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Abstract

:

The effective treatment of chronic wounds constitutes one of the most common worldwide healthcare problem due to the presence of high levels of proteases, free radicals and exudates in the wound, which constantly activate the inflammatory system, avoiding tissue regeneration. In this study, we describe a multifunctional bioactive and resorbable membrane with in-built antioxidant agent catechol for the continuous quenching of free radicals as well as to control inflammatory response, helping to promote the wound-healing process. This natural polyphenol (catechol) is the key molecule responsible for the mechanism of adhesion of mussels providing also the functionalized polymer with bioadhesion in the moist environment of the human body. To reach that goal, synthesized statistical copolymers of N-vinylcaprolactam (V) and 2-hydroxyethyl methacrylate (H) have been conjugated with catechol bearing hydrocaffeic acid (HCA) molecules with high yields. The system has demonstrated good biocompatibility, a sustained antioxidant response, an anti-inflammatory effect, an ultraviolet (UV) screen, and bioadhesion to porcine skin, all of these been key features in the wound-healing process. Therefore, these novel mussel-inspired materials have an enormous potential for application and can act very positively, favoring and promoting the healing effect in chronic wounds.
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1. Introduction


To date, substantial research efforts have been directed toward developing wound-dressing materials that promote an effective treatment for skin lesions supporting the complex wound-healing process [1,2,3]. It is well known that chronic wounds, defined as wounds that do not heal (diabetic ulcers, pressure sores, venous ulcers, etc.), are extremely difficult to treat constituting one of the most common worldwide healthcare problem [4,5]. These lesions are not able to achieve functional integrity of the injured tissue after medical treatment [6], causing constant pain and diminishing the quality of life of the patient [7]. The trouble in healing chronic wounds is the continuous release of high levels of proteases, free radicals (reactive oxygen species (ROS) and reactive nitrogen species (RNOS)) as well as exudates [8,9,10,11]. Proteases degrade growth factors and elastin and collagen newly synthesized, while free radicals oxidize biomolecules and constantly activate the inflammatory system [5,7,8,12,13], and moreover, exudates promote microbial infection. These facts explain why chronic wounds remain in the inflammatory stage for too long, avoiding tissue regeneration and healing [14].



In order to promote an effective healing of chronic wounds, researchers have developed different polymeric wound dressings [15,16,17,18,19]. Since conventional wound dressings act as physical barriers and wound closure occurs as the result of the endogenous healing ability of the wound [20], new research has been currently developed based on bioactive wound dressings delivering antimicrobial agents, growth factors, antioxidant molecules etc. able to accelerate the wound-healing process [21,22,23,24]. Nevertheless, tissue toxicity has been found in wounds and surrounding areas due to the difficulties in controlling delivery the bioactive agents [25,26], and consequently, the effective control of inflammation, protease activity and free radical presence remain a great challenge [27,28,29]; hence improved approaches are still needed. In this sense, the purpose of this work lies in the development of a multifunctional bioactive and reasorbable wound dressing with in-built antioxidant agent for the continuous quenching of free radicals as well as to control inflammatory response helping to promote the healing of chronic wounds and thereby improving the efficacy of existing approaches.



Natural phenolic compounds possess important antioxidant activity [30,31,32], higher even than vitamins [33,34], and some crude plant extracts rich in phenolic groups have been used for wound healing [33,35,36,37,38]. The natural polyphenol ortho-dihydroxyphenol (catechol), has been studied in previous studies showing a great ability to assist in quenching the ROS in wounds [39,40,41,42]. In this study, catechol has been the bioactive agent chosen for the designed system in order to guarantee a persistent supply of antioxidant activity, which will continuously quench free radicals and inhibit the constant activation of the inflammatory system, promoting wound healing [43,44,45,46,47,48,49]. Catechol is the key molecule found in the byssus of mussel adhesive proteins (MAPs) secreted by the mussel’s foot and responsible for the great adherence to rocks in wet conditions [50,51]. This bioinspired kind of adhesion has been an emerging strategy developed in several researches in order to obtain wound dressings able to adhere to biological interfaces in moist environments [52,53,54,55,56,57], which is still a challenge in general surgery [58]. Thus, using catechol in the system proposed by this group, will also provide bioadhesion to the material, allowing the establishment of an intimate contact with the tissue so that the bioactive wound dressing can properly fulfill their functions. In this manner, the dressing will act as a preventive barrier for microbial infection, further physical damage and preserving a moist wound environment, which has been demonstrated to accelerate the wound re-epithelialization process [59].



Therefore, this work is focused on the preparation of resorbable and bioactive catechol conjugated polymers designed for wound-dressing purposes. The system suggested consists of conjugates of catechol with N-vinylcaprolactam (V) and 2-hydroxyethyl methacrylate (H) statistical copolymers, which finally bear bioactive hydrocaffeic acid (HCA) moieties. These terpolymers possess a hydrophilic character amiable with the environment of a skin lesion. Although different polymeric materials with catechol functionality have previously been reported [41,60,61,62,63], the novelty of the obtained terpolymers lies in the pathway via postpolymerization conjugation reaction to provide a flexible long-arm catechol conjugated polymer with enhanced availability of the catechol side groups. This pathway has the advantages of avoiding the drawbacks of the scavenger activity of catechol groups in polymerization reactions, protection of catechol groups is not required, while providing high yield. Thus, the developed terpolymers are directed to wound-dressing applications, in which the bioactive agent catechol will be intrinsically built into the wound dressing, providing a continuous antioxidant response, anti-inflammatory effect, and bioadhesion in the moist environment of the lesion, all of these properties being key features in the wound-healing process.




