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Abstract:



Nitric oxide (NO) is involved in physiological processes, including vasodilatation, wound healing and antibacterial activities. As NO is a free radical, designing drugs to generate therapeutic amounts of NO in controlled spatial and time manners is still a challenge. In this study, the NO donor S-nitrosoglutathione (GSNO) was incorporated into the thermoresponsive Pluronic F-127 (PL)-chitosan (CS) hydrogel, with an easy and economically feasible methodology. CS is a polysaccharide with known antimicrobial properties. Scanning electron microscopy, rheology and differential scanning calorimetry techniques were used for hydrogel characterization. The results demonstrated that the hydrogel has a smooth surface, thermoresponsive behavior and good mechanical stability. The kinetics of NO release and GSNO diffusion from GSNO-containing PL/CS hydrogel demonstrated a sustained NO/GSNO release, in concentrations suitable for biomedical applications. The GSNO-PL/CS hydrogel demonstrated a concentration-dependent toxicity to Vero cells, and antimicrobial activity to Pseudomonas aeruginosa (minimum inhibitory concentration and minimum bactericidal concentration values of 0.5 µg·mL−1 of hydrogel, which corresponds to 1 mmol·L−1 of GSNO). Interestingly, the concentration range in which the NO-releasing hydrogel demonstrated an antibacterial effect was not found to be toxic to the Vero mammalian cell. Thus, the GSNO-PL/CS hydrogel is a suitable biomaterial for topical NO delivery applications.
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1. Introduction


Nitric oxide (NO) is an endogenous molecule involved in several biological signaling pathways. At low concentrations (pico- to nanomolar), NO has regulatory functions, such as the promotion of vasodilation, wound healing, cell proliferation, inhibition of platelet adhesion and aggregation [1,2,3]. At higher concentrations (micro- to millimolar), NO has antitumor and antimicrobial effects [2,3,4]. NO is considered a promising alternative to conventional antimicrobials. However, it is a challenge to deliver a precise NO concentration directly to the target site of application, in sustained and convenient manners and with minimal side effects [1].



NO is a free radical (half-life one to five seconds), and can be inactivated in biological systems upon reaction with biomolecules (such as hemoglobin), thus limiting its effects. To overcome this issue, several NO-releasing biomaterials have been prepared to carry and deliver therapeutic amounts of NO for different biomedical applications [4]. In topical applications, NO-releasing biomaterials can be used for coating medical devices [5]. In dermatological applications, it can be used to promote dermal blood flow [6,7,8,9], for antimicrobial effects [2,10,11], cell proliferation [4], wound repair [12,13,14,15], controlling inflammatory pain [16] and local warming [17]. In addition, administration of NO-releasing materials on human skin might have a therapeutic effect against endothelial dysfunctions, such as vasoconstriction, vasospasm and thrombosis [5,16,18].



In this context, there is great interest in the development of NO-releasing biomaterials capable of releasing NO/NO donors in a controllable manner for topical applications. In this study, the NO donor S-nitrosoglutathione (GSNO) was incorporated into a thermoresponsive hydrogel comprised of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), PEO-PPO-PEO (Pluronic F127) and chitosan (CS) (Figure 1).


Figure 1. Schematic representation of the formation of three-dimensional polymeric network of Pluronic F-127 (PL) hydrogel structure containing chitosan (CS) and S-nitrosoglutathione (GSNO) to delivery NO.
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GSNO is an endogenous molecule that spontaneously releases free NO [1,2]. Hydrogels are soft materials with a three-dimensional network and viscoelastic properties. Thermoresponsive hydrogels can change their rheological properties with changes in temperature [19]. Pluronic (PL) is approved for human uses by the Food and Drug Administration (FDA), and has been extensively employed as a drug carrier and for tissue engineering [20]. Pluronics (Sigma) or Poloxamer (Bayer) are co-polymers largely used for hydrogel preparation. They are made of poly(ethylene oxide)-poly (propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) units. PPO segments are more hydrophobic, whereas PEO is more hydrophilic [21,22,23]. There are several types of Pluronics, depending on the number of PEO and PPO units [23]. In this study, we used the Pluronic F-127 (PL) with 106 units of PEO and 70 units of PPO [23]. Pluronic has also been found to decrease the viscosity of the blood, prevent aggregation of erythrocytes and adhesion to the vascular endothelium layer [21]. In aqueous environments, PL chains undergo a spontaneous self-organization due to the differences is solubility between PEO and PPO units, leading to the formation of micelles (micellization process) [22,23,24]. The PPO segment of PL is comprised of the hydrophobic core of the micelles, whereas the PEO segment of PL is comprised of a hydrophilic shell [21]. The gelation process determines the space organization of the micelles (hexagonal, cubic or lamellar phases) [23]. Upon an increase in the temperature and/or PL concentration, micelles auto assemble, leading to a three-dimensional polymeric network, as illustrated in Figure 1 [23]. The gelation process leads to an increase in the viscosity of the polymer solution, leading to a gel state [23]. The Pluronic systems are thermosensitive, which means they exist as liquids at low temperatures and become semi-solid at higher temperatures. This phenome is reversible [21,23]. This feature is suitable for pharmacological formulations, since it is possible to incorporate active drugs at low temperature, and the increase in the temperature leads to the formation of a hydrogel containing the drug. The main advantage of PL hydrogels is the ease of preparation, that does not require the use organic solvents [21].



