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Robust Low Friction Antibiotic Coating of Urethral Catheters Using a Catechol-Functionalized Polymeric Hydrogel Film
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Indwelling urethral catheters are widely used in hospitalized patients. However, they are associated with bacterial infection and biofilm formation due to the suboptimal surface properties of the elastic materials used for the catheters. Although there are several antibacterial coating technologies to modify the surface properties of the catheter including hydrophilic polymeric coating, the risk of infection is still high given the absence of reactive functional groups on the surface of elastomers. In this study, we describe the use of catechol-functionalized hydrophilic polymers and explore strategies to create antibacterial hydrogel coatings. Three different types of catechol-functionalized polymers, chitosan, hyaluronic acid, and human serum albumin were synthesized and deposited using simple dip-coating method. All of the tested polymers could coat different types of elastomers widely used for urethral catheters independent of the surface properties while the thickness of the coating could be controlled by the number of depositions. The coating formed stable water-containing lubricant surface beneficial as a physical repellant of microbial attachment. In addition, the coating could be combined with additional antibacterial agents such as silver nanoparticles to maximize the antibacterial effect on the surface of urethral catheter materials.
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INTRODUCTION

Urethral catheters are inserted through urinary tract to drain urine from urethra and it is estimated to be used by 15–25% of hospitalized patients and 75% of patients at critical care (Shackley et al., 2017; Singha et al., 2017), including patients with urethral incontinence who require short- and long-term usage of urethral catheters. Each year, around 100 million urethral catheters are sold worldwide, 25 millions of which are in the United States (Saint et al., 2000). Elastomers are commonly used materials for urethral catheters, such as latex rubber, silicone, polyvinyl chloride (PVC), and polyurethane (PU), given their excellent conformability and mechanical strength to form a robust channel for drainage (Dellimore et al., 2013). However, in general, the surface of elastomers has high lateral friction coefficient, causing the adhesion of urine components and external bacteria such as Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), which is a pivotal step in their colonization and further biofilm formation (Swartjes et al., 2014; An et al., 2017). Furthermore, in the presence of urease-producing bacteria forming salt crystals on the surface, the catheter can be easily roughened to further increase friction, if not treated timely, causing massive obstruction (i.e., encrustation), antibiotic resistance of bacteria, and severe bacterial infection (Wang et al., 2015). To solve this problem, several antibacterial coating strategies have been developed including passive anti-adhesion to repel bacterial adhesion [e.g., poly(N-hydroxyethylacrylamide), and zwitterionic polymers], and active biocidal coating that can directly kill the bacteria on the surface (e.g., chitosan, N-halamine polymer, and other polymers with strong positive charges) combined with antibiotic agents to maximize the efficacy (e.g., silver; Dallas et al., 2011; Zhao et al., 2013; Ng et al., 2014; GhavamiNejad et al., 2016; Li et al., 2017; Yong et al., 2019). Along with the absence of surface functional groups in the elastomers used for urethral catheters, surface modification requires material-specific complexes and toxic chemical reactions producing coatings that lack appropriate mechanical stability for long-term use in a dynamic environment in vivo, hampering the translation into clinic (Voccia et al., 2006; Such et al., 2010). As a result, catheterization still causes patient discomfort and distress; and is a leading cause for urinary tract infection in hospitalized patients (i.e., catheter-associated urinary tract infection, CAUTI), with 26% incidence rate after only 2–10 days of catheterization (Saint, 2000; Gerard et al., 2003; Siderias et al., 2004). Therefore, there is a critical unmet need for a method producing robust and long-lasting low-friction antibacterial coating on elastomeric materials used in urethral catheters potentially capable of antibacterial drug loading and sustained release.

Here, we explore the use of catechol-functionalized polymers for a simple and robust antibacterial coating on elastomeric urethral catheter materials without the need of an additional surface functionalization process. Under physiological or alkaline conditions, catechol groups can be readily transformed into more reactive o-quinones, which subsequently can react with many other functional groups such as primary and secondary amines, carboxyls, and other adjacent catechol groups. Especially, when two of these functional groups are present in a single molecule (e.g., dopamine), this oxidative reaction results in polymerization of the molecules forming a robust coating on surfaces of multiple different types of materials without the need for surface functionalization. Due to the high affinity to multiple different surfaces and extremely simple procedure, the catechol moiety and its in-situ polymerization (also called polydopamine) have been extensively studied to prime the biomedical materials including elastomers with functional groups and normalize the surface properties of different materials (Lee et al., 2008; Yang et al., 2012; Hong et al., 2013). In this paper, we evaluated the use of polydopamine and catechol-functionalized polymers, using chitosan as a primary example that has excellent antibacterial properties, to coat elastomeric urethral catheter materials to prime the surfaces and coat an antibacterial hydrogel film with low friction. Stable chitosan hydrogel coatings with micrometer-scale thickness were formed on the candidate substrates including PU and PVC using simple dip coating methods with catechol-conjugated chitosan solutions in slightly alkaline buffer (pH 8.5 Tris buffer solution). The hydrogel coating based on the catechol-conjugated chitosan could reduce the surface friction and this coating strategy could be used to coat other polymers with different chemical properties (e.g., hyaluronic acid, proteins). Antibacterial silver nanoparticles could be incorporated into the hydrogel by simply adding silver nitrate solutions using the conjugated catechol groups as reducing agents. The hydrogel coating on the urethral catheter materials could minimize the binding of bacteria on catheter surfaces in combination with antibacterial agents such as silver nanoparticles, demonstrating its potential for clinical applications.