2. Materials and Methods


2.1. Materials


N-vinylcaprolactam (V) (Sigma-Aldrich, Saint Louis, MO, USA), 1,4-dioxane (Panreac, Barcelona, Spain), 3,4-dihydroxyhydrocinnamic acid or hydrocaffeic acid (HCA) (Sigma-Aldrich, Saint Louis, MO, USA), thionyl chloride (Scharlau, Barcelona, Spain), N,N-dimethylformamide (DMF) (Scharlau, Barcelona, Spain), toluene (Merck, Kenilworth, NJ, USA), dimethyl sulfoxide (DMSO), triethylamine (Scharlau, Barcelona, Spain), ethanol (VWR Chemicals, Radnor, PA, USA), phosphate buffered saline solution 10 mM (PBS, Arlington, TX, USA) (pH 7.4) (Sigma-Aldrich, Saint Louis, MO, USA) were used as received. 2-Hydroxyethyl methacrylate (H) (Fluka, now Sigma-Aldrich, Saint Louis, MO, USA) was previously purified according to the literature [64] and azobisisobutyronitrile (AIBN) (Fluka, now Sigma-Aldrich, Saint Louis, MO, USA) was previously crystallized in methanol (Sigma-Aldrich, Saint Louis, MO, USA).




2.2. Characterization Techniques


Proton nuclear magnetic resonance (1H-NMR) spectra were recorded at 25 °C on a Bruker Advance III HD-400 equipment (Billerica, MA, USA) in deuterated chloroform (CDCl3), or deuterated dimethyl sulfoxide (DMSO-d6), depending on sample. Ultraviolet (UV) spectra of the different terpolymers were recorded using a NanoDrop one (Thermo Fisher Scientific, Waltham, MA, USA). Attenuated total internal reflectance Fourier transform infrared (ATR-FTIR) spectroscopy spectra were obtained on a Perkin-Elmer (Spectrum One) spectrometer equipped with a ATR accessory. Differential scanning calorimetry (DSC) experiments were carried out on a micro-DSC-Illa apparatus (Setaram, Caluire-et-Cuire, France). Three heating-cooling cycles were examined from 25 °C to 180 °C at 10 °C/min under nitrogen at 20 mL/min flow rate. Standard Hastelloy vessels were used with 3 mg sample weight approximately. An empty vessel was used as reference. The glass transition temperature (Tg) was calculated as the midpoint of the transition from the second scan. Thermogravimetric analysis (TGA) diagrams were obtained in a thermogravimetric analyzer TGA Q500 (TA instruments, New Castle, DE, USA) apparatus, under dynamic nitrogen at a heating rate of 10 °C/min in a range of 40–800 °C. From the thermograms, the temperature of 50% weight loss (T50%) and the char yield were obtained. Gel permeation chromatography (GPC) equipped with a Perkin Elmer Isocratic LC pump 250 and a refraction index detector (Series 200) was used to determine the average molecular weight and polydispersity (Mn, Mw and Mw/Mn) of the polymers. Polystyrene-divinylbenzene columns (Waters Styragel® HR, Barcelona, Spain) were used as solid phase, degassed DMF with 0.1% BrLi (0.7 mL/min) was used as eluent, and temperature was fixed at 70 °C. Monodisperse polystyrene standards (Agilent Technologies, Santa Clara, CA, USA) with molecular weights between 2930 Da and 3039 kDa were used to obtain the calibration curve. Data were analyzed using the PerkinElmer LC solution program (Waltham, MA, USA). The films’ morphology was studied using a field emission scanning electron microscope (FE-SEM), Hitachi SU-8000 (Tokyo, Japan), and atomic force microscopy (AFM) experiments (tapping mode) were carried out in a Multimode AFM (Veeco Instruments, Santa Barbara, CA, USA) with a Nanoscope IVa control system (Plainview, NY, USA, software version 6.14r1).




2.3. Synthesis of the VH Copolymers


N-vinylcaprolactam and 2-hydroxyethyl methacrylate statistical copolymers (VH) were obtained by free radical copolymerization initiated by AIBN. V and H monomers were dissolved in 1,4-dioxane with a concentration of 1 M and the solution was deoxygenated with nitrogen. Two different V:H mol % feed compositions of the monomers were used: 80:20 and 60:40. The radical initiator AIBN was carefully added to the reaction mixture with a concentration of 2.5 × 10−2 M and nitrogen was bubbled for 1 min. Reaction was carried out under nitrogen atmosphere at 60 °C. After 24 h, the reaction mixture was immersed in an ice bath to stop polymerization. The reaction product was dialyzed using a 3.5 kDa cut-off cellulose membrane against ethanol/water 1:1 for 48 h and against water for 48 h to remove the unreacted residues. The final product was freeze-dried, recovered and stored. Copolymer compositions were determined by NMR analysis, as described in Section 3, giving H contents of 16 and 36 mol % respectively. Hereinafter, copolymers are designated as VH16 and VH36.




2.4. Synthesis of the Catechol-Conjugated Polymers VHC


First, the chloride acid derivative of the hydrocaffeic acid (HCCl) was prepared according to a modified method derived from a previously reported strategy [65]: Briefty, 5 g of hydrocaffeic acid (HCA) was added to 20 mL of thionyl chloride. The mixture was stirred for 4 h under reflux (85 °C) and 10 drops of DMF were added. Then, 2 mL of toluene was added and the thionyl chloride excess was removed by distillation (80 °C) at vacuum. The HCCl was isolated as an oily orange product.