The polysaccharide chitosan (CS) was incorporated into PL hydrogel. CS is biodegradable, biocompatible, non-allergenic and an inexpensive biological polymer extensively used for tissue engineering and drug delivery [25,26,27]. Chitosan is obtained from chitin, which is the major component in crustacean shells, such as crabs and insects [26], so its use in technological products is of ecological and sustainable importance [28]. In addition, CS has important effects, such as antimicrobial, anticholesterolemic, antitumor, hemostatic and antioxidant activities [25,26,27].



In this present work, an NO-releasing hydrogel was prepared by incorporating the NO donor (GSNO) into a PL/CS hydrogel. Both PL and CS are biocompatible polymers extensively employed in medical applications. PL is responsive to forming the hydrogel network. This matrix permits an easy topical application allowing a site-specific release of the NO donor/NO. The presence of CS into the hydrogel matrix provides advantages due to its muco-adhesiveness characteristic over commercial formulations [25,26,27]. In biological systems, at low concentrations, GSNO has regulatory effects (promotion of tissue regeneration, wound healing and vasodilation), whereas at high concentrations it has antimicrobial effects [3]. Therefore, all of these combined properties can compose a versatile and suitable material for drug delivery of NO in topical applications. To the best of our knowledge, this is the first paper to describe the preparation and characterization of NO-releasing PL/CS hydrogel with biocompatibility and antibacterial effect. Our results demonstrated a sustained NO/NO donor release from the hydrogel matrix, at therapeutic levels. The combination of NO and CS demonstrated a synergistic effect against Pseudomonas aeruginosa. Interestingly, the concentration of NO-releasing hydrogel required for an antibacterial effect was not toxic towards mammalian cells, indicating the promising and safe uses of this biomaterial in topical applications.




2. Materials and Methods


2.1. Materials


Chitosan (CS, low molecular weight, 75% deacetylation), glutathione (GSH), sodium nitrite (NaNO2), Pluronic F-127 (PL) ([poly(ethylene oxide)]106[poly(propylene oxide)]70[poly(ethylene oxide)]106, molar weight of 12,600 kDa), phosphate buffer saline (PBS, pH 7.4), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and phenol were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetone, hydrochloric acid and lactic acid were obtained from Labsynth (Diadema, SP, Brazil). All experiments were carried out using analytical grade water from a Millipore Milli-Q Gradient filtration system (resistivity below 18.2 MΩ·cm−1 at 25.0 °C). The Vero cell line was obtained from Instituto Adolfo Lutz (São Paulo, SP, Brazil). The culture medium, supplements, antibiotics and bovine fetal serum were obtained from Cultilab (Campinas, SP, Brazil). The Mueller-Hinton media (broth and agar) were purchased from Difco (Franklin Lakes, NJ, USA), and the sodium chloride (NaCl, P.A. grade), used to obtain saline solution 0.85% w/v, was purchased from J.T. Baker (Ciudad del Mexico, Mexico).




2.2. Preparation of PL/CS Hydrogel


PL/CS hydrogel was prepared based on the cold method first described by Schmolka et al. [29]. This method has been reported extensively for the preparation of PL-based hydrogels containing drugs, particles or other polymers [27,30,31,32]. First, 0.1 g of CS was dissolved in 10 mL of lactic acid (2%) under magnetic stirring at room temperature. Next, 2.0 g of PL was gradually added to the CS solution under gentle magnetic stirring. The temperature was maintained at 4 °C until complete dissolution of PL powder [20]. The final concentrations of PL and CS in the hydrogel were 20% w/v and 1% w/v, respectively. This material is referred as PL/CS hydrogel.




2.3. Synthesis of GSNO


GSNO was synthesized as previously described [33,34,35]. GSH (1228 mol·L−1) was dissolved into HCl (1 mol·L−1), followed by the addition of an equimolar amount of NaNO2, correlated to GSH. The nitrosation reaction was carried out for 20–30 min, in an ice bath, under magnetic stirring and in the dark, leading to the formation of a pink precipitate of GSNO. This material was washed with cold water and filtered under vacuum using a Millipore cellulose membrane. The obtained GSNO was freeze-dried for 24 h. Solid GSNO was maintained in a recipient with humidity controlled at −20 °C [22].




2.4. Incorporation of GSH or GSNO into PL/CS Hydrogel


GSH or GSNO were incorporated into the PL/CS hydrogel matrix following the process described by Pelegrino et al. with modifications [33]. The required amount of powdered GSH or GSNO was added to the PL/CS solution, under gentle magnetic stirring and light protection, at 5 °C. This mixture was maintained at 5 °C until the complete dissolution of the GSH or GSNO. This process led to the formation of a PL/CS hydrogel, at room temperature (final concentrations of PL and CS were 20% and 1% of CS w/v, respectively) containing 50 mmol·L−1 of GSH or GSNO (final concentration). This is henceforth referred to as GSH-PL/CS hydrogel or GSNO-PL/CS hydrogel, respectively.




2.5. Morphological Characterization of PL/CS and GSH-PL/CS Hydrogels


The morphology of the PL/CS and GSH-PL/CS hydrogels was investigated by scanning electron microscopy (SEM). Prior the analysis, the samples were frozen at −80 °C for 12 h and freeze-dried for 36 h (Labconco, 84C, Kansas City, MO, USA), as previously described [24,36,37,38]. The dried materials were spread on a double-sided conduction adhesive tape, pasted on a metallic stub and analyzed using a benchtop SEM (JCM-6000PLUS NeoScope, JEOL Technics, Tokyo, Japan). The analysis was done under high vacuum and at an operating voltage of 5 kV.