MATERIALS AND METHODS


Materials

Hyaluronic acid (HA) (17 kDa) was purchased from Lifecore biomedical (Chaska, MN, USA). Human serum albumin (HSA) (66~67 kDa), Chitosan (50~190 kDa, 75–85% deacetylated), dopamine hydrochloride, 3,4-dihydroxy-hydrocinnamic acid, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulfonic acid (MES) buffer, Tris buffer, Silver Nitrate (AgNO3), and RBS-35 detergent were purchased from Sigma (St. Louis, MO, USA). Escherichia Coli (E. coli) (ATTC# 29906) and Staphylococcus aureus (S. aureus) (ATTC# 6341) were purchased from ATCC (Manassas, VA, USA). The E. coli medium used in the study was composed of 5 g of NaCl (Sigma), 2.5 g of Yeast Extract (Sigma), and 5 g of Tryptone (Sigma) whereas the S. Aureus medium was composed of 15 g/L Tryptic Soy Broth (Sigma).



Preparation of Catechol-Conjugated Macromolecules

Each macromolecule (HA, chitosan, and HSA) was modified with unoxidized catechol groups using EDC chemistry. For catechol-conjugation to HA (HA-C), HA (1.2 mmol) was dissolved in 50 mL of 2-(N-morpholino) ethanesulfonic acid (MES) buffer (50 mM, pH 4.7) at 2% concentration to which dopamine hydrochloride (2.4 mmol) and EDC (2.4 mmol) solutions were added dropwise. The pH was adjusted to 4.7 by adding 1N HCl solution to water and the reaction mixture was stirred for 4 h at room temperature. Then, 4 mL of saturated NaCl solution (30%) were added to the reaction solution and dialyzed using a dialysis membrane with molecular weight cut-off (MWCO) of 1,000 Da against pH adjusted distilled deionized water (DDW) (pH 4.5) for 3 days and was lyophilized. For catechol-conjugation to chitosan (CHI-C), chitosan (3.1 mmol) was dissolved in 50 mL of pH adjusted MES buffer (50 mM, pH 4.7) to which 3,4-dihydroxyhydrocinnamic acid (3.1 mmol) and EDC (3.1 mmol) solutions were added to the reaction solution dropwise. After 4 h, saturated NaCl solution (30%) was added to the reaction solution, dialyzed (MWCO 1,000 Da), and lyophilized. To synthesize catechol-conjugated HSA (HSA-C), HSA (66 kDa, 15 μmol, 70 lysine groups per protein) was dissolved in 50 mL of pH adjusted MES buffer (50 mM, pH 4.7) and reacted with 3,4-dihydroxy-hydrocinnamic acid (750 μmol) and EDC (75 μmol). After 4 h, saturated NaCl solution (30%) was added to the reaction solution, dialyzed (MWCO 1,000 Da), and lyophilized. Degrees of catechol substitution for the functionalized polymers were measured by UV-Vis spectroscopy, especially using the intensity of the peak at 280 nm corresponding to the catechol groups. Dopamine hydrochloride (for HA) or 3,4-dihydroxy-hydrocinnamic acid (for chitosan and HSA) solutions in pH adjusted MES buffer (50 mM, pH 4.7) were used to plot standard curves. For HSA, the percentage degree of catechol substitution was calculated considering the total number of epsilon-amines (i.e., lysine residues) in a single protein as 100%.



Hydrogel Coating of Catechol Conjugated Macromolecules

Polyurethane (PU), polyvinyl chloride (PVC), and polydimethylsiloxane (PDMS) substrates were cut into 1 × 1 cm2 size substrates and sequentially sonicated in DDW, 5% RBS-35 detergent solution, and DDW for 15 min each. The substrates were immersed in dopamine hydrochloride solution (2 mg/mL Tris buffer, pH 8.5) and then placed on a 3D shaker (TW3, FINEPCR, Seoul, Korea) for 3 h. All the substrates were then sonicated in DDW for 15 min and dried with nitrogen gas. Unoxidized HSA-C or CHI-C was dissolved in Tris buffer (10 mM, pH 8.5) at 5 mg/mL and HA-C was dissolved at 3 mg/ml. Polydopamine coated substrates were immersed in appropriate solutions for 4 h. Subsequently, the substrates were withdrawn, carefully washed with DDW and dried with nitrogen gas. This process was repeated for several cycles as mentioned in the Results and Discussion section. All the samples were then washed using DDW and incubated at 50°C for 15 min to maximize crosslinking between unreacted catechols and fully dried for storage.



