the PDA/TA-ALL@CS-7 coatings also process pH-responsive properties. The releasing behaviors of ALL differ greatly under seven days of immersion in different pH environments. The ALL release was faster in an acidic environment and slower in an alkaline environment. The ALL contained in the PDA/TA-ALL@CS coating impacts the antibacterial performance directly. After seven days of immersion in pH 8 environment solution, the bacteriostasis of the coatings was still about 87.2%. This work of PDA/TA-ALL@CS coatings supports the idea to design smart antifouling coatings and solve the biofouling problems at the anchoring state.
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