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Biofilms associated bacterial infections on material surfaces have become a tremendous biomedical challenge. Developing antimicrobial coatings on biomaterial surfaces and endowing them with decent mechanical stability and biofilm inhibition capabilities is an efficient way to resist bacterial attachment and biofilm formation. Herein, we integrated 2-hydroxyethyl methacrylate (HEMA) and D-amino acid mixtures based antibiofilm combinations with sulfobetaine methacrylate (SBMA) hydrogel coatings. The obtained hydrogel coatings demonstrated high stability in various transport and service environments. The proper incorporation of the HEMA achieves only ∼3% weight loss of SBMA hydrogel coatings after swelling, flushing and abrasion damages. In addition, both biofilm formation inhibiting D-amino acid mixtures and bacteria-killing gentamicin components were loaded in the coatings. The synergistic action of these two components was able to significantly reduce the bacterial numbers with up to 2.3 log reduction. The bacteria exposed to D-amino acid mixtures was difficult to form biofilm, which was more susceptive to the harm of gentamicin. This work provides an effective paradigm to integrate mechanically stable SBMA-HEMA hydrogel with natural D-amino acid mixtures based antibiofilm agents to generate biomedical surfaces to combat biofilms associated bacterial infections.
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INTRODUCTION
Owing to the desired mechanical strength, corrosion resistance, biocompatibility and relatively low cost, 316 L stainless steels are widely used in clinical practice for internal medicine diagnosis and surgical implantation (Qian et al., 2019; Yang et al., 2021). Implantable biomedical materials are initially provided to cure diseases and save lives for patients, but their surfaces are more susceptible to bacterial colonization and provide an ideal site for mature biofilm formation (Huang et al., 2020a). As a self-produced matrix of extracellular polymeric substances (EPS), biofilm is the main living form for attached bacteria (Bjarnsholt et al., 2013; Flemming, et al., 2016). The biofilms can be seen as a fortress, bacteria encapsulated in them tend to resist the harm of the immune response and antimicrobial agents (Karatan and Watrick, 2009; Lopez et al., 2009). It is worth noting that, the presence of biofilm allows dormant bacteria to escape and survive from the sub-inhibitory concentrations of antibiotics, resulting in the transfer of drug-resistant genes to their descendants (Brauner et al., 2016). Bacterial infections become extremely difficult to treat because of the performance of biofilm. Thus, it is urgently needed to endow implantable biomedical materials with the antibiofilm capability (Busscher et al., 2012; Koo et al., 2017).
Amino acids are well-known essential nutrients for living organisms. Compared to the more widely distributed L-amino acids, their D-enantiomers are mainly discovered in the peptidoglycans of the bacterial cell membrane, and play a vital role in the maintenance of bacterial internal osmotic pressure (Conrad et al., 1974; Caparros et al., 1992). Recently, exogenous D-amino acids have been demonstrated to inhibit the formation of bacterial biofilms via the incorporation into the peptidoglycan of bacterial cells (Pedro et al., 2003; Xu and Liu, 2011; Tong et al., 2014). For example, Kolodkin-Gal et al. confirmed the biofilm formation inhibition performance of D-tyrosine (D-Tyr). D-Tyr was found to be incorporated into bacterial membranes via 14C-D-tyrosine tracer method (Kolodkin-Gal et al., 2010). Subsequently, some researchers indicated the significantly improved antibiofilm performance of D-amino acid mixtures compared to using D-amino acids alone. Hochbaum et al. first showed that D-tyr, D-proline (D-Pro) and D-phenylalanine (D-Phe) mixtures exhibited a more potent ability in inhibiting the biofilm formation of Staphylococcus aureus than any amino acids alone (Hochbaum et al., 2011). Moreover, antimicrobial strategies to treat recalcitrant biofilm from pathogens rely heavily on drug combinations in the cases where single agents are ineffective. D-amino acids are demonstrated potential enhancers for some common clinical antibiotics such as amikacin (She et al., 2015), ciprofloxacin (Warraich et al., 2020) and so on (Sanchez et al., 2014). Therefore, D-amino acids/antibiotics combinations are promising to act synergistically to endow implantable materials with high-efficiency antibiofilm and antimicrobial effects to overcome biofilms associated bacterial infections.