2.6. Rheological Measurements of PL/CS and GSH-PL/CS Hydrogels


Rheological measurements of PL/CS and GSH-PL/CS hydrogels were performed on a rotational rheometer at oscillation modus (Kinexus Lab, Malvern Instruments Ltd., Worcestershire, UK) with a parallel plate (PP) geometry (diameter 70 mm, angle 2.576 rad and gap between the plates of 1.02 mm) and a Peltier temperature-controlled holder. For determination of elastic (G′) and loss (G″) moduli, a volume of 1 mL of each hydrogel sample were transferred to the rheometer. A temperature ramp was applied from 10 to 50 °C at a heating rate of 5.0 °C·min−1, with a fixed frequency of 1.0 Hz and a shear stress of 2.0 pA. The temperature when G′ > G″, and the sample demonstrated a solid-like gel formation, was related to gelling temperature (Tgel). Each experiment was repeated twice and analyzed using rSpace software (software version 2.00, Worcestershire, UK). In a further step, the temperature was fixed at 32.5 °C and the frequency was varied from 0.1 to 10 Hz in order to evaluate the stability of the hydrogel. Each experiment was repeated twice and analyzed using rSpace software.




2.7. Thermal Analyses of PL/CS and GSH-PL/CS Hydrogels


Thermal characterization of the PL/CS and GSH-PL/CS hydrogels was performed by Differential Scanning Calorimetry (DSC) employing the DSC Q200 equipment (TA Instruments, New Castle, DE, USA). The reference in all cases was a standard aluminum sample holder. Samples of 0.2 mL of PL/CS or GSH-PL/CS hydrogel were analyzed using heating–cooling cycles in the range of 0–65 °C, with a heating rate of 5 °C·min−1, employing nitrogen to purge the gas chamber (50 mL·min−1). The cycles were as follows: cycle 1 cooled from 25 to −10 °C, cycle 2 heated from −15 to 65 °C, cycle 3 cooled from 65 to −15 °C and cycle 4 heated from −15 °C to 65 °C. The data were analyzed using Universal Analysis 2000 software (TA Instruments version 4.5 A, New Castle, DE, USA). The critical micellization temperature (CMT) was determined from the endothermic peak in the recorded DSC thermographs, and the enthalpy change (∆H) of the endothermic peak was calculated.




2.8. Kinetics of NO Release


Kinetics of NO release from aqueous GSNO and from GSNO-containing hydrogel (GSNO-PL/CS) were monitored by measuring changes in absorbance intensity at 545 nm (nN→π* transition), by using the UV–visible spectrophotometer (Agilent 8454, Palo Alto, CA, USA), with a temperature-controlled sample holder. Changes at 545 nm are solely associated with S–N bond cleavage and free NO release [33,34,39]. Kinetic data were acquired at temperatures of 25, 32.5 and 37 °C. The initial concentration of GSNO in all groups was 50 mmol·L−1, as confirmed by the detection of the characteristic GSNO absorption band at 545 nm (nN→π*) [33,39]. The quantity of NO released over time was calculated following Equations (1) and (2) [22,40]. The results were reported as the mean ± standard deviation (SD) of three independent experiments and expressed in terms of the NO concentration:


[NO]t = [GSNO]0 − [GSNO]t,



(1)
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(2)







Equations (1) and (2) relate NO concentration at time, t, ([NO]t) to the GSNO absorption band, wherein [GSNO]0 and [GSNO]t are the concentrations of GSNO at the beginning of the reaction and at time, t, respectively. Variables A0 and At are the GSNO absorbances, at 545 nm, at the beginning of the monitoring and at time, t, respectively. Variable εGSNO is the molar absorption coefficient of GSNO at 545 nm (ε equals to 18.4 mol−1·L·cm−1), and b is the optical path of cuvette, which corresponds to 1 cm.




2.9. In Vitro GSNO Diffusion


The in vitro kinetics of intact GSNO diffusion from aqueous GSNO and from GSNO-containing hydrogel (GSNO-PL/CS) were carried out by using a vertical diffusion cell (standard cell, 15 mm of diameter, 7 mL, Hanson Research Corporation) [41]. The cell consisted of donor and receptor chambers, separated by polysulfone membrane disc filters with a 450 nm pore size (Tuffryn, Pall Corporation, Port Washington, NY, USA). The donor compartment was filled with 2.5 mL aqueous GSNO (GSNO in PBS) or GSNO-PL/CS hydrogel, in which the initial GSNO concentration was 50 mmol·L−1, in both cases. The receptor compartment was filled with PBS, kept under magnetic stirring at 32.5 ± 0.5 °C and the entire cell was protected from ambient light. A volume of 500 μL was withdrawn from the receptor compartment, in 30 min intervals, and replaced by an equivalent volume of fresh PBS solution. The withdrawn samples were immediately analyzed by UV–visible spectrophotometry. The amount of intact GSNO diffused through the membrane was determined by monitoring the spectral changes at 336 nm (ε = 980 mol−1·L·cm−1), and assigned to the presence of intact GSNO [33,34,40]. The results were reported as the mean ± standard deviation (SD) of three independent experiments and expressed in terms of the GSNO percentage.




2.10. Mathematical Models


In order to investigate the mechanism of GSNO diffusion from the PL/CS hydrogel, the Higuchi mathematical model was applied to the kinetic curve obtained in item 2.9 (Equation (3)) [42]:


Qt = KHt0.5,



(3)




where Qt is the cumulative amount of drug released at time, t, KH is the release constant, and t is the time [33,43,44].




