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Abstract

:

In recent years, the application of polyvinyl chloride (PVC) material has significantly expanded within the realm of biomedical materials. However, the hydrophobicity of PVC has been found to cause many adverse reactions in patients within the biomedical field. It is imperative to urgently discover viable approaches for enhancing the hydrophilicity of PVC in order to ensure its safety in biomedical applications. In this study, the surface of PVC films was modified with a combination of hyperbranched polylysine (HBPL) and polydopamine (pDA) through either simultaneous deposition with polydopamine (PVC-pDA/HBPL) or successive deposition of pDA and HBPL (PVC-pDA-HBPL), aiming to investigate the influence of this modification method on surface hydrophilicity enhancement. The surface coatings were characterized using gravimetry, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and water contact angle measurements. The results demonstrated that the incorporation of HBPL led to a significant enhancement in both the deposition amount and stability of pDA, particularly when the mass ratio of DA/HBPL was approximately 1:1. Simultaneously, the morphology of the films exhibited an increase in roughness, while surface hydrophilicity was significantly enhanced upon incorporating pDA and HBPL, and the water contact angle was decreased to 43.2°. Moreover, the detachment of PVC-pDA/HBPL and PVC-pDA-HBPL after exposure to 1.0 M NaOH solutions was considerably lower compared to that of PVC-pDA alone, indicating improved stability under strongly basic conditions. Notably, these enhancements were more pronounced for PVC-pDA/HBPL than for PVC-pDA-HBPL, indicating that HBPL may act as a cross-linker during pDA deposition primarily through intermolecular Schiff base reactions, hydrogen bonding, or Michael addition. This work represents a pioneering effort in integrating HBPL and dopamine for hydrophilic modification of PVC materials, thereby expanding the potential applications of PVC materials. Additionally, we provide novel insights into constructing a hydrophilic surface based on bionic principles and expanding the potential applications of HBPL and pDA.
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1. Introduction


Medical plastics have garnered significant attention due to their cost efficiency, high production capacity, and wide market demand. Among them, poly(vinyl chloride) (PVC) stands out as one of the most extensively utilized polymers owing to its commendable chemical stability, exceptional mechanical strength, and ease of production. PVC has found widespread application in the medical field, encompassing various medical hoses, blood storage devices, dialysis accessories, surgical gloves, artificial organs, and more [1]. However, the hydrophobic nature of PVC poses new challenges such as undesired cell and protein adhesion as well as tissue damage upon introduction into the human body. Consequently, there is an urgent need to enhance the surface hydrophilicity of PVC while simultaneously improving its safety for biomedical applications.



It is widely recognized that mytilus edulis exhibits remarkable strength and surface lubricity in water, which can be attributed to the presence of mytilus foot protein (Mtp) in the byssal gland on its surface [2,3,4]. The hydrolysis product of Mtp has been identified primarily as 3,4-dihydroxy-L-phenylalanine (DOPA), lysine, and hydroxyproline residues [5]. For instance, approximately 27% of DOPA residues and 15% of lysine residues were detected in the amino acid sequence of Mtp-5, which are considered the primary factors contributing to the adhesion and lubricity properties of Mtp [6,7]. Owing to their exceptional adhesive characteristics, mussel-inspired polydopamine (pDA) coatings have gained significant attention in various fields such as biomedicine [8,9], national defense [10], and marine engineering [11,12] over recent years. Dopamine (DA), also referred to as catecholamine or trihydroxytyramine, with a structure of C6H3(OH)2-CH2-CH2-NH2, is an intermediate product of tyrosine metabolism and commonly utilized in the form of dopamine hydrochloride. Under weakly alkaline conditions, pDA can be spontaneously formed through dopaminergic oxidation, self-polymerization, and cross-linking reactions [13,14,15]. The deposition of DA on various substrates has been investigated, providing a platform for subsequent grafting with multiple functional groups [16,17,18]. However, the instability of pDA coatings in alkaline solutions and organic solvents, particularly polar solvents, poses a challenge for their practical application in secondary grafting [19,20]. For instance, Wei [21] reported that PDA-coated substrates such as polypropylene (PP), poly(vinylidenefluoride) (PVDF), and nylon exhibited remarkable stability in strongly acidic solutions; however, the detachment percentage significantly increased in 1.0 M NaOH. Therefore, it is imperative to enhance the chemical stability of PDA coatings to serve as a reliable platform for secondary grafting. Nonetheless, there are limited amino groups available for secondary grafting after dopamine self-polymerization [22,23,24]. Consequently, it would be ideal if we could achieve both sufficient functional group preservation for secondary grafting and enhanced stability of the pDA coatings.