Characterization of the Modified Surfaces

CHI-C and HSA-C coatings were prepared on each substrate using the described protocols. To observe the surface morphology of modified PU substrate, the coated film was imaged with Scanning Electron Microscope (SEM) (S3400N, Hitachi High-Tech, Tokyo, Japan). To measure the water contact angle, PDMS, PVC, and PU substrates were prepared and coated with six layers of hydrogels, 6 deposition cycles of CHI-C, HA-C, and HSA-C. The hydrophilic property was characterized by contact angle measuring apparatus (SEO300A, Surface Electro Optics co., Suwon, Korea). Subsequently, the substrates were withdrawn, carefully washed with DDW and dried with nitrogen gas. An 18G syringe was used to make droplets and each photograph was taken 30 s after DDW dropped from the syringe. The image-processing software provided by the contact angle apparatus was used to calculate the angle at the junction of water droplet, the surface, and air.



Friction Measurement

CHI-C, HA-C, and HSA-C (6 deposition cycles) were coated on polydopamine coated PDMS, PVC, and PU as described in the previous section. The surface friction was characterized by scanning probe microscope (SPM) (XE-100 SPM, Park Systems, Suwon, Korea). A silicon dioxide cantilever was used to measure lateral force in contact mode. All samples were immersed in phosphate buffered saline (PBS) (pH 7.4, Gibco BRL, Gaithersburg, MD, USA) for 10 min and immediately placed on the working table. A size of 5 × 5 μm was imaged at three different forces, 1, 2, 5 nN and the corresponding values in voltage (VLFM) were measured. Two lateral forces were measured in terms of forward and backward lateral voltages. The lateral voltage (Va−b) was taken as the half of the value between the forward and backward scan in the friction loop and relative friction force was calculated from the slope of VLFM/Va−b.



Stability Studies

PU and PVC substrates were coated with CHI-C using 6 deposition cycles of CHI-C as described in the previous section. The composition of both modified and unmodified PU and PVC was examined using X-ray photoelectron spectroscope (XPS) (Sigma Probe, Thermo Scientific, Waltham, MA, USA). The modified PU and PVC were each placed in 2 mL of 1x PBS (pH 7.4, Gibco). The samples were placed on a 3D shaker inside an incubator at a set temperature of 37°C for 15 days. All the samples were carefully washed with DDW, dried with nitrogen gas, and examined with XPS. In addition, the coating of catechol-conjugates on PU substrates was visualized using FITC-conjugated CHI-C, HSA-C, and HA-C during 20 days of incubation in PBS at 37°C. The fluorescence signals were detected by an image analyzer (Image station 4000 MM, Kodak, New Haven, CT, USA).



Swelling Studies

The Polytetrafluoroethylene (PTFE) tube was used for the swelling study since it is light-impermeable and because it does not swell in solutions unlike PDMS, PVC, or PU. The tube was sonicated in DDW, 5% RBS-35 detergent solution, and DDW for 15 min each. The tube was immersed in dopamine hydrochloride solution (2 mg/mL Tris buffer, pH 8.5) and then placed on 3D shaker (TW3, FINEPCR, Seoul, Korea) for 3 h. The tube was then sonicated in DDW for 15 min and dried with nitrogen gas. A total of 10 deposition layers of FITC modified CHI-C hydrogels were adsorbed on a polydopamine coated PTFE tube and thoroughly dried with nitrogen gas. A cross-section of the coated tube was sliced with a stainless-steel blade and attached to a glass slide. The dried sample was incubated in an oven for 5 min and imaged with a confocal microscope before and after hydration in DDW for 10 min. Before taking the image, excess water was removed by gently wiping the tube. The thickness of the polymeric hydrogel coatings on PTFE tubing was measured by image analysis software ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) and average was taken from four random locations. Volume change of the hydrogel due to swelling was calculated as [image: image], where r = radius of the catheter, h = length of the catheter, x1 = hydrogel thickness in dry condition, x2 = hydrogel thickness after hydration. Since π, r, h remained constant, and the radius of catheter is larger than the hydrogel thickness by three orders of magnitude (Lawrence and Turner, 2005), the equation can be simplified to [image: image].