2.11. Cytotoxicity of CS/PL and GSNO-PL/CS Hydrogels


The cytotoxicity effects of CS/PL and GSNO-CS/PL hydrogels were evaluated towards Vero cells by MTT-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [45,46]. Vero cells passage 173 (CCIAL-057) were seeded in 24-well plates. After 24 h, at a confluence of 80% and after forming a monolayer, the culture medium was removed and substituted by elution medium, prepared using cell culture medium and the hydrogels. The hydrogels were added to each well containing Vero cells at concentrations of 0.2, 1.2, 2.4, 6.0 and 9.5 µg·mL−1 of PL/CS hydrogel. These concentrations correspond to 0.2, 1.2, 2.4, 6.0 and 9.5 mmol·L−1 of GSNO, respectively (final concentrations. After adding each formulation to Vero cells, they were incubated for 24 h at 37 °C in a 5% CO2 atmosphere. The cells in the culture medium without any treatment were employed as the negative control, and a solution of phenol (0.25%) was used as a positive control (cytotoxic) [47,48,49]. After Vero cell incubation for 24 h with the PL/CS hydrogel and GSNO-PL/CS hydrogel, a volume of 100 µL of 10% MTT solution (5 mg·mL−1) in PBS was added to each of the wells, and the cells were incubated for an additional 4 h. After removing MTT solution, 50 μL of dimethyl sulfoxide was added to each well for 10 min, and the absorbance at 570 nm was measured with an automated spectrophotometric microtiter plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). The experiment was performed in triplicate. The results were presented as the mean ± standard deviation (SD). The ANOVA test (one-way) was done, followed by the post hoc Tukey test for comparison between the two groups. Statistical significance was set at a p-value of ≤0.001.




2.12. Morphological Evaluation of Vero Cells after Treatment with the Hydrogels


The morphology of Vero cells after 24 h incubation with pure PL/CS or GSNO-PL/CS hydrogels (at final hydrogel concentration of 0.2–9.5 µg·mL−1) was observed with an inverted microscope (AxioVert A1, Zeiss, Jena, Germany) and phase contrast [49,50].




2.13. Antibacterial Activity of PL/CS and GSNO-PL/CS Hydrogels


The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of the PL/CS and GSNO-PL/CS hydrogels were carried out by microdilution assay, as described by the Clinical and Laboratory Standards Institute [51]. The bacterial strain evaluated was the gram-negative (standard CLSI) Pseudomonas aeruginosa ATCC 27853 (PAR). Initially, the bacteria were grown in Mueller–Hinton solid medium at 37 °C to obtain the isolated colonies. Subsequently, the colonies were solubilized in a saline solution 0.85% (w/v) and adjusted to the 0.5 index of the MacFarland scale (1.5 × 108 colony-forming units (cfu) per mL). This solution was diluted in Mueller–Hinton broth and distributed in a 96-well plate at a density of 106 cfu/well. Each well was treated with different concentrations of PL/CS and GSNO-PL/CS hydrogels of 0.3, 0.5, 1.0, 2.1, 3.15 and 4.2 µg·mL−1, which correspond to NO final concentrations of 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 mmol·L−1, respectively. The plates were incubated for 18 h and the bacterial growth was measured after this period. The MBC tests were performed after the MIC tests. After 24 h of incubation, drops of bacterial broth from the cavity with no visual growth were added to a Petri dish with the Mueller–Hinton solid medium, and bacterial growth was observed after 48 h. These tests were carried out in triplicate.





3. Results and Discussion


Biocompatible hydrogels might simulate living tissues more than any other class of synthetic biomaterial, due to their similarities [31,52,53]. They are easy to apply into several shapes and surfaces because of their softness. Thus, they are predominantly used in biomedical and topical applications [31]. PL hydrogels are versatile materials since it is possible to incorporate either hydrophilic [22,40,49,54] or hydrophobic drugs into PL hydrogels [55].The CS-based biomaterials have gained a lot of attention due to their biocompatibility, biodegradability and hemostatic properties for drug delivery and tissue engineering [38,56,57,58]. The interaction of positive protonated CS amino groups with the negatively charged mucin layer and tight junctions can facilitate the transport of hydrophilic macromolecules through the mucosal barrier [59]. This section describes and discusses the characterization of PL/CS as biocompatible hydrogel for topical applications in NO-therapy.



3.1. Characterization of PL/CS and GSH-PL/CS Hydrogels


In this study, GSH is the precursor of the NO donor molecule, GSNO [60]. Due to the intrinsic thermal and photochemical instability of GSNO [7,22,40], the characterization of morphological, rheological and thermal properties of the hydrogel was performed with the GSH-PL/CS hydrogel. The morphology of PL/CS and GSH-PL/CS hydrogels was observed by SEM analyses of lyophilized formulations [24,37]. Figure 2A exhibits a representative image of the PL/CS hydrogel. A smooth surface with defined edges and amorphous structures can be observed. Figure 2B exhibits a representative image of the GSH-PL/CS hydrogel. The GSH incorporation into the hydrogel leads to a more irregular surface. It should be noted that dynamic surfaces, as observed in Figure 2B, might increase cell adhesion, migration and detachment, which is desirable for tissue engineering applications [61]. The surface of hydrogel is the initial and primary site of interaction with surrounding cells and tissues. In biomedical applications, including in tissue engineering, hydrogels with roughness surfaces are considered suitable for cell attachment, cell proliferation, tissue growth, passage of nutrients, drug loading and delivery. In this sense, the surface morphology of the hydrogel (presence of pores and roughness) can affect the biomaterial biocompatibility through modifications in cell proliferations and attachment to a solid substrate. As shown in Figure 2, the GSH-PL/CS hydrogel has a roughness surface, while PL/CS hydrogel has a smooth surface. Roughness surface morphology might increase the cell attachment and the cell proliferation, which are desirable for tissue engineering applications [61]. The hydrogels studied here have similar morphologies to those described by Leyva-Gomes et al., who characterized PL and PL/CS hydrogels prepared by gamma irradiation [37].