Secondly, the catechol conjugated polymers were obtained by a conjugation reaction between a fraction of the hydroxylic groups of the H units in the VH copolymers (VH16 and VH36) and an equivalent of the chloride acid derivative previously synthesized HCCl. To that end, VH copolymers were dissolved in DMF and triethylamine was added. The HCCl was dissolved in DMF/DMSO and the solution was added dropwise to the mixture. The reaction was kept for 1 day under continuous stirring and nitrogen flux at r.t. The reaction mixture was dialyzed against ethanol/water 1:1 for 1 day and against water for 2 days (cut off 3.5 kDa). The final product was freeze-dried, recovered and stored. Ultraviolet-visible (UV vis) spectroscopy was used to quantify the catechol content recording absorbance at 290 nm and comparing with standard solutions of HCA. The catechol conjugated polymers obtained from the VH16 and VH36 copolymers contained catechol fractions of 2 and 22 mol % respectively. Hereinafter, terpolymers are designated by the catechol composition values as VHC2 and VHC22.




2.5. Films Preparation


Thin films were obtained by a casting/solvent evaporation technique by adding 250 μL of a 25 mg/mL DMSO solution of the corresponding conjugated polymer to a glass cover (14 mm diameter) at 70 °C. Finally, films were dried until constant weight obtaining a final average thickness of 12 ± 3 μm. Films morphology was examined by FE-SEM and AFM.




2.6. In Vitro Degradation


The in vitro degradation of the films was examined gravimetrically under simulated physiological conditions. Briefly, the sample was initially dried and weighed (W0). Weight loss was monitored as a function of incubation time in Dulbecco’s modified Eagle’s medium (DMEM) free of serum (pH = 7.4) at 37 °C. At specific periods of time (1, 4, 7, 14 and 21 days) the samples were carefully withdrawn from the medium. Then, the samples were dried and weighed (Wt). The weight loss percentage (ΔW%) was defined as following Equation (1):


∆W(%) = [(W0 − Wt)/W0] × 100



(1)








2.7. Adhesion Strength Test


The adhesion strength of VHC polymers was examined on pig skin using a universal testing machine (UTM, Instron model 3366, Norwood, MA, USA) equipped with a 100 N load cell. The protocol of the lap shear experiment was adapted from the American Society for Testing and Materials (ASTM) standard F2255-05 (Reapproved 2015). Homogeneous test samples of fresh porcine skin with their fat removed were cut into rectangles with dimensions 40 mm length, 15 mm width and 3.5 mm thickness. Polymer and oxidation agent solutions were prepared following an adapted protocol reported in literature [66]. 50 μL of a 300 mg/mL ethanol solution of the VHC polymers in 0.01 M phosphate-buffered saline (pH 7.4) were spread on the dermis surface of one skin sample. Then, 50 μL of a 47 mM NaIO4 in a 10% NaOH water solution were added and mixed with the polymer solution inducing gelation. Immediately, the sample was covered with the dermis part of another piece of skin (bonding area: 15 × 10 mm2). Samples were covered with PBS-soaked gauze to keep the tissue moist, loaded with a normal force of 0.1 N and allowed to cure for 30 min. Adhesion strength data were collected by pulling away the two skin pieces at a rate of 5 mm/min and calculated as the maximum force divided by the overlapping adhesion area. Four replicates were tested for each composition in order to calculate the mean and standard deviation (n = 4). Analysis of variance (ANOVA) was performed comparing both samples at a significance level of *** p < 0.001 using Origin Pro 8 software (Northamptom, MA, USA) and Tukey grouping method.




2.8. Ultraviolet (UV) Shielding Test


An innovative method has been developed in order to evaluate the UV protective screen properties of the catechol conjugates based on the change in the wettability of porcine skin after UV irradiation. In this method, fresh porcine skin samples were cut into squares with dimensions 20 × 20 mm2 and the wettability was measured by analyzing the water contact angle. Subsequently, skin samples were covered with VHC terpolymer films and exposed to UV radiation generated using a UVP CL-1000 lamp with peak emission at 313 nm with an intensity of 0.95 W/m2. Also control skin samples were irradiated under the same conditions. Finally, the water contact angle of the skin below the terpolymer films was determined in order to compare and evaluate the UV protection of the conjugated polymers on the porcine skin. ANOVA was performed comparing the irradiated and the non-irradiated skin samples at a significance level of *** p < 0.001 using Origin Pro 8 software and Tukey grouping method.




2.9. Cellular Assays


2.9.1. Cell Culture


Cellular toxicity and reactive oxygen species (ROS) assays were evaluated using human bone marrow mesenchymal stem cells (hBMSCs) (Innoprot, Derio, Vizcaya, Spain, P5), and anti-inflammatory activity was analyzed with murine RAW 264.7 macrophages (ECACC, Sigma-Aldrich, Saint Louis, MO, USA, P11). hBMSCs were cultured in DMEM enriched with 5% of fetal bovine serum (FBS), 5 mL of mesenchymal stem cell growth supplement (MSCGS), 50 μg/mL of Gentamicin (Sigma-Aldrich) and 2.5 μg/mL of Amphotericin B (Gibco, Waltham, MA, USA); and macrophages were cultured with DMEM enriched with sodium pyruvate (110 mg/L), 10% FBS, 100 μg/mL streptomycin, 100 units/mL penicillin and 200 mM l-glutamine. Cell cultures were maintained in a humidified atmosphere with 5% of CO2 and 95% of air. Films and cover glasses as controls were sterilized with a UV lamp (HNS Osram, 263 nm, 3.6 UVC/W) at a power of 11 W for 30 min.




2.9.2. Cytotoxicity


An Alamar Blue (AB) test was used in order to indirectly analyze the cytotoxicity of the conjugated polymers. Films of both terpolymers were set up in a tube with 5 mL of FBS-free supplemented DMEM and placed on a shaker at 37 °C. Then, aliquots of medium extracts were taken at 1, 2, and 7 days under sterile conditions. hBMSCs were seeded at 9 × 104 cells/mL of density and incubated to confluence for 24 h in complete medium. Then, the medium was substituted by the corresponding medium extract and incubated for 24 h. After that time, 1 mL of 10% AB in phenol red free DMEM was added and samples were incubated for 3 h. The fluorescence emission was measured (530/600 nm) on a UV multiplate reader (Biotek Synergy HT, Winooski, VT, USA) and the relative cell viability (CV) was calculated from Equation (2):


CV(%) = 100 × (ODS − ODB)/(ODC − ODB)



(2)




where ODS, ODB and ODC are the optical density (OD) of formazan production for the sample, blank and control, respectively. Results are given as mean and standard deviation (n = 8).




