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Abstract

:

Dry eye disease (DED) is a dynamic and complex disease that can cause significant damage to the ocular surface and discomfort, compromising the patient’s quality of life. Phytochemicals such as resveratrol have received increasing attention due to their ability to interfere with multiple pathways related to these diseases. However, the low bioavailability and the poor therapeutic response of resveratrol hinder its clinical applications. Cationic polymeric nanoparticles, in combination with in situ gelling polymers, could represent a promising strategy to prolong drug corneal residence time reducing the frequency of administration and increasing the therapeutic response. Eyedrop formulations, based on acetylated polyethyleneimine-modified polylactic-co-glicolyc acid- (PLGA-PEI) nanoparticles loaded with resveratrol (RSV-NPs) were dispersed into poloxamer 407 hydrogel and characterized in terms of pH, gelation time, rheological properties, in vitro drugs release, and biocompatibility. Moreover, the antioxidant and anti-inflammatory effects of RSV were assessed in vitro by mimicking a DED condition through the exposition of epithelial corneal cells to a hyperosmotic state. This formulation exhibited sustained release of RSV for up to 3 days, exerting potent antioxidant and anti-inflammatory effects on corneal epithelial cells. In addition, RSV reversed the mitochondrial dysfunction mediated by high osmotic pressure, leading to upregulated sirtuin-1 (SIRT1) expression, an essential regulator of mitochondrial function. These results suggest the potential of eyedrop formulation as a platform to overcome the rapid clearance of current solutions for treating various inflammation- and oxidative stress-related diseases such as DED.
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1. Introduction


Eyes are constantly exposed to environmental factors (e.g., air pollutants or adverse indoor and/or outdoor environmental conditions, light exposure, ultraviolet rays, ionizing radiation) that compromise tear film composition and ocular surface components [1]. Prolonged exposure to these insults triggers oxidative damage of the ocular surface through the production of reactive oxygen species (ROS) and activation of pro-inflammatory signaling pathways [2,3]. Overproduction of ROS in tear and ocular surface structures represents one of the main characteristics of Dry Eye Disease (DED) [3], a multifactorial disease quite frequent in the elderly population, and growing rapidly in young people as well [4]. The loss of tear film homeostasis and the damage of the affected eye area up to the cornea causes visual discomfort and disturbance to the patient often compromising daily life [5]. DED symptoms include burning, inflammation, foreign body sensation, blurred vision, heaviness and tear film instability. According to the multifactorial and wide spectrum of DED etiology, the treatment must be tailored specifically to each patient by targeting the specific mechanisms in accordance with disease severity. Mild DED cases are treated with artificial tears to reduce tear evaporation and corneal surface inflammation. More serious cases require treatment with anti-inflammatory agents, such as topical corticosteroids, systemic cholinergic agents, and autologous serum tears [6]. However, long-lasting application of ocular preparations containing preservatives (e.g., benzalkonium chloride (BAK), chlorobutanol, sodium perborate), may cause side effects due to the disruption of the ocular epithelial cell-cell junction and toxic epitheliopathy in the case of preserved products Hence, there is still a demand for novel therapeutic approaches.



Plant polyphenols are vegetable secondary metabolites able to promote beneficial health effects, such as anti-inflammatory, antioxidant and antimicrobial [7]. In particular, their bioactivity is able to influence both the production of ROS, IL (interleukins), ELAM-1 (endothelial leucocyte adhesion molecule-1), the expression of the TNF-α (tumor necrosis factor-α), and VEGF (vascular endothelial growth factor) pathways in ocular tissues. Moreover, some polyphenols could increase antioxidant defense systems and inhibit p53-dependent apoptosis involved in age-related eye disease [8,9]. Moreover, it has been reported that oxidative stress may directly affect ocular surface health, inducing DED. Therefore, topical/systemic use of antioxidants represents a promising approach to the treatment of DED [10].



Recent in vivo and in vitro studies demonstrated that curcumin, epigallocatechin gallate, resveratrol, quercetin, betaine and pterostilbene polyphenols are effective in DED pathology treatment [11]. Among all polyphenols, increasing attention is being paid to Resveratrol (RSV, 3,5,4′-trihydroxy-trans-stilbene) due to its strong antioxidant and anti-inflammatory effects also in ophthalmologic diseases [12,13]. Further, RSV regulates inflammatory responses via various signaling pathways in a dose-dependent manner. Moreover, RSV acts as an antioxidant by controlling antioxidant enzymes and blocking free radical damage to DNA [14].