Inspired by natural cell membranes, benefiting from high hydrophilicity and low cytotoxicity, zwitterionic hydrogels have attracted a lot of attention, and exhibit a powerful repulsive force against biofouling while possessing good drug-loading capacity (Wegst et al., 2015; Cao et al., 2016; Li et al., 2018; Feng et al., 2020). However, the anchoring of zwitterionic hydrogels on the material surface is limited by their unsatisfying mechanical stability (Kardela et al., 2019). Researchers focused on introducing adhesion motifs to improve the stability of zwitterionic hydrogel coatings (Gong et al., 2012; Huang et al., 2017a). For example, Dizon et al. synthesized a zwitterionic copolymer composed of the antifouling unit sulfobetaine acrylamide (SBAA) and the biomimetic anchoring group dopamine methacrylamide (DMA). This copolymer exhibits stable antifouling performance against Escherichia coli on various material surfaces (Dizon et al., 2018). Due to the lack of necessary antifouling or high hydrophilicity behavior, the copolymeric adhesion motifs would inevitably compromise the intrinsic antifouling and drug-loading capacity of the zwitterionic hydrogel. As another well-proved antifouling material (Tan et al., 2008; Sin et al., 2014), 2-hydroxyethyl methacrylate (HEMA) polymers showed good elastic properties (Kim et al., 2005). The introduction of HEMA was expected to increase the toughness of zwitterionic hydrogels, thereby improving the mechanical stability of zwitterionic hydrogel coatings (Zeng et al., 2014). In the meanwhile, fine-designed zwitterion-HEMA copolymers would have excellent drug-loading capacity resulting from their high hydrophilicity and swelling property, providing a desirable reservoir to store adequate D-amino acid mixtures based antibiofilm combinations.
In this work, antifouling zwitterionic hydrogels comprising sulfobetaine methacrylate (SBMA) monomers and mechanically stable-promoting segments HEMA were prepared and immobilized onto 316 L stainless steel. Subsequently, the SBMA-HEMA hydrogel coating matrix was loaded with D-amino acid mixture/gentamicin combinations via a feasible solution immersion manner. The mechanical stability of as prepared hydrogel coatings was systematically investigated via swelling, flow and tape-peeling tests, respectively. The UV-Vis spectra were used to monitor the time-dependent release behaviors of the D-amino acid mixture and gentamicin. The antibiofilm and antimicrobial performance against Pseudomonas aeruginosa of the hydrogel coatings was evaluated via spread plate method, fluorescence microscopy and crystal violet (CV) staining.
EXPERIMENTAL SECTION
Materials
The 316 L stainless steel substrates were cut into the size of 10 × 10 × 3 mm and continuously ground by 400, 800, and 1200 grit abrasive papers before use. All D-amino acids used in this work, gentamicin sulfate, poly (ethyleneglycol) dimethacrylate (PEGDMA), poly (ethylene glycol) methacrylate (PEGMA), o-phthalaldehyde, β-mercaptoethanol and sodium borate solution were purchased from Aladdin Industrial Corporation. Sulfobetaine methacrylate (SBMA), 2-hydroxyethyl methacrylate (HEMA) and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator 2959) were purchased from Sigma-Aldrich. All reagents were used without further purification. The P. aeruginosa (ATCC15692) strains were acquired from China General Microbiological Culture Collection Center, Beijing, China.