2.9.3. Reactive Oxygen Species (ROS) Quantification


Total ROS free radical activity was measured fluorometrically using 2′,7′-dichlorofluorescin diacetate (DCFH-DA) (Sigma-Aldrich). Extracts of films of both terpolymers after 24 h in PBS were taken under sterile conditions. hBMSCs were seeded at 9 × 104 cells/mL of density and incubated to confluence for 24 h in complete medium. After that time the medium was removed and cells were washed three times with PBS. 200 μL of a 0.02 M DCFH-DA stock solution in PBS were added to the cells, they were incubated at 37 °C for 30 min, and washed again three times with PBS. Then, 100 μL of the samples and controls were added to each well. The positive control was a 0.02 M solution of H2O2 in PBS, the negative control was PBS and the analyzed samples consisted of 100 μL of the films’ extracts and 50/50 μL extracts/H2O2 solution. Samples were measured fluorometrically and the free radical relative content was determined by comparison. Relative fluorescence was measured at 0, 30, 60 and 120 min at 485 nm excitation/580 nm emission with a UV multiplate reader (Biotek Synergy HT, Winooski, VT, USA). Statistical analysis (ANOVA) between the different groups and the positive control at each time was performed at significance levels of * p < 0.05, ** p < 0.01 and *** p < 0.001 using Origin Pro 8 software and Tukey grouping method.




2.9.4. Anti-inflammatory Activity


The anti-inflammatory activity of terpolymers was investigated adapting the standard protocol for nitric oxide (NO) inhibitory assay [67]. RAW 264.7 cells were seeded on the conjugated polymer films and glass covers as controls in 24-well plates at a density of 3 × 105 cells/mL and they were incubated at 37 °C for 24 h. After that time, 5 μg/mL lipopolysaccharides from E. coli 055:B5 (LPS) were added to some of the samples and they were incubated again either with or without LPS. The nitrite concentration was determined by the Griess reaction [68,69] after 24 h, 48 h, 72 h and 1 week of incubation. The supernatant from RAW 264.7 cells were reacted with the Griess reagent (Sigma-Aldrich) (1:1) in a 96-well plate and incubated for 10 min. Production of nitrite was obtained by measuring the absorbance at 548 nm. Cellular viability (CV) of RAW 264.7 cells in the presence of the terpolymers was evaluated in parallel by using the AB assay described for cytotoxicity tests. Data were expressed as the percentage of NO production and CV, and they were given as mean ± standard deviation (n = 6).






3. Results


3.1. Synthesis of the VH Copolymers


Statistical radical copolymers of V and H were synthesized at conversions of around 80% obtaining white solids in all reactions. The FTIR spectra of the copolymers are displayed in Figure S1 confirming their chemical structure, and the main bands with their corresponding assigned vibrations are described in Table S1. It can be noticed that the band corresponding to the stretching vibration of the ester group increased with the amount of H units in the copolymer while the band corresponding to the stretching vibration of the carbonyl group of the amide group decreased for the lower content of V units in the copolymer. The copolymers’ chemical structure was also determined from the 1H-NMR spectra. The NMR spectra and their corresponding assignments are described in Figure S2 using CDCl3 as solvent. Furthermore, the copolymers’ compositions (mol %) were quantitatively determined from their 1H-NMR spectra comparing the relative peak areas of the signal of the protons Hi of the H unit and the signal of the protons Hc of the V unit, obtaining the composition values collected in Table 1. The number average molecular weight (Mn) and polydispersity (PDI = Mw/Mn) determined by GPC are also collected in Table 1. Reactivity ratios of these monomers, which are directly related to the comonomer distribution into the growing copolymeric chains, have been previously determined by Jansen et al. for polymerization reactions at low conversions reporting values of rH = 7.3 and rV = 0.01 [70]. These values indicate a much higher reactivity of the acrylic monomer (H) against the vinyl monomer (V) under the copolymerization conditions applied. Taking into consideration these reactivity values described, the kinetics of the copolymerization reaction was analyzed applying a methodology successfully employed in our research group on numerous occasions for other analogous copolymeric systems [71,72,73,74]. Results are represented in the Figure 1, where we can observe the diagram of the instantaneous H molar fraction in the copolymer chains as a function of conversion and feed molar fraction. Thick red lines represent the course of the reactions with the H feed compositions used in this work.




3.2. Synthesis of the Catechol Conjugated Polymers VHC


The synthesis schemes of the acid chloride derivative of HCA, VH copolymers, and the catechol conjugated polymers VHC obtained after conjugation reaction are illustrated in Figure 2.



The average catechol molar composition of the terpolymers was determined by UV vis spectroscopy using a hydrocaffeic acid calibration curve at 290 nm. Taking into consideration these UV measurements, the final mol % compositions of the 3 comonomeric units compounding the terpolymers have been determined (Table 2). The chemical structure of the conjugate polymers was confirmed by FTIR spectroscopy. The FTIR spectra (Figure S3) showed the main bands belonging to the different comonomer units and their corresponding vibrations are collected in Table S2. Some differences were observed in the absorption bands of VHC polymers with respect to precursor copolymers. In particular, the band between 3200–3600 cm−1 became broader as a consequence of the OH bands in the catechol moieties. It can also be noticed that the band corresponding to the stretching vibration of the ester group increased with the catechol content in the terpolymers while the band corresponding to the stretching vibration of the carbonyl group of the amide group decreased and finally, the bands at 1084 and 1051 cm−1 increased due to the C–O stretching vibrations. NMR spectroscopy was also used to confirm the chemical structure of the conjugate polymers. The NMR spectra recorded in DMSO-d6 of the terpolymers and their corresponding proton assignments are displayed in Figure S4. Molecular weights and polidispersity of the terpolymers were measured by GPC chromatography (Table 2).