In recent years, numerous studies have been reported focusing on enhancing the hydrophilicity of PVC surfaces. Kathryn [25] demonstrated a physisorbed free radical chain transfer grafting technique to initiate the polymerization of hydrophilic monomers through the physisorption of a hydrophobic initiator onto the PVC surface. Additionally, composite hydrogel paints (CHPs) consisting of zwitterionic copolymers or microgels were employed to effectively improve the hydrophilicity of PVC to prevent thrombus formation in PVC intervention materials [26]. Furthermore, an effective approach to enhance hydrophilicity involves implanting nanoparticles (NPs), such as TiO2-NPs, onto PVC surfaces where TiO2-NPs serve as agents for hydrophilic modification [27]. Ahmad [28] demonstrated a significant enhancement in the hydrophilicity of PVC film when incorporating acrylamide-grafted bentonite, which exhibited excellent antifouling properties for oil/wastewater separation.



Simultaneously, when modifying a material surface to be hydrophilic, it is crucial to consider the durability of these coatings. Zhao [29] successfully developed a stable copper nanowire composite film by introducing a pDA-modified alginate matrix, resulting in an exceptionally smooth surface with remarkable interface adhesion. Various types of oxidants (e.g., CuSO4/H2O2 [30], (NH4)2S2O8 [31], and NaIO4 [32]) can be utilized during pDA polymerization to enhance covalent interactions and improve the stability of pDA coatings. However, this method requires increased consumption of amino groups during the DA cyclization reaction, which may not be advantageous for secondary grafting purposes.



Generally speaking, ε-poly-L-lysine (ε-PL) or α-poly-L-lysine (PLL) can be synthesized through the polymerization of L-lysine using different synthetic approaches [33]. Among the various types of polylysine, hyperbranched polylysine (HBPL) is a widely distributed and randomly branched polymer containing both ε-PL and PLL units. With its highly branched structure and abundant terminal amines, HBPL is well-suited for secondary grafting and modification. Yang [34] successfully immobilized HBPL onto a titanium substrate to achieve antibacterial, anti-inflammatory, and osteogenic functions. Additionally, surface modification with PLL has been reported to neutralize the charge of extracellular matrix surfaces, thereby inhibiting cell and tissue adhesion to prevent postoperative adhesions [35]. Yuan [36] also demonstrated that modifying poly(lactic-co-glycolic acid (PLGA) microspheres with PLL can impart excellent protein-repellent properties, which is conducive to cell adhesion. However, there have been few studies focused on the applications of HBPL in surface hydrophilic modification.



Inspired by hydrolysis product components of Mtps, pDA alone and pDA coupled with HBPL were investigated to enhance the surface hydrophilicity of PVC. HBPL was synthesized via melt phase polycondensation and characterized using 1H nuclear magnetic resonance (1HNMR), Fourier transform infrared (FTIR) spectra, Raman spectroscopy, and gel permeation chromatography (GPC). To determine the optimal approach for surface modification, HBPL was either co-deposited with pDA (PVC-pDA/HBPL) or covalently grafted onto pDA-deposited PVC (PVC-pDA-HBPL). The stability of these coatings was evaluated by examining their surface morphology and water contact angle after elution with 1.0 M HCl and 1.0 M NaOH, which represent strong acid and alkali conditions, respectively. There has been extensive research conducted in the past regarding the hydrophilic modification of PVC material surfaces. However, this study represents a novel approach by employing HBPL and pDA to enhance the surface wettability of PVC materials. This study provides new insights into constructing a hydrophilic surface based on bionic principles while expanding the application potential of HBPL and pDA. Additionally, the reported antibacterial effect of HBPL [37] suggests the potential for further investigation into enhancing the antibacterial properties of PVC materials in future research.




2. Materials and Methods


2.1. Materials


Dopamine hydrochloride, potassium hydroxide, and methanol were purchased from Aladdin Chemistry Co., Ltd., Shanghai, China. Lysine hydrochloride was purchased from Tokyo Chemical Industry, Tokyo, Japan. Zirconium n-butoxide was purchased from Admas Chemistry Co. Ltd., Shanghai, China. Tris-(hydroxymethyl)aminomethane (Tris) was purchased from Beyotime Biotechnology, Haimen, China. All chemicals were of analytical grade and used as received if not specifically stated otherwise. Milli-Q water (Merck, Rahway, NJ, USA) was used throughout the experiments. PVC was obtained from Zhejiang Haisheng Medical Device Co., Ltd., Shaoxing, China.