Figure 2. Scanning electron microscopy (SEM) micrographs of lyophilized (A) PL/CS hydrogel and (B) GSH-PL/CS hydrogel, using a 400× of magnification. The scale bar represents 50 µm.
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Due to the presence of PL into the hydrogels, PL/CS and GSH-PL/CS hydrogels became thermoresponsive hydrogels [62]. At low temperatures (0–5 °C), PL/CS and GSH-PL/CS hydrogels had viscous behavior, whereas at higher temperatures (20–40 °C) the hydrogel had a solid-like behavior [62]. The gelling temperature (Tgel) indicated the temperature required to change the rheological property of the material, and is understood as when elastic modulus (G′) becomes higher than loss modulus (G″) during a temperature ramp [63]. This feature can be related to the presence of PL into the hydrogel matrix, and has attracted significant interest involving drug release applications and tissue engineering [64].



Tgel values of PL/CS and GSH-PL/CS hydrogels were found to be 28.72 ± 0.98 °C and 29.95 ± 0.85 °C, respectively (Table 1). The GSH incorporation on the PL/CS hydrogel slightly increased Tgel by 1 °C. Kkatheb et al. showed a similar result upon the addition of laxacin into PL hydrogel, where their results showed an increase of Tgel approximately of 1 °C [65].


Table 1. Tonset (°C), critical micellar temperature (CMT) (°C), Tendset (°C) and ∆H (J·g−1) acquired using DSC analyses and Tsol/gel (°C) acquired using rheology analyses of PL/CS and GSH-PL/CS hydrogels.





	Material
	Tonset (°C)
	CMT (°C)
	Tendset (°C)
	∆H (J·g−1)
	Tgel (°C)





	PL/CS
	12.71
	16.15
	19.48
	4.013
	28.72 ± 0.98



	GSH-PL/CS
	6.57
	10.69
	14.75
	4.237
	29.95 ± 0.85









Oscillation sweep frequency tests were performed on PL/CS and GSH-PL/CS hydrogels at 32.5 °C (the skin temperature) to evaluate the effect of GSH incorporation under the linear viscoelastic region [64]. Figure 3A shows that the G′ and G″ moduli did not significantly change in the applied frequency range (0.1–10 Hz). In addition, there was a linear region with a similar profile for PL/CS and GSH-PL/CS hydrogels for all tested frequencies (Figure 3A). Thus, the GSH incorporation into PL/CS hydrogel did not significantly change the hydrogel mechanical and gelling properties.


Figure 3. (A) Elastic (G′) and loss (G″) moduli of PL/CS hydrogel (black line) and GSH-PL/CS hydrogel (blue line) during an oscillation sweep frequency test at 32.5 °C; (B) Differential scanning calorimetric (DSC) thermographs of PL/CS hydrogel (black line) and GSH-PL/CS hydrogel (blue line).
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DSC is an important technique to evaluate the temperature that induces thermal transitions in solutions of thermoresponsive polymers [65]. Figure 3B exhibits the thermographs of PL/CS and GSH-PL/CS hydrogels, with the aim to investigate thermal transition changes after GSH incorporation. The PL/CS hydrogel showed an endotherm peak with an onset temperature (Tonset) at 12.71 °C, a peak at 16.15 °C and an end set temperature (Tendset) of 19.48 °C (Table 1). The endotherm peak can be related to the critical micellization temperature (CMT) process. In addition, Tonset is mainly related to the beginning of micelle formation, whereas Tendset shows the completion of the micelle formation process [65]. The incorporation of GSH into the PL/CS hydrogel decreased the Tonset by 6.14 °C, CMC by 5.46 °C and Tendset by 4.73 °C (Table 1 and Figure 3B). Thus, the GSH incorporation decreased the CMT by 40%. The micelle formation process is related to the dehydration of PPO block units in PL structure. The incorporation of GSH (hydrophilic molecule) is expected to form into a hydrophilic layer of the micelle, so the presence of GSH caused the dehydration of PPO block and, consequently, decreased the CMT value. The same trend was observed by Nie et al. by adding paclitaxel into PL hydrogel [22,42].



Enthalpy variation (∆H) is the area under the endothermic peak related to CMC. The ∆H values of PL/CS hydrogel and GSH-PL/CS hydrogel were found to be 4.013 and 4.237 J·g−1, respectively (Table 1). All formulations showed a positive ∆H. This result is related to the dehydration of the PPO block, which is an endothermic process. Thus, GSH incorporation into PL/CS hydrogel increased the ∆H value by 10%. Akkari et al. have shown a similar behavior by adding budesonide to PL hydrogels [66].



Taking together, the morphological, rheological and thermal properties of the GSH-PL/CS hydrogel were found to be suitable for drug delivery, since thermoresponsive behavior and desirable stability against oscillation were observed. These combined features make this hydrogel a potential candidate for topical applications of active molecules, such as NO/NO donors [31].




3.2. NO Release from GSNO-PL/CS Hydrogel


GSH is the precursor molecule of the NO donor, GSNO. In this work, GSH was nitrosated by reacting with an equimolar amount of NaNO2, in acid medium, forming the GSNO (Equation (4)). In this case, the nitrosating agent was nitrous acid (HNO2), which is formed by the dissolution of NO2− in aqueous acidified solution. Once synthesized, GSNO was incorporated into PL/CS hydrogel:


GSH + HNO2 → GSNO + H2O.