Thermal properties of the conjugated polymers were studied. TGA and differential thermogravimetric (DTGA) curves were recorded to analyze their thermal stability. VHC2 and VHC22 terpolymers showed one thermal degradation step with maxima rates at 439 °C and 432 °C respectively. The polymer VHC22 presented a higher char yield than the polymer VHC2 in nitrogen atmosphere, corresponding to its higher aromatic structure content coming from to the catechol moieties. Thermal transitions of the terpolymers were analyzed by DSC. Thermograms of VHC2 and VHC22 showed glass transition temperatures of 82 °C and 80 °C respectively, both very similar. This unique and broad transition indicates that do not exist phase segregation, which means that precursor copolymers were obtained by statistical copolymerization but, according to the diagrams in Figure 1, with a clear distribution of monomeric sequences in a gradient order. Results are presented in Table 3.



Surface morphology of terpolymer membranes was analyzed by SEM and AFM and images are displayed in Figure 3. Morphology of VHC2 terpolymer was rough and homogenous whereas roughness considerably increased for the system VHC22 in which, moreover, the presence of randomly distributed microdomains could be clearly observed.




3.3. In Vitro Degradation


The degradation analysis was determined gravimetrically in DMEM (pH = 7.4) at 37 °C (Figure 4). As displayed, during the incubation process an increase in weight loss of the sample with time was clearly observed. The initial degradation rate was faster in the first 24 h than in the period between 1 and 21 days, especially in the VHC2 polymer. Values of 60 and 40% weight loss were observed for VHC2 and VHC22 membranes, respectively, in the studied period. The less degradation for the VHC22 polymer in the studied period can be a consequence of the higher content of catechol groups.




3.4. Adhesion Strength Test


Adhesion strength of VHC catechol conjugated polymers to pig skin was evaluated in a lap shear test using a UTM and following the adapted protocol of ASTM F2255-05 (Figure 5a). Figure 5b shows the (stress-displacement) curves obtained, demonstrating the higher adhesion force of the VHC22 terpolymer (22 mol % catechol) compared to the VHC2 terpolymer (2 mol % catechol). Increased detachment stress (24.3 ± 4 kPa vs. 9.3 ± 0.8 kPa) with improved ductile properties (blue curves vs. orange curves) were observed comparing the richest catechol polymer content with the lowest one. Furthermore, significant differences in the adhesive performance of both terpolymers were found as confirmed by statistical analysis using ANOVA (Figure 5c).




3.5. UV Shielding Test


Water contact angles of non-irradiated skin, irradiated skin and irradiated skin covered by the VHC films were analyzed in order to study the effect of the catechol conjugates as a protective screen against UV radiation on the skin. It was observed that contact angles of the skin under the terpolymer films were similar to those of the non-irradiated skin (around 50°), characteristic of hydrophilic compounds. However, the water contact angle of the irradiated skin was much higher (around 80°), indicating that the hydrophobicity of the skin had been increased. Results are displayed in Figure 6.




3.6. Biological Behavior


3.6.1. Cytotoxicity


Indirect cytotoxicity of the conjugated polymer films at different times was analyzed by AB assay using hBMSCs. Results are shown in Figure 7. It can be observed that cell viability was not compromised with the presence of extracts of both terpolymers taken at 1, 2, and 7 days, obtaining CV values around 90–100%. This evidences the absence of in vitro cytotoxicity according to standard specifications [75].




3.6.2. Antioxidant Activity


Both terpolymer systems efficiently reduced intracelular ROS production in vitro even when hBMSCs had been treated with H2O2 activating the oxidative reaction (Figure 8). ROS production significantly decreased with respect to H2O2 treated cells at any time, this reduction being more marked at shorter times. Furthermore, significant differences between the negative control (PBS) and VHC2 and VHC22 samples without H2O2 separately, were not found (statistical data are not included in Figure 8 for simplification purposes).




3.6.3. Anti-inflammatory Activity


The anti-inflammatory activity of the conjugated polymers at different times was analyzed by measuring the inhibitory effect of the polymers on the NO macrophages production. The inhibitory effects and the cell viability obtained are represented in the Figure 9. The VHC2 terpolymer showed a NO inhibition from around 50% (24 h) to 30% (1 week), considering a cell viability around 80–90%, whereas the VHC22 terpolymer presented a NO inhibitory effect from around 60% (24 h) to 90% (1 week), with a cell viability around 80–90%.