Bacterial Adhesion Assay

Silver nanoparticles (AgNPs) impregnated hydrogel film was prepared by placing 6 deposition cycles of CHI-C coated PU and PVC in a 10 mM AgNO3 solution for 10 min. The finished samples were washed with DDW and dried with nitrogen gas. Then, 2 mL of ten-fold diluted E. coli (0.06 OD600) and S. aureus (0.15 OD600) were added to unmodified, 6 deposition cycles of CHI-C modified, and CHI-C (6 deposition cycles)+10 mM AgNO3 modified PU and PVC. Medium were autoclaved before use. The samples were placed on a 3D shaker at 37°C for 8 h and the change in the bacteria population was measured at OD600 with Nanodrop spectrophotometer (ND-1000, Thermo Scientific). The number of live and dead bacteria in the solution was confirmed by Live/Dead BacLight Viability Kit (Invitrogen, Carlsbad, CA, USA) using spectrofluorophotometer (RF-5301pc, Shimadzu). To analyze the adherent bacteria on the surface, the samples were carefully washed with 1x PBS (pH 7.4, Gibco), stored at −20°C, and lyophilized. The samples were imaged with SEM (S3400N, Hitachi High-Tech).




RESULTS AND DISCUSSION

To immobilize antibacterial coatings on the elastomers used for urethral catheters, a three-step process was used: (1) surface functionalization using polydopamine, (2) multi-layered polymer deposition using catechol-functionalized biomacromolecules, and (3) loading of antibacterial agents (Figure 1). Most of the elastomers used in urethral catheters such as silicone, PU, and PVC have no functional groups on the surface, and the surface coating should be preceded with toxic chemical functionalization process to introduce functional groups. Additionally, most of these surface-induced functional groups are only transient (e.g., oxidize quickly in air or water) and their density is low, so the coatings deposited based on these chemistries usually have low binding affinity and low stability (Makamba et al., 2003; Koberstein, 2004). In previous studies, the polydopamine coating has been shown to provide robust surface functional groups in high density on almost any type of surfaces including polymeric elastomers (e.g., PDMS, PU, and PVC; Lee et al., 2007; Du et al., 2014). Furthermore, catechol-functionalized polymers can be deposited on the surface in a similar manner, potentially forming multi-layered polymer networks via catechol-based reactions (e.g., catechol-catechol, or catechol-amine reactions). The polydopamine coating was done using a previously reported dip coating method in alkaline buffer (pH 8.5), and catechol-functionalized polymers were chemically immobilized on the surface (Lee et al., 2008). The polymer coatings can form a water layer on the coated surface and therefore their deposition on the urethral catheter can play key roles in lowering friction, hindering bacterial attachments (i.e., passive antibacterial) and providing a delivery depot of antibacterial agents (Sudarshan et al., 1992; No et al., 2002). Furthermore, there are a few polymers that have an active antibacterial effect (i.e., polymer itself can kill bacteria) such as chitosan. Given its excellent antibacterial properties and antifouling effects, chitosan has been widely used in other previous studies to create antibacterial coatings on urinary catheters via covalent functionalization on the substrate often in combination with silver nanoparticles or silver nitrates as additional antibacterial agents. Although this strategy showed potential, the reaction process is often cumbersome and the reaction is limited to the surface forming a very thin layer (e.g., single layer of chitosan brush) limiting the stability and the amount of additional antibacterial agents that can be potentially added to the chitosan layer. Therefore, our key hypothesis is that a hydrogel coating using CHI-C with a micrometer-level thickness could create a more stable, lubricated surface potentially with more room for the additional antibacterial agents. We also believe the catechol-based hydrogel coating strategy can be applied in many other biomacromolecules such as HA and proteins (e.g., albumin), although not yet commonly used for urinary catheter coatings (Brokke et al., 1991; Kinnari et al., 2005; Anisha et al., 2013; Drago et al., 2014; Romanó et al., 2017). To functionalize the polymers with catechol groups, EDC chemistry was used (Figure 1). The degrees of substitution were calculated based on the characteristic UV-Vis absorbance peak of catechol at 280 nm using dopamine (or 3,4-dihydroxy-hydrocinnamic acid) solutions as standards. Significant peak shifts or shoulder peaks were not observed, indicating that the catechol groups remained unoxidized and not polymerized after the synthesis and purification steps (the representative UV-Vis spectrum for CHI-C was included in Figure S1). The degree of catechol substitution for CHI-C was 35.0% (~6.5 catechol groups per polymer chain), and HA-C and HSA-C had the degree of catechol substitution of 15.3% (~5.8 catechol groups per polymer chain), and 11.9% (~8.26 catechol groups per protein), respectively.


[image: Figure 1]
FIGURE 1. Catechol-functionalized polymer hydrogel surface modification for urethral catheters. (A) Schematic illustration of the hydrogel deposition on urinary catheter tubing with low friction, low bacterial adhesion and antibacterial effect with silver nanoparticles (AgNPs). To immobilize antibacterial coatings on the elastomers, a three-step process was used: (1) surface priming using polydopamine coating, (2) polymer deposition using catechol-functionalized biomacromolecules, and (3) loading of antibacterial agents (e.g., AgNPs). (B) Synthesis schemes of catechol functionalized chitosan (CHI-C), hyaluronic acid (HA-C), and human serum albumin (HSA-C) using EDC mediated chemistry.