(4)







In this work, the kinetics of NO release from GSNO (either dissolved in aqueous solution or incorporated into GSNO-PL/CS hydrogel) was monitored for 24 h, at different temperatures. GSNO undergoes to a spontaneous decomposition releasing free NO and yielding oxidized glutathione (GSSG) (Equation (5)) [1,9,22,33]:


2 GSNO → 2 NO + GSSG.



(5)







This reaction occurs through the homolytic cleavage of the S–N bond, which can be catalyzed by the presence of metal ions (e.g., copper), light and heat [1,9,22,33].



Figure 4 shows the NO release profile from free GSNO and from GSNO-PL/CS hydrogel at different temperatures (25, 32.5 and 37 °C) for 24 h. As the stability of GSNO is known to be dependent on the temperature [39], the NO release profile was monitored at room, skin and physiological temperatures (25, 32.5 and 37 °C, respectively). Figure 4 shows that both GSNO in aqueous solution, and GSNO incorporated into the hydrogel matrix, were able to release NO for at least 24 h at the different tested temperatures. In addition, the increase of the temperature increased the rates of NO release from both aqueous GSNO and hydrogel containing GSNO. This result is in accordance with previous publications [7,9,22,30].


Figure 4. Kinetics of NO release from GSNO (initial concentration of 50 mmol·L−1) in aqueous solution (black lines) and incorporated into PL/CS hydrogel (blue lines), at 25, 32.5 and 37 °C. The results are reported as the mean ± standard deviation (SD) of three independent experiments.
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Furthermore, the incorporation of GSNO into PL/CS hydrogel decreased the rates of NO release, compared to GSNO dissolved in aqueous solution (Figure 4), as previously reported, when complexed to other materials [9,20,54]. This decrease was assigned to the cage effect promoted by the higher viscosity of the hydrogel matrix, in comparison to the aqueous environment. The superior viscosity of the hydrogel matrix favors the radical pair recombination of NO• and GS•, restoring the GSNO molecule, and increasing the rates of NO release. In this sense, the viscosity of the medium can be used to modulate the rates of GSNO decomposition, and consequently the rates of NO release [31].



Figure 4 shows that the concentration of NO release from GSNO was in the millimolar range. At this range, NO is expected to have therapeutic effects [60], such as antibacterial activity. After 24 h at 37 °C, the total concentration of NO release from aqueous GSNO was ca. 36 mmol·L−1, while the concentration of NO release from the hydrogel was 30 mmol·L−1 (Figure 4). The incorporation of GSNO into the PL/CS hydrogel decreased the amount of total NO released by 20%, at the same period of time.



It should be noted that for therapeutic purposes, a sustained and localized release of NO is desirable. Figure 4 shows that the incorporation of GSNO into PL/CS hydrogel promotes a sustained NO release, in concentrations suitable for biomedical applications, for at least 24 h, at physiological and skin temperatures. In addition, the hydrogel allows an increase in residence time of the NO donor directly on the target site of application, making this formation a good candidate for a topical NO delivery system [1,7,67,68,69].




3.3. GSNO Release from GSNO-PL/CS Hydrogel


The vertical Franz diffusion cell was used to evaluate the diffusion of intact GSNO through a membrane versus GSNO dissolved in aqueous solution and GSNO-PL/CS hydrogel, at 32.5 °C (skin temperature). Figure 5 shows that in both cases, a two-phase release profile of GSNO was observed, which included: (1) an initial burst of GSNO diffusion (within the first 1.5 h of monitoring); and (2) the establishment of a plateau, which corresponded to a steady-state of GSNO diffusion release [20,70]. This diffusion profile is similar to other reports published by the authors [30,32,33]. Additionally, Wu et al. showed a similar GSNO release profile from free GSNO and GSNO encapsulated into polymer nanocomposite particles [71].


Figure 5. In vitro release profile of free GSNO (black line) and GSNO-PL/CS hydrogel (blue line), using a Franz diffusion cell system at 32.5 °C (initial GSNO concentration of 50 mmol·L−1). The results are reported as the mean ± standard deviation (SD) of three independent experiments.
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The diffusion of GSNO from aqueous GSNO reached a value of 50% of the total GSNO content after 4.5 h of monitoring, whereas in the case of GSNO-PL/CS hydrogel the amount of GSNO that diffused was 20%, at the same time frame (Figure 5). Indeed, the incorporation of GSNO into the PL/CS hydrogel decreased the amount that GSNO diffused by 60%. This result is in accordance with Figure 4 (i.e., kinetics of NO release from aqueous and GSNO-containing hydrogel). The superior viscosity of the hydrogel matrix, related to the aqueous solution, promotes sustained and controlled GSNO diffusion from the hydrogel matrix, making this formulation suitable for topical applications.



The Higuchi mathematical model was fit to the data presented in Figure 5 with a correlation coefficient (R2) of 0.991. This indicates a Fickian diffusion of GSNO from GSNO-PL/CS hydrogel with a constant (KH) of 9.439% h−1. Similar studies involving S-nitrosothiols showed a release mechanism mainly limited by the Fickian diffusion. For example, Oliveira et al. showed the Fickian release of NO from chitosan nanoparticles for agriculture applications [39], and Pelegrino et al. showed a Fickian diffusion of GSNO from pure PL hydrogels or from hydrogel containing chitosan nanoparticles [32]. Therefore, GSNO incorporation into the PL/CS hydrogel significantly decreased the rates GSNO diffusion from the hydrogel matrix, allowing a sustained release of the NO donor directly onto the desired site of application.