2.2. Preparation of Hyperbranched Polylysine


The hyperbranched polylysine utilized in this experiment was synthesized following the previously reported procedure [38] illustrated in Scheme 1. In brief, a mixture of 54.8 g L-lysine hydrochloride and 16.8 g KOH was thoroughly blended in a three-neck flask and subjected to a 2 h reaction with mechanical stirring. Subsequently, the system was heated to 150 °C until the hybrid transformed into a molten state. A catalyst of 7.2 mL Zr(OnBu)4 (equivalent to 3 mol% of the lysine monomer) was added, and the reaction proceeded for 8 h under nitrogen protection with an open state for water evaporation. The resulting brown samples were dissolved in 200 mL methanol, and the KCl byproduct was eliminated through centrifugation at 6500× g for 15 min. Finally, methanol was removed via spin evaporation. The product was redissolved in methanol and dialyzed against water using a dialysis bag with a molecular weight cutoff of 3500 for three days. HBPL was refined through freeze-drying, resulting in a yellowish product with an average molecular weight of approximately 6.2 kDa and a molecular weight distribution index of 1.74, as determined by means of GPC (1260 Infinity II, Agilent, Santa Clara, CA, USA).



The structure of HBPL was confirmed through 1HNMR spectroscopy, utilizing a Bruker DMX500 (Bruker, Billerica, MA, USA) instrument operating at 500 MHz with D2O as the solvent and tetramethylsilane as the reference compound. Fourier transform infrared (FTIR) spectra were obtained using KBr pellets on a NICOLET6700 instrument (Thermo Fisher Scientific, Waltham, MA, USA). Additionally, the Raman spectra were obtained using a Raman microscope (DXR3, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a 785 nm solid-state laser (20 mW), 50×/0.75 numerical aperture (NA) objective lens, Renishaw CCD detector, and Olympus microscope. Exposure time was 10 s, and spectral resolution was 0.5 cm−1.




2.3. pDA/HBPL Co-Deposition on PVC


A PVC film (1.5 cm × 1.5 cm × 0.155 mm) was subjected to three rounds of sonication with ethanol and distilled water for washing purposes. Subsequently, the PVC film was immersed in a solution containing DA/HBPL in Tris-HCl buffer solution (50 mM, pH = 8.5) within a 15 mL vessel and shaken at room temperature (23 ± 2 °C) for a duration of two days using a shaking incubator. To investigate the influence of HBPL mass proportion on the stability of pDA/HBPL, parallel experiments were conducted using varying ratios of DA/HBPL: 4:1, 2:1, 1:1, 0:1, 1:2, 1:4, and 1:0 (with both DA concentrations set at 2 mg/mL). Finally, the modified samples were washed thrice with ethanol and then with distilled water before being dried at an oven temperature of 50 °C. These samples were designated as PVC-pDA/HBPL. The deposition density (DD) on the substrate materials was calculated based on the following formula:


DD = (m1 − m0)/S,



(1)




where m0 and m1 are the mass of the substrate material before and after deposition (mg), and S is the area of the substrate material. The mass of the substrate material before and after deposition was measured using electronic analytical balance.




2.4. Successive Deposition of pDA and HBPL on PVC


The successive deposition of pDA and HBPL onto PVC was conducted following a similar procedure. Firstly, PVC films were treated with a 2 mg/mL DA solution for 2 days until the films turned brown in color. Subsequently, the films were washed three times with ethanol and water to remove physically adsorbed pDA, followed by drying in a sealed oven at 50 °C for subsequent experiments. To achieve adequate dissolution, HBPL in varying concentrations (where the mass ratio of HBPL to the previously added DA was 4:1, 2:1, 1:1, 0:1, 1:2, 1:4, or 1:0) was added into the Tris-HCl buffer and stirred at room temperature (23 ± 2 °C) for two hours. pDA-coated PVC films were then immersed individually into the corresponding solutions. The beaker containing the film was sealed with plastic wrap and placed in an oven at 50 °C for two days to allow sufficient grafting of HBPL onto the surface. Finally, the film was removed from the solution and cleaned three times with deionized water before being vacuum-dried overnight at 50 °C to obtain the PDA–HBPL successively modified film named PVC-PDA-HBPL.




2.5. Surface Modification Measurement


An attenuated total reflection infrared spectrometer (ATR-FTIR, NEXUS, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a germanium crystal accessory was employed to investigate the surface structural modifications of the samples. The Raman spectrum of the films was analyzed using the same methodology as described in Section 2.1. The measured wavenumber range spanned from 4000 cm−1 to 600 cm−1 at a resolution of 4 cm−1 with 32 scans. To elucidate their morphology, the samples were sputtered with gold and subjected to analysis using scanning electron microscopy (SEM, JSM-6360LV, JEOL, Tokyo, Japan). The elemental composition of the samples at a specific location was determined using energy-dispersive X-ray spectroscopy (EDS, QX200, Bruker, Leipzig, Germany). Atomic force microscopy (AFM, Bruker Multimode 8, Columbus, OH, USA) was used to evaluate surface roughness.