4. Discussion


The main purpose of this work was the preparation of bioactive membranes in order to solve the clinical demand of bioactive materials with bioadhesive properties intended for wound healing. The systems proposed consist of bioinspired films of catechol conjugated polymers. To reach that goal, firstly, statistical copolymers with a gradient distribution of monomeric sequences of V and H were synthesized at high conversions through a free radical polymerization initiated by an azo-compound using two different feed compositions. Subsequently, catechol molecule was conjugated to those copolymers by reaction between the chloride acid of HCA (previously prepared) and a portion of the hydroxyl groups of the H units in the copolymers (Figure 2). Several catechol-containing synthetic polymers have been recently developed in the family of polymethacrylates and polymethacrylamides [41,60,61,62,63]. Some of them are obtained from the synthesis of monomers containing the catechol moiety, their purification and finally their subsequent co/polymerization. However, catechol has been demonstrated to act as a chain transfer agent in the radical reaction due to the phenolic nature of the catechol group, that confers the monomer antioxidant activity acting as a radical scavenger [41,76,77,78,79]. This fact is usually related to a limited conversion, low molecular weights and a requirement of a previous protection of the catechol moieties through multiple reaction/purification steps [80,81]. Therefore, this procedure has numerous disadvantages. To solve these issues, in this work we have carried out an alternative synthetic pathway through a postpolymerization reaction on the hydroxy-functional VH copolymers, obtaining high molecular weight catechol-containing terpolymers at a relatively high yield. Polymers derived from V and H have attracted strong attention over the past years due to their biocompatible and biodegradable features, and they have been used in our group on numerous occasions [82,83,84]. In this study, V and H monomers are copolymerized to modulate the hydrophobic character of the resulting polymer. The subsequent conjugation of the catechol bioinspired molecule in the H units leads to a polymer chain with flexible and long-arm catechol side groups being obtained. The advantage of this method lies in the easier pathway via the postpolymerization conjugation reaction to prepare a high molecular weight catechol-conjugated polymer with enhanced availability of the catechol side groups promoting hydrophilic interactions with the medium. These catechol moieties provide the functionalized polymer with bioadhesive, antiinflammatory and antioxidant properties, very important features for the wound-healing process.



The behavior and chemicophysical properties of prepared catechol-conjugated polymers will be strongly dependent not only on the chemical composition of catechol but also on the dispersion of the monomeric units along the length of the polymer chains. In this sense, it is of interest to analyze the microstructure of the VH copolymeric system that will be determined by their reactivity ratios. Reactivity ratios are kinetic parameters that give information about the composition and the sequence distribution of the comonomer units along the macromolecular chains in statistical copolymers. Reactivity ratios of VH copolymers are well documented in the literature [70]. Jansen et al. obtained the reactivity ratios for reactions at low conversions employing a methodology combining RT-FTIR spectroscopy (real time-FTIR) with advanced and alternative multivariate-statistical data analysis techniques, giving values of rV = 7.3 and rH = 0.01. They clearly indicate the much higher reactivity of the acrylic monomer versus the vinyl monomer, which is in agreement with data found in literature where reactivity of some methacrylates are much more reactive than reactivity of V [85,86]. According to these different reactivities, the kinetics of the copolymerization will be related to the conversion degree which implies that macromolecular chains formed at low conversions contain a higher proportion of H units in the copolymer sequences, and chains formed at high conversion (after the consumption of most of H) are richer in V monomeric units. VH copolymers for the study were obtained at high conversions (around 80%), so that in this case it is interesting to analyze the tridimensional diagram of instantaneous copolymer composition variation as a function of feed composition and conversion (Figure 1), where the thick red lines correspond to the course of the reactions to obtain the synthesized copolymers VH16 and VH36. This representation was obtained using the 2004.20 algorithm “Conversion” developed in our group [87] which was successfully employed in numerous works [71,72,73,74]. In the light of this diagram, we can say that the VH copolymers are gradient polymers composed of long sequences rich in H units and long sequences rich in V units. In the case of the reactions to obtain VH16 and VH36, it can be observed that H is first consumed, as expected, and the low reactive monomer is being consumed as the reaction progresses, leading to the composition values obtained by NMR (Table 1) at high conversions (around 80%). These data give an idea of the microstructure and the composition heterogeneity of the high-conversion copolymers obtained, modulating their hydrophobic/hydrophilic balance, their solubility and stability in physiological medium, and therefore, of the catechol-conjugated polymers. After the conjugation reaction, it is expected that the terpolymers are formed by blocky sequences richer in V and blocky sequences of random HC copolymers, assuming that the conjugation reaction of catechol groups most probably is produced in a random way [88]. This microstructure will determine the chemical and physical behavior of the catechol-conjugated polymers.



The morphology of terpolymer membranes obtained by casting of the catechol conjugated polymers was observed by SEM and AFM. Images of both techniques show differences depending on the catechol content. Thus, when the terpolymer is richer in catechol groups, the presence of random microdomains distributed on the surface of the continuous matrix is evident. This behavior can be explained by the gradient microstructure of the terpolymers, their different hydrophobicity and the content of catechol-conjugated moieties (VHC2 or VHC22), all of them contributing to segregation in nano or microdomains to a greater or lesser extend depending on the content. The presence of microdomains along with the roughness of the films are two interrelated factors that will positively contribute to the adhesive properties of the system to biological tissues [89].



Bioadhesion is a very important factor for wound-healing treatments since an increase in the bioadhesion of the polymer will allow a better fit to the wound, establishing a close contact with the target tissue [52]. Furthermore, enhanced adherence to the tissue will help faster regeneration of the skin tissues [52,55,90]. Porcine skin substrate was used by its biological similarities with human dermis. Following biomimetical reasons, the skin was kept wet during the adhesion experiment in order to simulate the human damaged tissue [91]; in this way, we analyzed the effective adhesiveness of the polymers in moist environments, which is still a challenge in surgery procedures. The lap shear method, a common and reliable method for quantifying adhesion, was used [92,93]. Adhesion properties were tested at short times (30 min) in order to better observe a post-application simulation, in contrast to other reported studies that used periods in the range 12–24 h [92]. The adhesion of catechol-functionalized polymers has been recently studied on numerous occasions [66,91,93,94,95,96,97,98]. The oxidation agent NaIO4 has been widely used to induce crosslinking and increase bioadhesion in catechol-containing polymers [66,92,93,98]. In this work, when the NaIO4 solution was added to the sample deposited on the skin, the polymer solution color immediately changed to brown indicating a catechol oxidation to quinones and further cross-linking reactions. It is known that these reactive catecholquinones can react forming covalent bonds with nucleophiles found in extracellular matrix (ECM) proteins and carbohydrates of the biological tissue [99,100], improving the bioadhesion. In fact, in the tests applied in this work, we observed that both conjugated polymers failed cohesively, indicated by the brown failed polymer attached to each skin surface, demonstrating the strong interfacial adhesion force of the catechol-conjugated polymers [91]. Adhesion results evidence a higher detachment stress for the richest catechol polymer, demonstrating the key role of catechol moieties in the bioadhesion properties of the material. Furthermore, although it is difficult to directly compare the obtained results with others previously reported due to different methodologies and tissues used, it can be said that our values are in the same order of magnitude as others found in literature [66,95,101,102,103]. Overall, as far as the bioadhesive behavior is concerned, we can say that these bioinspired materials can be excellent candidates for testing in further experiments designed for application as efficient adhesives in wound-healing clinical treatments.