Preparation of D-amino acid/gentamicin loaded hydrogel coatings
Generally speaking, the final properties of the hydrogel coatings were regulated by various parameters, such as monomer content, types of crosslinker, crosslinking degree and so on (Dulong et al., 2004; Kim et al., 2009; Dizon et al., 2018). In our previous work, we optimized these three parameters for two SBMA-HEMA hydrogel coatings with different monomer ratios (1:1 and 3:1) and pure HEMA hydrogel coatings towards improving their mechanical stability and drug-loading capacity (Yang et al., 2023a). In addition, pure PEGMA hydrogel coatings were also involved in this study. The detailed formula of these four hydrogel coatings was exhibited in Table 1. The SBMA-HEMA hydrogel coatings with monomer ratios 1:1, 3:1, the pure PEGMA hydrogel coatings and the pure HEMA hydrogel coatings were hereinafter referred to as PS50H50op, PS75H25op, PEGMAop and PHEMAop coatings. PS25H75op coatings were uninvolved in this study because more HEMA components would lead to the sacrifice of drug loading capabilities of the coating. The hydrogel coatings were prepared by UV induced free radical polymerization on the clean 316 L stainless steel surfaces. Taking the PS50H50op coating as an example, the monomers SBMA (2.0 g), HEMA (2.0 g), the crosslinker PEGDMA (Mn∼200, 0.4 g), and the photoinitiator 2959 (0.16 g, 4% of the total monomer mass) were added into a dry glass sample bottle containing 10 mL deionized water. The mixtures were sonicated for 5 min for complete dissolution and homogeneity. 70 μL mixture solution was drop-coated onto the preprocessed 316 L stainless steel surface and polymerized under UV light for 3 min (365 nm, 60 mW/cm2). The as-prepared hydrogel coatings were immersed into the deionized water for 3 days to fully remove the unreacted chemicals. Subsequent, 75 μmol D-Tyr, 75 μmol D-tryptophan (D-Try), 300 μmol D-leucine (D-Leu), 50 μmol D-Phe and 20 mg gentamicin sulfate were dissolved completely in 20 mL of deionized water to prepare the D-amino acid mixtures (hereinafter referred to as D-mix) and gentamicin drug combination solution. This unique solution was formulated in our previous work (Yang et al., 2023b) and demonstrated excellent antibiofilm and antimicrobial properties. The hydrogel coatings were immersed in the solution overnight to achieve the purpose of D-mix and gentamicin loading.
TABLE 1 | Feeding amount for preparation of hydrogel coatings in this work.
[image: Table 1]Composition of hydrogel coatings
The as-prepared hydrogel coatings were equilibrated at room temperature for two hours before the composition characterization. The hydrogels were scraped off with a scalpel and ground into the powder. Subsequently, the hydrogel powder was thoroughly mixed with spectroscopic grade potassium bromide (KBr) powder in an agate mortar. The powder mixture was pressed into transparent thin slices using a mini-pellet press. Fourier transform infrared spectroscopy (FTIR) was utilized (Thermo Fisher Scientific, United States of America) to analyze the composition of the hydrogel coatings. The wavenumber range was set to 500–4000 cm-1 for the FTIR characterization.
Mechanical stability tests
The mechanical stability of hydrogel coatings was simultaneously evaluated by swelling, flow and abrasion tests. The swelling tests were performed according to the method in Section 2.4 for 72 h. In the flow test, the hydrogel coatings were placed into the bottom of a closed container for 72 h with a constant 500 mL min-1 flow rate controlled by a peristaltic pump (FlexPump, France) (Yang et al., 2023a). The stability of the hydrogel coatings was also investigated by the tape-peeling abrasion test according to the method reported in ASTM D3359-09 (Pacaphol and Aht-Ong, 2017). The 3M tapes (CT-18, 600#) were pressed firmly on the hydrogel coating surface with a force of 50 N and subsequently peeled off at an angle of 45°. The above process was repeated for 10 cycles for each hydrogel coating. The weight loss (WL) of the coatings was calculated by the following Eq. 1.
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in which WL0 and WL1 were the weights of hydrogel coatings before and after the tests. Three parallel samples were measured for each coating, and the average value of these measurements was taken as the final result.
Swelling property tests
The as-prepared hydrogel coatings were weighted after being equilibrated at room temperature for two hours. The coatings were immersed in deionized water for 0.5 h, 1 h, 2 h, 4 h, and 8 h, respectively. Subsequently, the coatings were taken out from the deionized water and gently wiped with the filter paper to remove the remaining moisture on their surface. The weight of these hydrogel coatings was measured at different time intervals. The equilibrium water content (EWC) of hydrogel coatings after immersing for different times was calculated by the following Eq. 2.