Contact angles were determined using an automated single-fiber contact angle goniometer (OCA50 micro, Dataphysics, Filderstadt, Germany) equipped with video capture functionality within a controlled environmental chamber. A precisely measured 3 µL droplet of filtered and deionized distilled water was carefully deposited onto the surface of the samples at ambient temperature. The contact angles were subsequently measured after allowing for the samples to stabilize for a duration of 1 min. Each reported value represents the average obtained from five independent measurements.




2.6. Evaluation of the Stability of the Surface Coating


To assess the stability of the sample under harsh acidic and alkaline conditions, PVC-PDA/HBPL and PVC-PDA-HBPL were subjected to a 1.0 M HCl or a 1.0 M NaOH solution for a duration of 2 h, while the elution was monitored using a UV–visible spectrophotometer (UV-2600, Hewlett Packard, Palo Alto, CA, USA). The surfaces of the eluted samples were subsequently characterized using SEM analysis and water contact angle measurements. Additionally, fresh 1.0 M HCl or 1.0 M NaOH solutions were employed every 2 h to replace the eluent, with the absorbance at 280 nm being measured in each case. In addition, the eluted samples were carefully weighed, and the remaining DD of PVC film was subsequently determined using the method described in Section 2.3 to accurately assess the quantitative impact of acid–base treatment on coating adhesion.




2.7. Confirmation of the Reaction between HBPL and DA


To gain insights into the specific reaction mechanism of HBPL and DA on the surface of PVC film, a comparative study was conducted in Tris-HCl solution (50 mM, pH = 8.5) to mimic their interaction. Specifically, 2 mg/mL of either DA or a mixture of DA and HBPL (mass ratio = 1:1) was separately introduced into the Tris-HCl solution and incubated under sealed conditions at room temperature (23 ± 2 °C) for 48 h. The product underwent a three-day dialysis process in water using a dialysis bag with a molecular weight cutoff of 3500. Subsequently, freeze-drying was performed, followed by characterization using FTIR and Raman spectroscopy to elucidate the reactions between HBPL and DA under identical conditions but in the absence of PVC film.




2.8. Statistical Analysis


The data are presented as the mean ± standard deviation, with 4 to 6 samples examined in parallel for all experiments. The statistical significance of differences between groups was determined using one-way analysis of variance (ANOVA) in Origin 2021 software. The Tukey Means Comparison method was employed, and statistical significance was defined at p < 0.05.





3. Results and Discussion


3.1. Characterization of HBPL


HBPL was synthesized through melt phase polycondensation using an open system reaction, where the water byproduct was evaporated. The structure of HBPL was confirmed via 1HNMR spectroscopy, as shown in Figure 1 (1HNMR (500 MHz, D2O): δ3.29–4.20 (t, 2H), 2.81–3.34 (m, 4H), 1.17–1.71 (m, 12H)). These results demonstrate the successful synthesis of HBPL.




3.2. Characterization of the Coated Surface


3.2.1. Morphology and Deposition Behavior


Deposition density of the various prepared surfaces was assessed by comparing the weight of the films before and after modification, as presented in Table 1. The adhesion of HBPL to PVC films was found to be challenging without the synergistic effect of pDA. Furthermore, compared with that on other reported polymer surfaces such as PP and PTFE, the deposition density of pDA on PVC film was relatively low [39]. Overall, it was observed that the deposition density for PVC-pDA/HBPL was of a higher magnitude compared to that for PVC-pDA-HBPL, suggesting that co-deposition offered greater advantages in terms of achieving higher quantities of deposition as opposed to the successive deposition method. In contrast, deposition density reached its maximum when the mass ratio of DA/HBPL was 1:1 (approximate stoichiometric ratio of 1.17) for both samples. For PVC-pDA/HBPL, this could be attributed to HBPL playing a crucial cross-linking role in the coating process. However, exceeding the optimal amount of HBPL resulted in a decrease in coating quantity due to a decline in pDA deposition. Therefore, based on these findings, we selected a ratio of 1:1 for subsequent experiments.



The color of the PVC substrate and pDA-HBPL- or pDA/HBPL-deposited samples exhibited noticeable changes, as depicted in the inset of Figure 2. Initially, the PVC membrane possessed a colorless and transparent appearance; however, upon deposition with pDA, it transformed to a light grey shade with slightly reduced transparency. Irrespective of whether pDA/HBPL co-deposition (PVC-pDA/HBPL) or consecutive modification by pDA and HBPL (PVC-pDA-HBPL) was performed, both approaches exhibited a discernible transition towards a light brown hue. This observed color transformation unequivocally signifies the efficacy of pDA deposition, as well as the active involvement of HBPL during DA polymerization for co-deposition (PVC-pDA/HBPL) or successful modification onto PVC-pDA surfaces.