The catechol-tethered macromolecules were added onto the polydopamine-coated surfaces in alkaline condition, where in the catechol group transforms into quinone, which can react with neighboring proteins via aryl-aryl coupling or with amines via Michael-type addition reactions (Yang et al., 2012; Park et al., 2016), forming a network of polymers (i.e., hydrogel). Our strategy to deposit a polymer hydrogel directly on the substrate using the catechol-based reactions provides benefits over other strategies. The layer-by-layer approach provides only a nano-size single layer per deposition cycle and only works with two different polymers. Therefore, opposite charges neutralize to become less hydrophilic, which is not desirable for a hydrogel-based lubricated surface. Another hydrogel film coating strategy is to fabricate a separate hydrogel film and then attach it to the substrate. However, when the hydrogel is fabricated, the crosslinked polymers leave minimal binding functional groups and water layer on the surface leading to minimal surface functional groups available to react with the substrate and potential mismatch of mechanical properties with the substrate. To evaluate the growth kinetics of the hydrogel layer, the thickness of the hydrogel was measured in different time points of the deposition reaction process. When the CHI-C was dissolved in the pH 8.5 Tris buffer solution, the catechol groups are converted into their quinone forms to further react with the adjacent functional groups (e.g., other quinones or amines) on the polydopamine layer or other CHI-C polymers already attached to the substrate. As shown in Figure 2A, the deposition thickness in the first deposition cycle was saturated around 4 h while there are significantly more precipitates from aggregation after 4 h (Figure S2) suggesting that extensive inter-molecular crosslinking between CHI-C polymers was induced in the fabrication process, contributing to the drastic increase of the hydrogel thickness. We further explored using multiple deposition cycles to create a hydrogel coating (Figure 2B). For subsequent studies, 4 h was selected for one deposition cycle and to deposit the next layer a fresh polymer solution with no aggregates was used. In an experiment to deposit CHI-C on PU and PVC substrates, the thicknesses were saturated within 3–6 deposition cycles depending on the substrate and the presence or absence of polydopamine layer. To normalize the deposition cycles for all the samples, we used 6 layers or more for all the studies. In addition, we performed an experiment to show the changes in thickness during the deposition of CHI-C on PU and PVC without polydopamine pre-treatment (PD). Interestingly, the PU substrate was less dependent on the initial polydopamine layer whereas the thickness of CHI-C on the PVC substrate without the initial layer was significantly thinner than the layer formed on the PVC with the polydopamine layer. This is likely due to the higher capacity of hydrogen bonds of PU with catechol groups or the release of plasticizers from the PVC surface, although more detailed study would be required. This result suggests that PU can be directly coated with CHI-C hydrogels and other substrates with less affinity to CHI-C can be also used with additional polydopamine coating. Further SEM image analysis showed that after one deposition cycle for 4 h, the CHI-C formed a thick but rough layer leaving micrometer-scale pores on the hydrogel surface (Figure 2C, left image). After six deposition cycles, CHI-C on polydopamine-treated PU (PU_PD) formed a continuous hydrogel layer on the substrate surface (Figure 2C, middle image). These results suggest that in the dip coating method in an oxidative environment (i.e., pH 8.5 Tris buffer solution), the thickness of the hydrogel is determined in the initial phase of the coating providing a porous scaffold that is filled in with additional deposition cycles (Figure 2D), rather than deposited in a layer-by-layer fashion. The deposition of HSA-C hydrogel showed similar behavior during multiple deposition cycles, although HSA-C formed more discrete aggregates rather than interconnected network even after 6 deposition cycles (Figure S3), potentially due to the higher inter-molecular reactions and tendency for self-oligomerization compared to CHI-C (Ortega-Vinuesa et al., 1998; Bhattacharya et al., 2014). When the CHI-C hydrogel layer after 6 deposition cycles was treated with silver nitrate (AgNO3), silver nanoparticles (AgNPs) were formed on the surface through catechol-based reduction of silver ions into Ag(s) (Figure 2C, right image) indicating the presence of catechol groups on the surface, which potentially can serve as functional groups for further surface functionalization (e.g., immobilization of antibacterial agents, etc.). In XPS analysis, two peaks at the binding energy of 367.3 and 373.3 eV were observed, which are ascribed to Ag 3d5/2 and Ag 3d3/2 signals, respectively. The splitting of Ag 3d doublet is about 6.0 eV, indicating the synthesized AgNPs are in their metallic forms [Ag(s), see Figure S4].