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in which Wt and W0 were the weight of hydrogel coatings at different time points and the weight of initial coatings. Three parallel samples were measured for each coating, and the average value of these measurements was taken as the final result.
Release of D-mix and gentamicin from hydrogel coatings
The absorbance curves of different concentrations (40 ppm, 20 ppm, 10 ppm, 5 ppm, 2 ppm and 1 ppm) of D-mix solution were measured via UV-Vis spectra (Hitachi, Japan). The results were fitted to plot the standard UV-Vis curves of D-mix. To characterize the release behaviors of D-mix, the water-swollen equilibrium hydrogel coating in the D-mix/gentamicin solution was put into a glass container containing 50 mL of deionized water. For each time interval (0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h), 3 mL of solutions in the glass container were sampled to measure the UV-Vis absorption curve between 200 and 400 nm wavelength. After the measurement, the solutions were reintroduced into the container.
Owing to the absence of UV-Vis absorption curve of gentamicin, the release behaviors were measured according to the literature (Sampath and Robinson, 1990). Briefly, 2.5 g o-phthalaldehyde, 62.5 mL of methanol, and 3 mL of 2-mercaptoethanol were added to 560 mL of sodium borate solution at pH 8 to prepare the o-phthaldialdehyde reagent. The reagent was stored in the dark for 24 h before use. Then, different concentrations (40 ppm, 20 ppm, 10 ppm, 5 ppm, 2 ppm and 1 ppm) of gentamicin solution were mixed respectively with isopropanol and o-phthaldialdehyde reagent in a volume ratio of 1:1:1. UV-Vis absorption curve of the mixed solution was measured and the standard curves of gentamicin were plotted. To characterize the release behaviors of gentamicin, 1 mL of solutions in the glass container were sampled and mixed with 1 mL isopropanol and 1 mL o-phthaldialdehyde reagent in the dark for 1 h before the UV-Vis absorption curve measuring. The wavelength was set to 200–400 nm.
Antimicrobial activity tests
The antimicrobial activity of hydrogel coatings against P. aeruginosa strains was investigated by the spread plate method and fluorescence microscope method. P. aeruginosa cells were cultivated in a shaking Luria-Bertani (LB) fluid medium at 37°C for 18 h before use. The hydrogel coatings were co-cultured with 2 mL bacterial suspension (106 CFU mL−1) for 24 h. After the incubation, the samples were removed from the bacterial suspensions and gently rinsed with sterile water to remove the non-adherent bacteria. For the spread plate method, the samples were immediately transferred to sterile tubes containing 3 mL LB. The attached bacteria on the sample surfaces were collected in the tubes via strong vortex oscillations. The bacterial suspensions in tubes were diluted and 50 μL of them was spread onto LB agar plates. The plates were incubated at 37°C for 24 h and the antimicrobial efficiency (AE) of the coatings was calculated by the following Eq. 3.
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in which Sexp and Scon were the CFU numbers of the experiment samples and the control samples (bare steels). Two parallel samples were measured for each coating, and three parallel plate experiments were performed for each sample. The average value of these measurements was taken as the final result.
For the fluorescence microscope method, the samples were immediately transferred into 24-well culture plates containing 20 μL STYO-9 and propidium iodide (PI) dye. The adhered bacteria on the sample surfaces were stained for 20 min in the dark and observed via confocal laser scanning microscopy (CLSM) (Model C2 Plus, Nikon, Japan). Under the field of view of CLSM, live and dead bacteria were indicated green fluorescence (488 nm) and red fluorescence (559 nm), respectively.