It has been reported that pDA can readily aggregate and deposit on various surfaces through non-covalent interactions such as hydrogen bonding and π–π stacking [40]. SEM images (Figure 2b) clearly show the presence of granular stuff on the PVC films’ surface. Based on elemental analysis results obtained through energy-dispersive X-ray spectroscopy (EDS) of PVC film and dot scanning of particles on PVC-pDA surface (Figure 2e), it was observed that the present particles exhibited a distinct nitrogen signal, suggesting their predominant composition as pDA aggregates. The deposition of pDA aggregates onto the PVC surface imparts a gray hue to the sample. However, the surficial deposits exhibited increased weight and complexity when HBPL was involved in conjunction with pDA (Figure 2c,d). This can be attributed to the covalent interaction between HBPL and pDA, which consequently weakens the non-covalent interactions among pDA molecules, leading to the formation of complex co-deposits on PVC substrates, aligning with previous research findings [41]. pDA particles decreased noticeably when PVC-pDA/HBPL and PVC-pDA-HBPL were introduced, being replaced by the accumulation of wrinkle- or mash-like substances, which are most likely HBPL polymers. This phenomenon was more pronounced in the case of PVC-pDA/HBPL compared to PVC-pDA-HBPL, suggesting that co-deposition favored HBPL modification, possibly due to the interference effect of HBPL on pDA deposition [42]. The presence of the pDA aggregate and yellowish HBPL on the surface of PVC film imparted a light brown hue to the film. These findings align with the results obtained for deposition density, as presented in Table 1.



In addition, the surface roughness before and after modification was determined using atomic force microscopy (AFM), as shown in Figure 3. It is evident from Figure 3b–d that PVC-pDA, PVC-pDA/HBPL, and PVC exhibited a higher degree of surface roughness compared to pure PVC. Correspondingly, the root mean squared area roughness (Sq) of the PVC increased significantly from 7.5 ± 1.4 nm to 21.1 ± 2.5 nm upon coating with pDA, and it further escalated to 32.2 ± 1.8 nm and 29.5 ± 2.1 nm following modification with pDA/HBPL and pDA-HBPL, respectively, which can be attributed to the grafting of polymer particulates onto the surface.




3.2.2. FTIR and Raman Spectroscopy


The overlaid FTIR spectra of HBPL and ATR-FTIR spectra of uncoated PVC, PVC-pDA, PVC-pDA/HBPL, and PVC-pDA-HBPL are depicted in Figure 4a. As illustrated in Figure 4a, the spectrum exhibits distinct absorption peaks at 1637 cm−1 and 1530 cm−1, corresponding to the stretching vibration peak of C = O on the amide bond and the coupling of N-H bending vibration and C = O stretching vibration, respectively. Furthermore, the absorption peaks observed at 3280 cm−1 and 1265 cm−1 can be attributed to the stretching vibrations of amide group N-H and C-N bonds, providing further evidence for the successful synthesis of HBPL. The spectra of the surfaces modified with pDA and HBPL exhibit a broad absorption peak at 3300 cm−1, corresponding to the presence of -OH, -NH-, and -NH2 groups from pDA or HBPL. In the PVC-pDA, PVC-pDA/HBPL, and PVC-pDA-HBPL spectra, emerging peaks at 1560 cm−1 and 1645 cm−1 were observed due to the vibration of the benzene ring structure in DA, indicating successful deposition of pDA. Notably, a new absorption peak at 1652 cm−1 was detected in the spectra of PVC-pDA/HBPL and PVC-pDA-HBPL, attributed to C = N stretching vibration, suggesting successful modification of PVC with pDA/HBPL wherein HBPL might be covalently linked with DA through a Schiff base reaction.



Additionally, Raman spectroscopy was employed to investigate the alterations in surface properties of various modified samples pre and post modification (Figure 4b). It showed that the formation of pDA primarily relies on hydrogen bonding and π–π interaction, resulting in the development of a graphene-like structure. Upon comparing the Raman spectra of PVC and PVC-PDA, it is evident that novel peaks emerge at 1362 cm−1 and 1580 cm−1, corresponding to the aromatic structures in pDA, signifying the successful deposition of pDA onto the surface of PVC. In addition, for PVC-pDA/HBPL and PVC-pDA-HBPL, the presence of the amide bond peaks at 1240 cm−1 and 1660 cm−1 indicates successful modification with HBPL.