[image: Figure 2]
FIGURE 2. Fabrication and surface morphology of CHI-C hydrogel coatings on urinary catheter materials. (A,B) Changes in the thickness of the CHI-C hydrogel coating during (A) the first 4-h deposition cycle (B) during 6 deposition cycles (4 h each). (C) SEM images of the CHI-C hydrogel coated PU substrates fabricated using 1 deposition cycle (left panel), 6 deposition cycles (middle panel), and 6 deposition cycles treated with AgNO3 to form AgNPs (right panel). (D) Schematic representations of the CHI-C hydrogel coating formation using the dip coating method in oxidative environment.


We further examined how the hydrogel coatings can change the hydrophilicity and water absorption on the elastomer surfaces. The PDMS, PVC and PU substrates with polymer networks were more hydrophilic, as indicated by a decrease in contact angle, most likely through a synergistic effect of the catechol moiety and the macromolecules (Figure 3A). After six deposition cycles of CHI-C coating, the water contact angles of PDMS, PVC and PU substrates were decreased from 87.53 ± 5.87°, 57.86 ± 3.78°, and 76.95 ± 3.57°, to 27.90 ± 6.65°, 23.0 ± 5.4°, and 28.6 ± 9.7°, respectively, indicating the CHI-C coating can enhance the wetting on the surface of the elastomeric materials. Similarly, the six deposition cycles of HA-C, and HSA-C on different substrates also showed decreased water contact angles suggesting that the hydrogel coating strategy can be used for other types of polymers. The HA-C and HSA-C coatings on PDMS resulted in the water contact angle decrease from 87.53 ± 5.87° to 29.73 ± 4.76°, and 25.94 ± 1.77°, respectively, those coated on PVC resulted in contact angle decrease from 57.86 ± 3.78° to 22.2 ± 6.8°, and 18.4 ± 3.2°, respectively, and those coated on PU resulted in the contact angle decrease from 76.95 ± 3.57° to 21.5 ± 2.8°, and 24.7 ± 1.6°, respectively. To evaluate the water absorption of the CHI-C hydrogel coating, A PTFE tube was coated with FITC-conjugated CHI-C following the protocols established above. Opaque PTFE tubes were used instead of PVC or PU that are transparent to avoid fluorescence from entering the polymer tube. To ensure the hydrogel layer is fully saturated into a continuous layer, the PTFE tubes were coated using 10 deposition cycles after polydopamine treatment. The coating was imaged using fluorescent microscope and the sectional thickness was measured using image analysis software. The average thickness of the fully dried CHI-C hydrogel coating was 10.4 ± 1.7 μm (Figure 3B). When they were hydrated with PBS (pH 7.4), their thickness increased to 17.4 ± 2.1 μm, and the volume change after hydration (i.e., water content) was 67%. This increase in thickness indicated that the polymer networks were formed to stably contain water (i.e., hydrogel), which is beneficial to form low-friction anti-biofouling surfaces.


[image: Figure 3]
FIGURE 3. Wettability of PDMS, PVC, and PU substrates with polymeric hydrogel coatings after 6 deposition cycles. (A) Measurement of water contact angles of substrates coated with hydrogel (n = 3). (B) The side view of dry and water swollen FITC-conjugated CHI-C hydrogel coating on PTFE tube imaged with confocal microscope before and after immersion in PBS buffer (pH 7.4) for 10 min (scale bar = 20 μm) and the thickness of the CHI-C hydrogel coating.


The hydrated hydrogel coating could significantly lower the friction coefficient by generating a repulsive force from the surface tension of water molecules entrapped within hydrogel film (Kang et al., 2016; Dedinaite and Claesson, 2017). The lateral force mode of SPM was used to calculate the friction coefficients of hydrated substrates after immersion in PBS (Figure 4A). When lateral voltage (VA−B) was measured against normal voltage (VLFM), its slope can be used to find the relative friction coefficient of the surfaces. The CHI-C hydrogel coating on PDMS, PVC, and PU substrates lowered the friction coefficient from 0.318 ± 0.045, 0.271 ± 0.024, and 0.843 ± 0.206 to 0.103 ± 0.006, 0.089 ± 0.011, and 0.243 ± 0.146, respectively (Figure 4B). The coatings using HA-C and HSA-C on PDMS substrate resulted in a decrease of friction coefficient from 0.318 ± 0.045 to 0.085 ± 0.021, and 0.116 ± 0.010 respectively, for those on PVC substrate resulted in a decrease from 0.271 ± 0.024 to 0.181 ± 0.010, and 0.105 ± 0.003, and for those on PU substrate resulted in a decrease from 0.843 ± 0.206 to 0.104 ± 0.030 and 0.422 ± 0.051 (Figure 4B). HSA coating in general showed higher friction coefficients, potentially due to its tendency to form aggregates and rough surface deposition (Figure S3). The relative friction coefficient decreased in all the polymer-coated substrates, which was calculated by dividing the modified substrate's coefficient by the bare substrate (Figure 4C). Given that surface friction contributes to the adhesion of bacteria in fluidic conditions, which then leads to the development of biofilm that is resistant to antimicrobial treatment (Katsikogianni and Missirlis, 2004; Swartjes et al., 2014), the catechol-functionalized hydrogel coatings with significant reductions in the friction coefficients may offer a preventive strategy against the initial biofilm formation and its progression, in addition to providing lubricity to catheter surface.