It is known that solar ultraviolet radiation causes various harmful effects [104,105,106,107,108], especially in damage tissue or wounds. For example, skin photo-aging is caused by UV light radiation, inducing photo-oxidative alterations such as damage and reduction in cell migration and proliferation through the production of ROS and the decrease of endogenous antioxidants of the skin [109]. Therefore, strict UV protection strategies have been currently advocated during the tissue regeneration process and wound closure [110,111,112]. Different natural compounds such as usnic acid, fern leaves, green tea, retinoids, resveratrol or Cryptomphalus aspersa [113,114,115] have been recently considered as potential UV-blocking sunscreens because of their antioxidant activity or their absorption on the UV region [113]. In this work, our bioinspired catechol-conjugated polymers have been studied as UV skin filters due to their UV absorption with a maximum at 290 nm and their proven antioxidant properties [39,40,41,42]. There is not a unique methodology to analyze the UV protection of materials as sunscreens, but most of the them are based on the calculation of the in vitro sun protection factor (SPF) using the erythematous effective spectrum (EES) [116], which shows that UVB rays (290–320 nm) are the most dangerous rays, with a maximum in 310 nm [117]. In this study an innovative method has been developed using porcine skin and studying the effect on the skin surface wettability, a very important aspect of the skin protective function, after being irradiated with a 310 nm UV radiation. For this purpose, water contact angle of skin samples was analyzed before and after UV irradiation. It was observed that samples covered with the terpolymer films preserved the skin surface wettability of the non-treated skin after the irradiation giving water contact values around 50°, similar to values reported in the literature [118,119]. However, for uncovered samples the skin hydrophobicity significantly increased after irradiation producing a rise in water contact angle of 30°. This fact demonstrates that the catechol absorption in the UV region is an advantageous factor assisting in antioxidant protection against UV-induced photodamage. Hence, these terpolymer systems provide a new approach for preventing UV-induced skin damage and protecting wounds from solar irradiation and they can be considered for use as a safe material whenever their biocompatibility is demonstrated.



Biocompatibility of the materials, which is closely related to cell–material interactions, is highly important in biomaterials designed for wound-healing purposes. In this work, cytotoxicity of VHC terpolymers was assessed using a hBMSCs line according to ISO 10993-5 standard which recommends testing the cell viability in the presence of extracts of samples taken at different time intervals. For that reason, in parallel, the degradation of the conjugated polymers in the same medium of extracts (DMEM free of serum) was analyzed in vitro. These experiments revealed a rather rapid degradation (measured as percentage of weight loss, ∆W) the extent of which depended on catechol content, being more stable the samples with higher catechol groups (∆W around 40% in 21 days) against the lowest catechol samples, which degraded to ∆W values of 60%. Nevertheless, films of both samples maintained dimensional stability. In cytotoxicity experiments, it was observed that, despite the biodegradation of the terpolymer films, cell viability values were close to 100% for all tested samples. Therefore, it can be said that the degradation of any polymer sample does not release cytotoxic rest nor at short times neither at longer times (21 days), when around 40–60% of the film has been degraded, so the cell viability of hBMSCs is not compromised during the degradation process of the catechol-conjugated polymers. Additionally, this degradation rate is enough to allow films to be degraded and replaced with regenerative tissue ingrowth.



ROS and free radicals are very important in biological systems and they have attracted increasing attention. Chronic wounds are characterized by the continuous release of proteases, ROS and high amounts of exudates [120,121]. These excessive ROS damage biomolecules and also activate the pro-inflammatory system, avoiding wound healing [14]. It is well known from the literature that phenolic acids, flavonoids etc., have excellent antioxidant properties [122]. The ability of catechol to assist in quenching the ROS in chronic wounds has already been reported [39,40]. In this way, we have carried out a cellular-based assay in order to directly evaluate the antioxidant ability of the catechol-conjugated polymers in vitro. To reach that purpose we used DCFH-DA, a non-fluorescent compound that becomes DCF (2′,7′-dichlorofluorescein) and emits fluorescence after being oxidized. By measuring the fluorescence, we were able to quantify the oxidative stress acting as a valuable indicator of oxidative stress and ROS [123,124]. Results obtained in this study indicated that both terpolymers decreased intracellular ROS production in vitro in hBMSCs previously treated with H2O2. It was also found that both conjugated polymers initially had a strong antioxidant activity which lost some effectiveness with time, independent of the catechol content, as it was observed by the authors in other low molecular catechol-containing polymers when antioxidant experiments were performed in the absence of cells [41]. Thereby, these polymers provide a source of ROS scavenger beneficial for wound-regeneration processes.