3.2.3. Surface Wettability


The wettability of the modified PVC films was characterized using water contact angle measurements, yielding an average value derived from the left and right contact angles (Figure 5). The water contact angle of pristine PVC was approximately 108°, indicating its hydrophobic properties. However, this value significantly decreased after surface modification with pDA and was further reduced upon deposition of pDA/HBPL and pDA-HBPL coatings. This observation clearly demonstrates that the introduction of HBPL enhanced the hydrophilicity of pDA coatings. Moreover, it is noteworthy that the surface wettability of pDA/HBPL surpassed that of PVC-pDA-HBPL, which aligns with the deposition density results and suggests that the co-deposition method outperforms successive grafting in terms of improving surface characteristics. The hydrophilic coating achieved through this straightforward treatment method exhibited a significantly enhanced hydrophilicity compared to that obtained via conventional coating [43] or blending techniques [44]. These findings confirm our hypothesis regarding the ability of HBPL to optimize pDA deposition behavior and enhance surface hydrophilicity.





3.3. Stability of Coatings after Elution


3.3.1. Surface Morphology Changes


The introduction of HBPL resulted in enhanced deposition of pDA and improved surface wettability. If these surface coatings can also exhibit stability, they hold great promise as a hydrophilic modification alternative for PVC materials. As depicted in Figure 6, substrates coated with pDA, pDA/HBPL, or pDA-HBPL exhibited distinct changes after elution with 1.0 M HCl and NaOH. The morphologies of these samples showed minimal differences compared to the pristine surface in Figure 2 after elution with 1.0 M HCl, indicating that the involvement of pDA and HBPL allowed for stable performance even under strongly acidic conditions.



However, upon elution with 1.0 M NaOH, a visual reduction in aggregates was observed, shown in Figure 6d, for PVC-pDA membranes, suggesting the instability of the pDA coating when exposed to strongly basic conditions. In contrast, the morphology of PVC-pDA/HBPL and PVC-pDA-HBPL remained relatively stable. However, a noticeable increase in surface roughness was observed in PVC-pDA/HBPL, suggesting that some un-cross-linked pDA aggregates may have been washed away by the NaOH solution. In conclusion, the surface coating comprising pDA and HBPL exhibited excellent resistance to acidic conditions; however, under strongly basic conditions, the stability of pDA deposition was compromised. Interestingly, this instability could be enhanced through the incorporation of HBPL as it acted as a cross-linker for pDA and facilitated surface modification.




3.3.2. The Detachment of Coatings after Elution


To investigate the long-term durability of the modified surfaces against harsh acids and alkalis, the films were immersed in a solution containing strong acid or alkali, with regular replacement of the cleaning solution every two hours. Given the pronounced ultraviolet absorption at 280 nm of pDA, the variation in ultraviolet absorption of the eluent at this wavelength was assessed to determine the stability of the coated surfaces after several rounds of elution with strong acid and base solutions. The results are depicted in Figure 7.



As shown in Figure 7a, the absorbance of the eluent obtained from all films subjected to washing with a 1.0 M HCl or a 1.0 M NaOH solution exhibited a rapid decrease, reaching a threshold after the initial washing step. This observation suggests that detachment of both pDA and pDA/HBPL coatings primarily took place within the first two hours of elution. Furthermore, it was observed that during the initial two-hour period, the absorbance of the eluent in the 1.0 M NaOH solution was much higher compared to that in the 1.0 M HCl solution, indicating greater stability of the pDA coating and the pDA/HBPL coating in acidic conditions rather than alkaline conditions. Notably, when the pDA/HBPL coating was immersed for two hours in a 1.0 M NaOH solution, the absorbance of its eluent was lower than that of an eluent from the pDA coating, suggesting enhanced stability of the pDA coating upon the introduction of HBPL under strongly alkaline conditions. This phenomenon was more pronounced for PVC-pDA/HBPL compared to PVC-pDA-HBPL, providing additional evidence supporting the favorable effect of co-deposition on enhancing the stability of pDA coatings.



To assess the quantitative impact of acid or base treatment on detachment of the PVC coating, the DD before and after elution was evaluated, as shown in Table 2. The DD values of the three coatings did not exhibit significant changes following treatment with 1.0 M HCl, which is consistent with the findings from SEM and UV–vis analysis of the eluent, thereby further confirming their excellent stability in an acidic environment. Subsequently, upon treatment of the pDA coating with 1.0 M NaOH, a nearly 50% decrease in DD was observed, indicating that pDA can be easily eluted by alkaline solutions and exhibits poor stability under such conditions. Conversely, only a slight reduction in DD was observed for both the pDA/HBPL and PDA-HBPL coatings when exposed to an alkaline solution, highlighting that the incorporation of HBPL significantly enhanced the resistance of these coatings against alkali-induced degradation. The observed enhancement in the stability of HBPL surpasses that reported for PEI [39], suggesting superior reactivity of HBPL and pDA.