Antibiofilm activity tests
The antibiofilm activity of hydrogel coatings was investigated by CV staining assay in 96-well culture plates according to the literature (Sanchez et al., 2014; Huang et al., 2020b). Typically, 100 μL bacterial suspension (106 CFU mL−1) was pre-loaded into each well of the plates, and a high-concentration D-mix solution was added to obtain a final concentration of 40 ppm for D-mix. After 48 h of incubation, LB fluid media containing high-concentration gentamicin was added into each well to make a final concentration of 13 ppm for gentamicin. The 96-well culture plates were incubated for another 24 h at 37°C. Subsequently, the plates were rinsed with sterile distilled water, and the adhered cells were stained with 100 μL of 0.1% crystal violet. For the semi-quantitative analysis of biofilm growth, the bound dye was released by 200 μL 4% (w/v) sodium dodecyl sulfate (SDS) and measured via a microplate reader at 570 nm. Antibiofilm efficiency was calculated by the following Eq. 4:
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in which ODc and ODe were the OD values of the blank control samples and experimental samples, respectively. The final concentrations (40 ppm for D-mix and 13 ppm for gentamicin) used in the tests were determined by the release behaviors of D-mix and gentamicin from hydrogel coatings.
RESULTS AND DISCUSSION
Preparation of the hydrogel coatings
Figure 1 showed the schematic diagram of the hydrogels composed of different ratios of SBMA, HEMA and PEGMA segments. The chemical composition of the obtained hydrogel coatings was investigated and characterized by FTIR (Figure 2). The PHEMAop hydrogel coating exhibited multiple characteristic absorption peaks, among which the broad peak at 3,400 cm−1 corresponds to the stretching vibration of O-H in HEMA (Tan et al., 2008). The deformation vibration at 1406 cm−1 and the torsional vibration at 815 cm−1 of CH2 = CH are relatively weak. This result indicated that the C=C double bonds of acrylate were consumed in the photopolymerization reaction, resulting in the generation of PHEMAop hydrogels (Lin et al., 2006). The peaks at 1350 cm−1 in the FTIR spectrum of PEGDAop hydrogel coating were related to the stretching vibration of CH2, while the absorption peak at 1096 cm-1 corresponded to the stretching vibration of C-O-C in the coatings (Xing et al., 2011). As for PS50H50op and PS75H25op hydrogel coatings, the broad peak at 3,400 cm−1 (O-H) also appeared in the spectrum. Moreover, the existing peaks at around 1148 cm−1 and 602 cm−1 respectively belonged to the sulfonate groups (SO3−) and C-S stretching vibration, and the adsorption intensities of these vibrations increased as SBMA content (Tian et al., 2013; Wu et al., 2017). These results demonstrated the successful synthesis of various hydrogel coatings.
[image: Figure 1]FIGURE 1 | A schematic diagram of the hydrogels composed of different ratios of SBMA, HEMA and PEGMA segments.
[image: Figure 2]FIGURE 2 | The FTIR spectra of the hydrogel coatings.
Mechanical stability of the hydrogel coatings
The excellent biocompatibility and drug-loading performance of hydrogels makes them a strong candidate for biomedical applications. However, the inadequate mechanical properties of hydrogels make the swollen hydrogel coatings easy to collapse and detach from the material surface during transport and service (Yao et al., 2022; Wei et al., 2023a; Wei et al., 2023b). In order to systematically assess the mechanical stability of the hydrogel coatings, we evaluated their weight loss after the immersion swelling, flow and tape-peeling tests (Figure 3). In the flow test, the flow rate was set to 500 mL min-1 to simulate the real blood flow rate in an artery (Obiweluozor et al., 2019). PS50H50op experienced almost no weight loss in swelling and tape-peeling tests (Figures 3A, C), while only ∼3% weight loss was observed after the flow test (Figure 3B). Copolymerizing HEMA segments highly improved the mechanical stability of zwitterionic hydrogel coatings. Moghadam et al. highlighted the key role of the hydrophobicity of HEMA in increasing the mechanical properties of those fragile and mechanically poor hydrophilic hydrogels (Moghadam and Pioletti, 2015). The mechanical stability of the coatings deteriorated as the SBMA component increased. PS75H25op coatings experienced significant weight loss in the swelling test (∼40%) and flow test (∼60%). The inadequate addition of HEMA segments could not reverse the poor mechanical stability of SBMA hydrogel coatings. It is worth noting that, although the pure HEMA coatings exhibited good resistance to swelling and flow damages, they lost up to ∼60% weight after tape-peeling tests. Due to the lack of toughness in PHEMAop hydrogel coatings, they were unable to form an effective cushion zone to resist deformation and dissipate energy in an abrasion environment, ultimately leading to the fracture of the polymer network (Moghadam and Pioletti, 2014). Similarly, ∼80% weight loss was observed for pure PEGMAop hydrogel coatings after these three kinds of damage. The results indicated that it also remained a challenge to optimize the mechanical stability of pure HEMA or PEG hydrogel coatings solely by tailoring the various synthesis parameters. The adequate introduction of lubricative SBMA segments was crucial, which endowed an improved property of PS50H50op coatings to resist multiple damages, especially abrasion damage (Wei et al., 2013; Adibnia et al., 2020). On the basis of the results above, PS50H50op coatings showed the best mechanical stability among these four coatings, resulting from the good integration of SBMA and HEMA.