Natural polyphenolic compounds, such as catechols, have shown potent anti-inflammatory effects documented in the literature [76,78,125,126]. Anti-inflammatory activity is a crucial factor in the wound-healing process, especially in chronic wounds, which remain in the inflammatory phase preventing the healing [14,42,120]. NO inhibitory assay is a recognized experiment used to measure anti-inflammatory activity. Nitric oxide is an intermediary and regulator in pathological responses, especially in those related to acute inflammatory reactions, and LPS is a pro-inflammatory agent that activates inducible nitric oxide synthase, meaningfully increasing NO production in macrophages [67,127]. In this experiment, we have modified the method by seeding the macrophages cells directly on the polymer films. In this way, we can analyze the direct response of the cells growing on the film and being in contact with the medium released, simulating the wound-regeneration process. After LPS stimulation for 24 h, the inhibitory effects of the terpolymers on the treated macrophages were observed (Figure 8). Cell viability was also taken into consideration, eliminating the possibility that the reduction of NO is due to cytotoxicity. Terpolymers did not have a significant cytotoxicity toward macrophages cells in the presence or absence of LPS. Both terpolymers were able to decrease NO production in vitro at short times (24 h and 48 h) and this potency of suppression of NO production decreased with time for VHC2 while it increased for VHC22. These results demonstrate that anti-inflammatory activity is directly related to the catechol composition. Catechols are able to reduce NO production through two mechanisms reported in literature [126]: inhibiting the LPS signaling, and directly scavenging NO. In conclusion, this study demonstrates that these catechol-conjugated polymers have the potential to attenuate the inflammatory damage coming from the ROS generated by the cells of a wound lesion and, therefore, these systems can act very positively and can favor and promote the healing effect.




5. Conclusions


The synthesis of statistical VH copolymers, and the subsequent postpolymerization conjugation reaction with catechol-bearing hydrocaffeic acid (HCA) molecules, have been successfully carried out providing high molecular weight polymers with enhanced availability of the catechol side groups. These long-arm catechol moieties have been demonstrated to provide a functionalized terpolymer with bioadhesive properties to porcine skin in wet conditions; prevention for UV-induced skin damage; antioxidant properties scavenging the ROS generated by hBMSCs; and attenuation of the inflammatory damage in macrophage cultures. All of these properties are key features in the wound-healing process and, therefore, we can say that these bioinspired materials can be excellent candidates for application as efficient bioadhesive and bioactive wound dressings promoting and favoring the healing effect.
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Figure 1. Tridimensional diagram showing the variation of instantaneous H copolymer molar fraction as a function of conversion and H feed molar fraction. Red lines represent reaction course for H feed compositions used in this work (0.2 and 0.4 mol %). 
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Figure 2. Scheme of the synthesis of the acid chloride derivative of hydrocaffeic acid (HCA), VH copolymers and the catechol conjugated polymers VHC. 
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Figure 3. Atomic force microscopy (AFM) (left) and scanning electron microscopy (SEM) (right) images of (a) VHC2 terpolymer and (b) VHC22 terpolymer. 
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Figure 4. In vitro degradation kinetics of VHC films in Dulbecco’s modified Eagle’s medium (DMEM) (pH = 7.4) at 37 °C. Data are presented as mean ± standard deviation (n = 3). 
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Figure 5. (a) Application of the polymer solution on the porcine tissue and skin samples attached each other. (b) Comparative studies in adhesion forces between the catechol conjugated polymers VHC2 and VHC22. Each line represents the stress-displacement representative curve of the two compositions after four replicates. (c) Detachment stress of the catechol containing polymers VHC2 and VHC22. Significant differences are denoted in the graph comparing the two groups at the significance level of *** p < 0.001. 
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Figure 6. (a) Porcine skin samples irradiated with the terpolymer film (left) and after removing the terpolymer film (right). (b) Water contact angle images of the irradiated skin under de terpolymer film (left) and of the nude irradiated skin (right). (c) Water contact angle results of the skin control (non-irradiated and irradiated) and the skin under the VHC films. Significant differences are denoted in the graph comparing the values of the irradiated samples under the VHC films and the irradiated control skin (*** p < 0.001). 
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Figure 7. Cell viability of human bone marrow mesenchymal stem cells (hBMSCs) treated with medium extracts of VHC films taken at different times. The diagrams include the mean and the standard deviation (n = 8). 
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Figure 8. Intracellular reactive oxygen species (ROS) activity in hBMSCs measured from fluorescence emission at different times after treatment with VHC films extracts collected at 24 h. The diagrams include the mean, the standard deviation (n = 4) and the analysis of variance (ANOVA) between the different groups and the positive control at each time (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 9. Inhibitory effects of VHC terpolymers on nitric oxide production in lipopolysaccharide (LPS) stimulated RAW 264.7 cells (bars) and cellular viability (lines and symbols). 
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Table 1. Copolymer composition values obtained from the nuclear magnetic resonance (NMR) spectra, molecular weights of the VH copolymers and reaction yields.
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	Copolymer
	aFH (mol %)
	bfH (mol %)
	cMn (Da)
	d PDI
	Yield (%)





	VH16
	20
	15.7
	23,600
	4.5
	78



	VH36
	40
	35.8
	15,600
	2.2
	83







aF = feed composition, b f = copolymer composition, c Mn = number average molecular weight, d PDI = polydispersity (Mw/Mn).
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Table 2. Terpolymers mol % compositions, molecular weight obtained by gel permeation chromatography (GPC) and reaction yields.
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	Terpolymer
	fV (mol %)
	fH (mol %)
	fC (mol %)
	Yield (%)
	aMn (Da)
	b PDI





	VHC2
	84
	13.9
	2.1
	13
	22,200
	6.7



	VHC22
	64
	14.2
	21.8
	58
	14,000
	1.7







aMn = number average molecular weight, b PDI = polydispersity (Mw/Mn).
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Table 3. Thermal properties of the conjugated polymers including the maxima temperatures (Tmax, differential thermogravimetric (DTGA) curve), char yields and glass transition temperatures (Tg).
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	Terpolymer
	Tmax (°C) main stage
	Char yield (%)
	Tg (°C)





	VHC2
	439
	3.9
	82



	VHC22
	432
	8.9
	80











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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