3.3.3. Water Contact Angle Changes


Subsequently, the hydrophilicity of the substrates was evaluated by characterizing the changes in water contact angle before and after elution for 2 h. As depicted in Figure 8, no significant alteration in the water contact angle was observed for any of the substrates after elution with 1.0 M HCl, which is consistent with the SEM images presented in Figure 6a–c. However, a remarkable increase in water contact angle was observed for PVC-pDA following elution with 1.0 M NaOH, further confirming the detachment of pDA aggregates under strongly basic conditions, as demonstrated in Figure 6d.



After elution with 1.0 M NaOH for 2 h, the water contact angles of the pDA/HBPL and pDA-HBPL coatings exhibited minimal change, further supporting the notion that incorporating HBPL could enhance the alkali resistance of deposited pDA. Generally, pDA coatings demonstrated relative stability in acidic solutions but could be detached using a 1.0 M NaOH solution. However, this instability was effectively mitigated by introducing HBPL. The co-deposited HBPL primarily acted as a cross-linker for pDA, thereby improving its stability. Simultaneously, HBPL grafted onto PVC-pDA functions as a robust protective layer, ensuring the integrity of the deposited pDA [45] and enabling the surface to maintain its hydrophilicity even under strongly alkaline conditions. After the incorporation of HBPL into the coating, the stability of the surface modification was significantly enhanced in comparison to that reported in the literature [46].





3.4. Confirmatory Reaction between HBPL and DA


To investigate the bonding mode of pDA and HBPL, the lyophilized products obtained after the reaction between DA and HBPL were characterized using FTIR and Raman spectroscopy (Figure 9). In Figure 9A, absorption peaks at 3347 cm−1 and 1288 cm−1 correspond to the N-H stretching vibration and the C-O stretching vibration of the phenolic hydroxyl group in pDA, respectively. The presence of a distinct absorption peak at 2938 cm−1, corresponding to the C-H stretching vibration in HBPL, indicates the successful incorporation of HBPL into pDA-HBPL. Additionally, a new absorption peak emerged at 1658 cm−1, corresponding to the formation of Schiff base bonds through C = N interactions. These findings suggest that HBPL primarily connects with pDA through hydrogen bonding and Schiff base bond formation.



The Raman spectral results for the reaction products from pDA and pDA/HBPL are presented in Figure 9B. The Raman spectrum of pDA once again confirms the presence of an aromatic structure, corresponding to the peaks at 1357 cm−1 and 1576 cm−1, which aligns with the findings from surface deposition as discussed in Section 3.2.3. Additionally, the amide bands at 1257 cm−1 and 1440 cm−1 observed in pDA/HBPL correspond to the amide bonds present in HBPL. Notably, a new peak at 1663 cm−1 is attributed to the C = N band within the Schiff base, further substantiating that HBPL and pDA can be covalently linked through Schiff base bonds.



Combined with the aforementioned results for surface grafting and solution reaction products, the binding effect of pDA or pDA/HBPL on PVC films can be inferred, as illustrated in Figure 10. The presence of NH2 or -OH groups in pDA leads to its positive or negative charge in strongly acidic or alkaline conditions, resulting in electrostatic repulsion and subsequent detachment of oligomer in the pDA coating, exhibiting particularly extreme instability in strong bases. However, HBPL acts as a cross-linker during pDA deposition primarily through intermolecular Schiff base reactions, hydrogen bonding, and Michael addition, which has also been claimed in previous studies [38,47]. Due to this cross-linking role, the addition of HBPL further enhances the stability of surface modification.