[image: Figure 3]FIGURE 3 | Mechanical stability of different hydrogel coatings. Weight loss of hydrogel coatings after (A) immersion swelling, (B) flow and (C) tape-peeling tests; (D) the total weight loss after these three tests.
Drug release behaviors from hydrogel coatings
The swellability of hydrogel coatings may correlate positively with their drug-loading capacity (Tronci et al., 2014; Capanema et al., 2018). Therefore, the equilibrium water content (EWC) of different hydrogel coatings was first investigated. As shown in Figure 4, the water content of all hydrogel coatings increased sharply before 2 h and exhibited no significant change in the time interval of 2–8 h. Hydrogel coatings have been completely swollen within 2 h, and could no longer absorb more water from the external environment after reaching the equilibrium. The EWC (∼69%) of PHEMAop was the lowest among these four hydrogel coatings. The introduction of 50% and 75% SBMA components increased the water content of the hydrogel coatings to ∼487% and ∼521% at the immersion time of 1 h, respectively. This phenomenon was mainly attributed to the hydrogen bonding and ionic solvation effect of SBMA that could accommodate more water molecules around the polymer network, significantly enhancing the swellability of hydrogel coatings (Li et al., 2022). As the immersion time increased, the water content of PS50H50op increased to ∼676% and coatings reached the equilibrium. However, no equilibrium was observed for PS75H25op coatings, their water content decreased continuously during the immersion time of 2–8 h. These results could be explained by the weak stability of the PS75H25op coatings as revealed by the tests in Section 3.2. In addition, PEGMAop showed similar swellability to PS50H50op, as their EWC also reached to ∼682%.
[image: Figure 4]FIGURE 4 | The equilibrium water content of the different hydrogel coatings.
Subsequently, UV-Vis measurements were performed to quantitatively determine the drug release behaviors of D-mix and gentamicin from hydrogel coatings. The UV-Vis spectra of the D-mix at different concentrations were shown in Figure 5A. The intensity of the absorption peak located at 278 nm was used to be linearly fitted to plot the standard curve (Figure 5B) and quantify the concentration of D-mix (Liu et al., 2017; Hao et al., 2021). As shown in Figure 5C, all four hydrogel coatings reached the drug release limit within 24 h, and released almost no D-mix into the water environment during the period of 24–48 h. The drug release amount from PS50H50op and PEGMAop coatings was the highest, releasing ∼40 ppm D-mix at the immersion time of 24 h. These results were attributed to their excellent swellability (Figure 4), allowing more D-mix absorbed into the hydrogel network. Compared to PS50H50op coating, PS75H25op coatings integrated more SBMA segments but finally released fewer D-mix (∼23 ppm). This was because of the breakage of the swollen PS75H25op hydrogel network during the immersion, leading to a significant decrease in the drug-loading capacity of hydrogels, which was evidenced by the ∼40% hydrogels separated from the material surfaces after the immersion tests (Figure 3A). The PHEMAop hydrogel coatings only released ∼8 ppm of D-mix within 24 h due to its poor swelling performance.