[image: Figure 4]
FIGURE 4. Friction coefficient of PDMS, PVC, and PU substrates after modification with catechol-conjugated hydrogels CHI-C, HA-C, and HSA-C. (A) Lateral voltage (VA−B) vs. normal voltage (VLFM) of unmodified and coated substrates (n = 3). (B) Friction coefficient (VL/VA−B) and relative friction coefficient (μ) of coated substrates compared to bare surface. (C) The percentage of relative friction coefficient of coated substrates compared to unmodified substrates (n = 3, *p < 0.05 and **p < 0.01 vs. Bare).


Stability of hydrogel coatings is critical for clinical applications especially for those exposed to high shear stress. Hydrogel coatings with low stability could lead to surface delamination, cracking, and the loss of anti-fouling properties within hours (Cloutier et al., 2015; Fischer et al., 2015). We anticipated that a micrometer-scale hydrogel could prolong the anti-fouling properties by providing a thicker layer of water-containing coating. The stability of the CHI-C hydrogel coatings on PU and PVC was evaluated using XPS, to assess whether cracks or delamination, that would expose bare substrate susceptible to bacterial attachment, would occur. PVC and PU substrates were coated with the CHI-C hydrogel using 6 deposition cycles and incubated in PBS buffer (pH 7.4) for 15 days with continuous agitation in a 3D shaker. After deposition of CHI-C hydrogel onto the PU surface, the N 1s peak at the binding energy 398 eV (Hendrickson et al., 1969) was increased for all groups (bare PU: 0.95% and CHI-C hydrogel coating: 6.15%) (Figure 5A, also see Figure S5A), and after 15 days of incubation with continuous agitation, the N 1s peak was 6.04% indicating that the CHI-C layer is still the outermost layer. On the PVC surface, the organic chloride (Cl 2p) peak at the binding energy 198 eV (Ebner et al., 1976) decreased from 14.99% in unmodified PVC to 1.93% in CHI-C hydrogel coated PVC, and after 15 days of incubation with continuous agitation, the Cl 2p peak was 3.94% (Figure 5A, Figure S5B). Given that the Cl 2p peak of CHI-C hydrogel coatings on PU with no Cl on substrate also increased in similar levels (about 5%), the small peaks are likely from the trace amount of chloride ions from buffer solutions used for the deposition (i.e., Tris buffer) and the incubation (i.e., PBS buffer), and not from the bare substrate (i.e., 14.99% Cl 2p). In addition, when the FITC-conjugated CHI-C and other polymers (i.e., HA-C and HSA-C) were deposited on PU, the FITC fluorescence signals were maintained for 20 days with no crack or delamination observed (Figure 5B). These results show that the CHI-C hydrogel provides a stable coating of the substrate over a few weeks allowing for prolonged surface lubricity and anti-fouling properties potentially in combination with additional antibacterial agents (e.g., AgNPs).


[image: Figure 5]
FIGURE 5. Assessment of stability of the catechol-functionalized hydrogel coatings with 6 deposition cycles on materials used in urethral catheters. (A) XPS peaks of PU and PVC substrates with unmodified surfaces or with CHI-C and quantifications of surface atomic compositions [nitrogen (N 1s) and chloride (Cl 2p)]. (B) Fluorescent images of FITC modified CHI-C, HA-C, and HSA-C coatings on PU substrates after immersion in PBS for 20 days.