3.4. Cytotoxicity of PL/CS and GSNO-PL/CS Hydrogels


The biocompatibility of the GSNO-PL/CS hydrogel was accessed as an in vitro cytotoxicity test using Vero cells, a lineage mentioned at the ISO 10993-5 [47] standard for these tests. These adherent cells show fibroblastic morphology and express cytotoxicity results in contact with different biomaterials and solutions [72,73,74].



Cytotoxicity assays were performed by varying concentrations of the PL/CS and GSNO-PL/CS hydrogels. Namely, 0.2, 1.2, 2.4, 6.0 and 9.5 µg·mL−1 of PL/CS hydrogel were used, and these concentrations correspond to 0.2, 1.2, 2.4, 6.0 and 9.5 mmol·L−1 of GSNO, respectively (in the case of GSNO-containing hydrogel). Cytotoxicity was assessed by MTT assay, using the Vero cell line, and by morphological cell characterization after cell incubation with the hydrogels for 24 h.



Figure 6 shows that both hydrogels showed a concentration-related cytotoxicity. For the PL/CS hydrogel, concentrations under 2.4 µg·mL−1 were considered noncytotoxic. However, in the presence of GSNO-containing hydrogel, the cytotoxicity of the formulation towards Vero cells was observed at concentrations under 1.2 µg·mL−1. As expected, the hydrogels did not significantly decrease cell viability at lower concentrations. A decrease in cell viability was found for the higher tested concentrations.


Figure 6. Vero cell viability after incubation with PL/CS and GSNO-PL/CS hydrogels (at final hydrogel concentrations of 0.2–9.5 µg·mL−1) for 24 h. The cells in the culture medium without any treatment were employed as the negative control, and a solution of phenol (0.25%) was used as a positive control.
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The cytotoxic pattern is shown in Figure 7A–F. Noncytotoxic Vero cells grew in a confluent monolayer, with a fibroblastic-like polygonal morphology (Figure 7G). With the presence of a cytotoxic compound, namely 0.25% phenol, the cell showed a rounded and loose morphology, non-attached, and lifted from the culture plates, with signs of cell death (Figure 7H). These parameters were used to analyze the different tested compounds, PL/CS and GSNO-PL/CS hydrogel.


Figure 7. Morphological characterization of Vero cells incubated with PL/CS hydrogel (first column) and GSNO-PL/CS hydrogel (second column) at 9.5 µg·mL−1 ((A,B), respectively), 2.4 µg·mL−1 ((C,D), respectively) and 0.24 µg·mL−1 ((E,F), respectively) for 24 h. Control samples (third column) of non-cytotoxicity (G) and cytotoxicity (H).
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The predominance of the PL/CS-hydrogel can be observed in Figure 7A,B, which consequently covered and/or caused the death of Vero cells. With the decrease in the concentration of the tested components, the presence of the cells, and morphology similar to the non-cytotoxic control, were observed (Figure 7C–F).



At hydrogel concentrations higher than 1.2 μg·mL−1, the presence of rounded and debris cells can be observed, a typical characteristic of cytotoxicity (Figure 7B,D). These results demonstrated a concentration-dependent cytotoxicity of the GSNO-PL/CS hydrogel to the Vero cell line. These data are in accordance with a previous publication by the authors, which demonstrated that high NO levels are cytotoxic to different normal and cancerous cell lines [33,75]. These findings are also in agreement with several publications that demonstrated a concentration-dependence toxicity of different classes of NO donors towards health and tumor cell lines [33,60,76,77,78].



The proposed mechanisms of cytotoxicity caused by the NO donors involves the multifunctional transcription factor NF-κB, inhibition of both ribonucleotide reductase and ATP, or protein expression mediators [33,76,78]. Ferraz et al. studied the cytotoxicity mechanism of S-nitrosothiol-containing polymeric nanoparticle (NO-NP) against a melanoma cell line [75]. The NO-NP induced apoptosis against melanoma cells with the activation of effector caspase 3. Additionally, an increase of oxidative stress in the cells incubated with NO-NP was observed, which was related to an increase generation of a superoxide anion radical by mitochondria [75].



In contrast, low concentrations of both hydrogels were not toxic to Vero cells (Figure 6). The biocompatibility of systems composed of PL/CS hydrogels has been demonstrated through various applications [24,49,79]. The thermosensitive response of the PL/CS hydrogel has been applied as an injectable scaffold and as a cell delivery carrier matrix for tissue regeneration [36,79,80,81]. Olguín et al. reported advanced properties of this thermosensitive hydrogel for the delivery of cells in neural tissue engineering, and demonstrated a delicate relationship between physical properties and capabilities to promote cell proliferation and differentiation [79].



PL/CS hydrogels have also been applied as carrier systems for drug, gene and biomolecule delivery [24,82,83,84,85,86]. The common points of these studies was to combine and explore suitable features of each polymer (PL and CS) in a single formation, i.e., mucoadhesion and thermogelling. These were intended to prolong the residence time of the delivery systems, thus improving the efficacy of local or systemic drugs/biomolecules [87]. Radivojša et al. developed a novel approach based on thermoresponsive hydrogels with CS nanocomplexes for prolonged release of low molecular weight heparins (LMWH). These double-responsive mixed preparations seemed to be promising systems for subcutaneous LMWH delivery, requiring less frequent administration during long-term treatment. Additionally, formulations demonstrated no cytotoxicity in vitro for human keratinocyte cells [84]. The application of hydrogels as release systems for NO donor compounds has also been described in the literature. De Oliveira (2016) developed a topical hydrogel formulation comprising Pluronic F127 containing GSNO in concentrations ranging from 50 to 150 mmol·L−1 [39]. These formulations were shown to produce a significant dermal vasodilation in topical applications on the healthy skin of volunteers [39,40].