[image: Figure 5]FIGURE 5 | (A) Standard UV-Vis spectra of D-mix in deionized water; (B) the linear fitted curve between the characteristic peak intensities at 278 nm and the corresponding concentration of D-mix; (C) the release amount of D-mix from different hydrogel coatings.
Due to the inability to detect the characteristic peak of gentamicin via UV-Vis spectra, the polycondensation between o-phthalaldehyde and gentamicin was employed and the characteristic UV-Vis peak intensities at 332 nm (Figure 6A) of products in isopropanol were detected to plot the standard curve (Figure 6B) and quantify the concentration of gentamicin (Figure 6C). Similarly, the PS50H50op and PEGMAop hydrogel coatings showed the highest release amount (∼13 ppm) of gentamicin, while the PEGMAop and PHEMAop hydrogel coatings (∼2.6 ppm) released fewer drugs during the immersion time of 48 h, 7.8 ppm and ∼2.6 ppm respectively. It is worth noting that, the release behaviors of gentamicin and D-mix were almost synchronous. During each time interval, the release amount of gentamicin from the hydrogel coatings was always ∼1/3 of D-mix, which was consistent with the optimized ratio of gentamicin to D-mix in the drug combinations. These results provided the basics to achieve the optimal antibiofilm and antimicrobial of hydrogel coatings. Generally speaking, PS50H50op hydrogel coatings possessed a higher drug release concentration and a faster release speed than nanocapsules (Huang et al., 2017b; Wang et al., 2022), which prevented the bacteria from escaping the sub-inhibitory concentrations of antibiotics and transferring drug-resistant genes to their descendants. The above results highlighted the potential application of PS50H50op hydrogel coatings to completely inhibit the biofilms associated bacterial infections.
[image: Figure 6]FIGURE 6 | (A) Standard UV-Vis spectra of gentamicin in isopropanol; (B) the linear fitted curve between the characteristic peak intensities at 332 nm and the corresponding concentration of gentamicin; (C) the release amount of gentamicin from different hydrogel coatings.
Antibiofilm and antimicrobial activities of hydrogel coatings
The antibiofilm activity of the D-mix, gentamicin and their combinations were first evaluated in terms of the biofilm formation inhibition via CV staining assay. As shown in Figure 7A, using D-mix alone exhibited marginal antibiofilm activity. Only ∼20% biofilm formation was inhibited after the treatment of D-mix for 48 h. Benefiting from the bactericidal property, using gentamicin alone exhibited ∼40% antibiofilm efficiency. However, D-mix/gentamicin combinations inhibited more than 90% biofilm formation, showing significantly higher antibiofilm efficiency than employing only a single mechanism. The potent antibiofilm activity of the combinations was attributed to the ability of D-mix to integrate into the peptidoglycan of bacterial cells and change multiple positions of the peptidoglycan-peptide bridge, resulting in maximum inhibition of P. aeruginosa biofilm formation. In the absence of biofilm, bacteria were forced to survive in planktonic form, in which they were much more susceptive to the harm of gentamicin.
[image: Figure 7]FIGURE 7 | (A) Antibiofilm efficiency of D-mix, gentamicin alone and their drug combinations calculated by the CV staining assay; (B) Digital images of LB agar plates (the white number represents the quantity of the visible colonies on the plates) and (C) corresponding statistical data of P. aeruginosa on the surface treated with different hydrogels; (D) Antimicrobial efficiency of hydrogel coatings calculated by the number of surface colony.