The antibacterial effect of the CHI-C hydrogel coating was further evaluated. The low friction of the hydrogel coated surface can reduce the microbial adhesion in the initial phase of exposure and its stability can help prolong the surface characteristics to prevent biofilm formation, which is intrinsically resistant to antibiotics (Jones et al., 2008; Milo et al., 2016). To test if the coating can reduce the bacterial adhesion, PU and PVC substrates with the CHI-C hydrogel coating treated with 10 mM AgNO3 to form AgNPs were used to evaluate the reduced adherence of E. coli and S. aureus, which are the most common gram negative and gram positive bacteria responsible for biofilm formation associated with the use of indwelling medical devices (Foster and Höök, 2000; Donlan, 2001). The CHI-C hydrogel was used for the study due to the antimicrobial properties of chitosan itself (Raafat et al., 2008; Goy et al., 2009; Kara et al., 2014) and its excellent lubricity, stability and capability to form AgNPs by catechol-based reduction of silver ions. Silver is also one of the few antimicrobial agents for urethral catheter coatings, along with other medical devices, that is approved by the US Food and Drug Administration (FDA). To evaluate the antibacterial properties of the CHI-C hydrogel coated PU and PVC, a variant of the ISO 22196 standard for measurement of antibacterial activity on plastics and other non-porous surfaces, in which E. coli and S. aureus are common choices of bacteria strands, was used (ISO22196:2011, 2011). Briefly, the bacteria were cultured on the substrate surface for 8 h at 37 °C in hydrated condition within a 3D shaker, and bacterial adherence was measured after washing and lyophilization of the substrate. The SEM analysis and quantitative data showed that during the initial adhesion period, the population of live E. coli cells significantly decreased in the CHI-C hydrogel coated PU substrate, and further decreased in the AgNPs-CHI-C PU group, compared to bare substrate (bare: 85.23 ± 0.95%, CHI-C hydrogel coating: 48.32 ± 3.80%, CHI-C hydrogel coating with AgNPs: 4.70 ± 0.95%) (Figures 6A,B). Similarly, a significant decrease in the population of live S. aureus cells was observed in the CHI-C coated PU substrate and the CHI-C hydrogel coating with AgNPs on PU further decreased the population (bare: 100 ± 18%, CHI-C hydrogel coating : 73.72 ± 1.03%, CHI-C hydrogel coating with AgNPs: 59.12 ± 5.16%). These results indicate the multilayer hydrogel coating with silver could lower the initial attachment of bacteria, which potentially can further significantly impair biofilm formation. In contrast, the CHI-C hydrogel coating with AgNPs on PVC substrate only exhibited a reduction of the E. coli culture but showed minimal antibacterial effect against S. aureus (Figures 6A,B) suggesting that the type of substrates can also impact the antibacterial effect. Previous studies have shown that PVC catheter can support the survival and growth of Pseudomonas aeruginosa while PU catheter remained inert most likely due to the use of plasticizers and stabilizers in PVC catheters, which can be released into the surrounding solutions and also support the survival of bacteria (Martinez-Martinez et al., 1990).


[image: Figure 6]
FIGURE 6. Enhanced antibacterial adhesion effects by 6 deposition cycles of CHI-C and silver impregnated CHI-C onto the PU and PVC substrates. (A) SEM analysis was performed to validate the antibacterial adhesion effects 8 h after cell seeding. The white arrows indicate E. coli. Scale bar indicates 2 μm. (B) The adhesion of live Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were quantified by Live/Dead BacLight Viability assay (n = 3 *p < 0.05 and **p < 0.01 vs. each bare substrate, ##p < 0.01 vs. each CHI-C substrate).


Overtime, the interaction between biofilm and urine leads to mineral precipitation around the catheters that may cause blockage of the inner lumen and demand medical attentions (Donlan, 2001; Wang et al., 2019). Eradication of biofilm after its formation is practically impossible to achieve due to increased risk of polymicrobial infection and the multiplied population's resistance to antibiotics (Singha et al., 2017). Instead, more emphasis should be put on the prevention of biofilm formation, starting with the reduction in bacterial adhesion, which is correlated to reduced progression into biofilm. It has been shown that catechol-functionalized hydrogel can endorse the sustained release of a variety of biological therapeutics, including silver nanoparticles, because of the latent activities of the catechol groups, which also contributed to enhanced stability in physiological conditions (Min and Hammond, 2011; Fullenkamp et al., 2012). As for the hydrogel coating approach outlined in this report, it would be highly desirable to investigate its compatibility with other antimicrobial or biocidal agents and optimize the assembly techniques for sustained release. It can also be expected that multilayer depositions on other biomaterials or biomedical devices can be efficiently harvested from this technology and further developed for incorporating additional functional moieties.



CONCLUSION

In summary, we have demonstrated the feasibility of using bioinspired catechol conjugates to reduce infections associated with the use of urethral catheters. Catechol conjugation allowed the hydrogels to be simply coated onto the substrates, which obviates the need for aggressive regimens in traditional coating methods for hydrophobic substrates and also increases the homogeneity of the film morphology. The modified surfaces presented higher hydrophilicity due to water adhesion in the hydrogel complex, which can contribute to the desired lubricity and anti-microbial fouling effect for catheter coating. In addition, the hydrogel coatings were also shown to be stable on both PVC and PU surfaces, after 20 days of incubation in hydrated conditions. Especially, the catechol-conjugated chitosan and embedded AgNPs on the PU substrate reduced the adhesion of E. coli and S. aureus and can possibly prevent the concerning biofilm formation on the materials used for urethral catheters. Therefore, the easy-to-fabricate, catechol-mediated hydrogel assembly has demonstrated its robust properties and feasibility as a novel urethral catheter surface coating with enhanced lubricity and anti-biofouling effects.
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