4. Conclusions


Inspired by mussel adhesion protein, we coated polydopamine (pDA) onto the surface of PVC films in a weakly alkaline solution to form pDA particle aggregates. Additionally, a co-deposition and successive covalent-grafting process using a Schiff base reaction was employed to further incorporate HBPL into the coating. The addition of HBPL resulted in enhancement of the deposition amount and stability of pDA, particularly when the mass ratio of DA/HBPL was approximately 1:1. Simultaneously, the film’s morphology exhibited increased roughness while the surface hydrophilicity significantly improved with the introduction of pDA and HBPL on its surface. Furthermore, the detachment of PVC-pDA/HBPL and PVC-pDA-HBPL was significantly reduced compared to that of PVC-pDA when the coatings were eluted with 1.0 M NaOH solutions, indicating enhanced stability under strongly basic conditions. Notably, the improvements were more pronounced for DA/HBPL co-deposition (PVC-pDA/HBPL) than for the successive deposition method involving PVC-pDA grafted with HBPL (PVC-pDA-HBPL), indicating that HBPL may act as a cross-linker during pDA deposition primarily through intermolecular Schiff base reactions, hydrogen bonding, or Michael addition. This marks the initial integration of HBPL and dopamine for the hydrophilic modification of PVC materials, thereby broadening the scope of potential applications for PVC materials. This study presents a promising approach for the hydrophilic modification of PVC surfaces in biomedical applications due to its facile synthesis and incorporation of HBPL.
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Scheme 1. The HBPL synthesis diagram. 
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Figure 1. 1H NMR spectrum of HBPL (a, b, and c denote the chemical shifts corresponding to distinct hydrogen species in HBPL). 
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Figure 2. SEM images (insets are the corresponding photographs) of (a) PVC, (b) PVC-pDA, (c) PVC-pDA/HBPL, (d) PVC-pDA-HBPL; and (e) EDS spectrum of pristine PVC and PVC-pDA. 
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Figure 3. Three-dimensional maps characterizing the AFM results for (a) PVC, (b) PVC-pDA, (c) PVC-pDA/HBPL, and (d) PVC-pDA-HBPL. The variable Sq denotes the root mean square of surface roughness in the given area. 






Figure 3. Three-dimensional maps characterizing the AFM results for (a) PVC, (b) PVC-pDA, (c) PVC-pDA/HBPL, and (d) PVC-pDA-HBPL. The variable Sq denotes the root mean square of surface roughness in the given area.



[image: Coatings 14 00103 g003]







[image: Coatings 14 00103 g004] 





Figure 4. (a) FTIR or ATR-FTIR and (b) Raman spectra of different samples. 
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Figure 5. Water contact angles of unmodified and modified PVC substrates. * indicates significant difference at p < 0.05 level. 
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Figure 6. SEM images of (a,d) PVC-pDA, (b,e) PVC-pDA/HBPL, and (c,f) PVC-pDA-HBPL eluted with 1.0 M HCl (a–c) or 1.0 M NaOH solution (d–f) for 24 h. 
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Figure 7. (a,b) Absorbance at 280 nm of eluent from modified samples during repeated elution (2 h/time) with (a) 1.0 M HCl or (b) 1.0 M NaOH solution (n = 4). (c,d) UV–vis spectra of the eluent of modified materials immersed in (c) 1.0 M HCl or (d) 1.0 M NaOH solution for 2 h. 
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Figure 8. Water contact angles of PVC-pDA, PVC-pDA/HBPL, and PVC-pDA-HBPL after elution with 1.0 M HCl or 1.0 M NaOH solution for 2 h. * indicates significant difference at p < 0.05 level. 
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Figure 9. (A) FTIR and (B) Raman spectra of (a) pDA and (b) pDA/HBPL acquired from a solution-based reaction in the absence of PVC film. 
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Figure 10. Schematic representation of interactions on PVC films with pDA and pDA/HBPL coatings. 
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Table 1. Deposition density values (mg/cm2) for PVC-pDA/HBPL and PVC-pDA-HBPL with different mass ratios of DA/HBPL.
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Sample

	
DA/HBPL Ratio




	
4:1

	
2:1

	
1:1

	
0:1

	
1:2

	
1:4

	
1:0






	
PVC-pDA/HBPL

	
0.034 ± 0.004

	
0.038 ± 0.010

	
0.043 ± 0.009

	
0.001 ± 0.003

	
0.027 ± 0.006

	
0.022 ± 0.008

	
0.021 ± 0.003




	
PVC-pDA-HBPL

	
0.023 ± 0.004

	
0.029 ± 0.005

	
0.031 ± 0.003

	
0 ± 0.002

	
0.029 ± 0.011

	
0.031 ± 0.007

	
0.021 ± 0.003











 





Table 2. The deposition density values (mg/cm2) of PVC-pDA, PVC-pDA/HBPL, and PVC-pDA-HBPL before and after elution with 1.0 M HCl and 1.0 M NaOH for 24 h.






Table 2. The deposition density values (mg/cm2) of PVC-pDA, PVC-pDA/HBPL, and PVC-pDA-HBPL before and after elution with 1.0 M HCl and 1.0 M NaOH for 24 h.





	Sample
	Uneluted
	Eluted with HCl
	Eluted with NaOH





	PVC-pDA
	0.021 ± 0.003
	0.020 ± 0.001
	0.011 ± 0.002



	PVC-pDA/HBPL
	0.043 ± 0.009
	0.042 ± 0.004
	0.037 ± 0.005



	PVC-pDA-HBPL
	0.031 ± 0.003
	0.029 ± 0.002
	0.025 ± 0.003
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