Subsequently, the spread plate method was employed to evaluate the antimicrobial activities of hydrogel coating surfaces (Jin et al., 2022). As shown in Figures 7B–D, PS50H50op and PEGDAop hydrogel coatings exhibited excellent antimicrobial activities, with the logarithmic inhibition rates of bacterial growth on the surfaces reaching 2.3 (>99.6%) and 2.0 (>98.9%), respectively. These antimicrobial activities were mainly attributed to the antifouling properties of the coatings themselves and the releases of D-mix/gentamicin combinations. Compared to PS50H50op coatings, the logarithmic antimicrobial efficiency of PS75H25op coatings was significantly reduced to 1.1. PS75H25op coatings partly separated from the substrate during the 24 h immersion due to the inadequate mechanical stability. The bare stainless steel surfaces could not resist the bacterial attachment. Among these four hydrogel coatings, the logarithmic antimicrobial efficiency of PHEMAop coatings was only 0.9. Although PHEMAop coatings exhibited excellent mechanical stability during the immersion, the inadequate drug-loading capacity of them (Figures 5, 6) was a key reason for their lowest antimicrobial activities. The CLSM method was used to further evaluate the bacterial colonization on the hydrogel coating surfaces (Figure 8). P. aeruginosa was visualized under a microscope after staining with SYTO-9 and PI dyes. SYTO-9 dyes could penetrate the bacterial cell membranes to label the DNA (or RNA) of both live and dead bacteria with green fluorescence. In contrast, PI dyes only penetrated damaged cell membranes to identify dead bacteria with red fluorescence. On the surface of bare steel, living P. aeruginosa were densely distributed under biofilms. Bacterial infections associated with biofilms were extremely difficult to eliminate even via surgical means because residual bacteria would result in recurrent infections for patients (Gao et al., 2020). Almost no bacteria were visible on the surface of PS50H50op coatings. The D-mix/gentamicin combinations released from the hydrogels rapidly killed the live bacteria and inhibited residual bacteria from forming biofilms. Moreover, the dense water film produced by SBMA segments further prevented the attachment of dead bacteria. In contrast, some dead bacteria could be seen attached to the surfaces of PS75H25op and PHMEAop coatings. The accumulation of dead bacteria may also hide the function of coatings, leading to their failure in long-term applications (Hartleb et al., 2015). Moreover, the mechanical stability of the coatings was a highly concerning issue for their long-term applications. Yuan et al. claimed the significance of mechanical stability of medical implant coatings and designed a stable antimicrobial peptide coating through a layer-by-layer self-assembly method. The covered implants were able to reduce bacterial colonization by up to 3.2 log even after repeated usage (Yuan et al., 2019). Therefore, the antimicrobial efficiency of PS50H50op coatings was also assessed after being subjected to swelling, flushing and abrasion damages. As shown in Figure 9, the fluorescence intensities on treated PS50H50op coatings were similar to the original ones, demonstrating that PS50H50op coatings remained the excellent antimicrobial activities after multiple damages. Moreover, the bacteria on the surfaces of PS50H50op coatings did not further proliferate after 72 h of immersion. The results further confirmed the excellent mechanical stability of PS50H50op hydrogel coatings.
[image: Figure 8]FIGURE 8 | Typical CLSM of P. aeruginosa on the surface treated with different hydrogels after 24 h of incubation. The scale bar represents 100 μM.
[image: Figure 9]FIGURE 9 | Typical CLSM of P. aeruginosa on the treated PS50H50op coating surfaces after 24 and 72 h incubation. The scale bar represents 100 μM.
CONCLUSION
In summary, a D-mix/gentamicin loaded SBMA-HEMA hydrogel coating with optimized mechanical stability and biofilm inhibition capabilities was prepared on the 316 L stainless steel surface. The weight loss tests indicated that the adequate integration of HEMA with SBMA segments significantly enhanced the stability of hydrogel coatings against mechanical damages. The weight of PS50H50op coatings was well retained after subjected swelling, flushing and abrasion damages. The obtained PS50H50op coatings were able to effectively inhibit the growth of P. aeruginosa and the biofilm formation. This was done with the synergy of the D-mix and gentamicin loaded in the hydrogel coatings. The D-mix exerted a stronger biofilm formation inhibition and maintained bacteria in the planktonic state, facilitating the bactericidal action of gentamicin. Owing to the strong mechanical stability, the excellent antibiofilm and antimicrobial activities of PS50H50op coatings were well preserved after multiple mechanical damages. The fine-designed PS50H50op hydrogel coatings provide an effective method to treat biofilms associated bacterial infections on the material surfaces.
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