3.5. Antibacterial Activity of PL/CS and GSNO-PL/CS Hydrogels


The antimicrobial properties of PL/CS and GSNO-PL/CS hydrogels were investigated against gram-negative bacteria, Pseudomonas aeruginosa (PAR). PAR is an important human pathogen, responsible for a wide range of chronic and acute infections, such as diabetic foot infections, burn wounds and pneumonia in cystic fibrosis patients [88,89,90,91,92,93,94]. PAR is particular resistant bacteria against β-lactans antibiotics due to its intrinsic capability of expressing β-lactamases and efflux pumps [91].



Both MIC and MBC values for PL/CS hydrogel were found to be 2.1 µg·mL−1, whereas both MIC and MBC values for GSNO-PL/CS hydrogel were found to be 0.5 µg·mL−1 (this concentration corresponds to 1 mmol·L−1 of GSNO) (Table 2). The sole PL/CS hydrogel had a bacterial effect; however, the incorporation of GSNO into the hydrogel decreased both MIC and MBC values by four times. Thus, as expected, the PL/CS hydrogel demonstrated antibacterial activity (due to the presence of CS), and this activity was enhanced by GSNO incorporation into the hydrogel matrix. Interesting, by comparing Table 2 and Figure 6, the hydrogel concentration required to achieve an anti-bacterial effect was not found to be cytotoxic (as related to a cytotoxicity pattern in Vero cells). Therefore, there is a concentration range that the GSNO-containing PL/CS hydrogel that can be safely administered to the patient, without damaging mammalian cells, and with a promising antibacterial effect.


Table 2. Values of minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) for PL/CS and GSNO-PL/CS hydrogels against Pseudomonas aeruginosa (PAR) ATCC 27853, as model microorganism.





	
Material

	
Pseudomonas aeruginosa (PAR) ATCC 27853




	
MIC (µg·mL−1)

	
MBC (µg·mL−1)






	
PL/CS hydrogel

	
2.1

	
2.1




	
GSNO-PL/CS hydrogel

	
0.5

	
0.5










Similar to our results, Hetrick et al. showed a treatment composed of nitrosated proline as an NO donor (PROLI/NO) against PAR. The treatment exhibited a MIC value of 2.5 mg·mL−1 [95]. Seabra et al. demonstrated the antibacterial effects of NO-releasing polyester [10] and NO-releasing-AgNPs towards different gram positive and negative bacteria strains [2]. Barraud et al. studied the effect of NO donor, sodium nitroprusside (SNP), against PAR strains in planktonic and biofilm forms [96]. At concentration of 5 µmol·L−1 of SNP, a decrease of 50% in the CFU of planktonic PAR was observed. In addition, the authors observed that this effect was decreased when the NO treatment was combined with a phosphodiesterases inhibitor. Thus, the possible antibacterial mechanism of NO is related to phosphodiesterases, which contributes to a genetic network that modulates virulence and biofilm formation and dispersion [96].



NO is known to have a potent and wide range of antimicrobial effects against both gram-negative and gram-positive bacteria [60]. The main mechanism by which NO kills bacteria is understood to involve nitrosative stress, which evolves the production of reactive nitrogen/oxygen species. As the antibacterial effect of NO involves multiple pathways, bacteria have, thus far, not been able to develop resistance towards NO [60].



CS is also known to have antibacterial effects [82,88]. The main antibacterial effects caused by CS include: (1) cell penetration and interaction with DNA; (2) CS chelation of metal ions, which leads to the production of toxins, inhibition of enzymatic activity, and finally the cell cycle; and (3) electrostatic interactions between positively charged CS and negatively charged cell membrane [88].



Thus, a biomaterial that combines the antimicrobial activities of CS and NO might be considered a potent antimicrobial agent. In addition, the viscosity of the semi-solid hydrogel matrix allows its topical/dermatological applications, increasing the contact time and, therefore, the interaction of the formulation with application target sites. In this sense, the NO/NO donor can be directly released from the hydrogel matrix. This approach might find important applications in the treatment of skin and soft tissue infections, such as diabetic foot infections, otitis externa and burn wounds [94].





4. Conclusions


This work described the preparation, characterization, NO/GSNO release profile, biocompatibility and antibacterial effects of GSNO-containing PL/CS hydrogel. This hydrogel can be considered as a promising system for NO delivery due to its biocompatibility, easy preparation, ability to incorporate NO donors, ability to promote a sustained NO and GSNO release and antibacterial effect. Their main features of the hydrogel include smooth morphology, thermoresponsive behavior and good mechanical stability. In addition, this system is free of crosslink agents, increasing the biocompatibility of the hydrogel, due to the absence of possible toxic sub-products. The GSNO-PL/CS hydrogel was found to release therapeutic amounts of NO in a sustainable manner. GSNO-containing PL/CS hydrogel was not toxic towards the Vero cell at concentrations lower than 13.23 μg·mL−1, which increases the safety aspect of this material. GSNO-containing PL/CS hydrogel demonstrated antibacterial effects against Pseudomonas aeruginosa, with MIC and MBC values of 0.5 µg·mL−1 (this concentration corresponds to 1 mmol·L−1 of GSNO). Importantly, the antibacterial effect of the NO-releasing hydrogel was observed at concentrations that were not toxic to the Vero cell.
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