Even though several studies demonstrated RSV’s potential applicability as a treatment for DED, its low water solubility, low stability and poor ocular bioavailability limit clinical efficacy. Recent studies focused on nanotechnology approaches to overcame these limits and produce ophthalmic polyphenols-enriched formulations [15]. Compared to currently available approaches for administering eye drops, nanostructured polymers with bioadhesive properties (e.g., cationic nanoparticles) represent a more efficient approach to delivering the appropriate concentrations of bioactive molecules to the eye. Positively charged nanocarriers could interact with negatively charged cells of the ocular surface prolonging the residence time of the administered eye drops [16]. Hence, the present study aims to design an in situ thermogelling formulation containing RSV-loaded polymeric nanoparticles able to ameliorate the clearance of current eye drop solutions. To this purpose, cationic acetylated lactide/glycolide-polyethyleneimine (PLGA-PEI) nanoparticles (AcPEI-NPs) loaded with RSV were prepared by nanoprecipitation and incorporated in the Poloxamer 407 thermoresponsive hydrogel (RSV@Tgel) to develop novel devices for the treatment of ocular diseases. Poloxamer 407 is a member of the Pluronics® triblock copolymers, made of polyethylene glycol-b-polypropylene glycol-b-polyethylene glycol, which are non-ionic, water-soluble materials widely used as pharmaceutical excipients [17]. It has been demonstrated that the use of polymers that exhibit thermoresponsive sol-to-gel phase transition in the cul-de-sac could overcome the loss of drug in precorneal tissue caused by eye drainage, thereby extending drug-cornea contact time. Indeed, these ophthalmic formulations, by changing their structure and viscosity upon heating, can be administered as a liquid, and then form a gel in specific environmental circumstances, such as in contact with the eye [18]. The RSV@Tgel formulation was physiochemically characterized, and the release profiles of RSV were evaluated in simulated tear fluid. Moreover, the role of released RSV in preventing oxidative stress and cytokine release was explored in human corneal epithelial cells (HCECs) under hyperosmotic stress, as an in vitro dry eye model. The reported results demonstrated the ability of RSV@Tgel to attenuate hyperosmolar-induced mitochondrial dysfunction in HCECs, restoring mitochondrial function by inducing SIRT1 expression. For these reasons, RSV@Tgel could be an excellent adjuvant in dry eye disease due to its protective effect against inflammation and oxidative stress, as well as the reduced number of eye drop instillations.




2. Materials and Methods


2.1. Materials


d,l-Lactide/glycolide copolymer (PLGA, PURASORB®, inherent viscosity 0.20 dL/g) was a generous gift from PURAC (Gorinchem, The Netherlands). Branched polyethylenimine (PEI, MW: 25 kDa), acetic anhydride, dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), acetone, resveratrol (RSV), polyvinyl alcohol (PVA, average mol wt. 30,000–70,000), Poloxamer 407, phenylmethylsulfonyl fluoride (PMSF), benzamidine, and hydroquinone (HQ) were obtained from Sigma-Aldrich (Milan, Italy). All HPLC analytical grade solvents were purchased from Fisher Scientific (Milan, Italy). Dulbecco’s modified Eagle medium (DMEM; Euroclone, Milan, Italy) containing 10% fetal bovine serum (FBS; Euroclone), 100 U/mL penicillin, and 100 µg/mL streptomycin (Euroclone), in 5% CO2 at 37 °C and 95% humidified room air.




2.2. Physico-Chemical Characterization of RSV-Loaded Nanoparticles (RSV-NPs)


Acetylated nanoparticles (AcPEI-PLGA) were prepared using a two-step procedure as reported by Conte et al. with modifications [19]. Briefly, AcPEI-PLGA copolymer (50 mg) and different quantities of RSV (1–10 mg) were completely dissolved in 10 mL of acetone under ultrasound to form a homogeneous mixed system (Digital Sonifier S-250D, BRANSON, Milan, Italy). The resultant solution was added dropwise into the aqueous phase, containing 100 mL PVA (0.5% w/v), and stirred overnight on a magnetic stir plate (at 300 rpm) to allow evaporation of the organic solvent. The RSV-NPs were collected by centrifugation for 45 min at 14,810× g, 4 °C (5718R, OHAUS, Milan, Italy), washed with ultrapure water (Milli-Q® IQ 7000, Merk Life Science S.r.l., Milan, Italy) and lyophilized. Control nanoparticles (NPs) were prepared following a similar procedure omitting RSV. The hydrodynamic diameter, zeta potential, and polydispersity index (PDI) were measured using Dynamic Light Scattering (DLS, Malvern Zetasizer, Malvern Instruments Ltd., Malvern, UK), and the particle concentration was assessed by Nanoparticles Tracking Analysis (NTA-NanoSight NS300, Malvern Instruments Ltd., Malvern, UK) as reported by Valentino et al. [20]. For both analyses, experiments were performed at 25 °C using a sample volume of 1 mL. The average values were obtained with the data from six separate measurements.



The amount of drug entrapped in NPs was determined indirectly, in triplicate, by analyzing the amount of free RSV in the supernatant (18,620× g for 30 min; 5718R, OHAUS, Milan, Italy) as described in Section 2.6. The encapsulation efficiency of RSV-NPs was determined based on the following equation:


   EE %    =    Total   amount   of   drug    −    Amount   of   drug   in   supernatant     Total   amount   of   drug    × 100  



(1)








2.3. Mucoadhesion of RSV-NPs


The interaction between mucin and RSV-NPs was evaluated by mixing equal volumes of mucin (0.5 mg/mL in PBS) and NPs (2.53 × 109 particles/mL) at 35 °C for 2 h [21]. The suspension was, then, centrifuged at 15,600× g (Corning LSE high speed microcentrifuge; Fisher Scientific Italia, Milan, Italy) for 1h at room temperature (25 °C). UV-Visible spectrophotometer (UV-1650 PC, Shimadzu, Milan, Italy) at 255 nm was used to quantify the amount of free mucin. All nanoformulations were analyzed in triplicate (n = 3). The mucin-binding efficiency of NPs (%) or mucoadhesive strength of NPs was calculated by using the equation stated as follows:


   Mucoadhesive   efficiency     %  =    Total   amoun   of   mucin  −  Free   amount   of   mucin     Total   amount   of   mucin    × 100  



(2)








2.4. Preparation of RSV-Loaded Hydrogels (RSV@Tgels)


Poloxamer gels were prepared by the cold method as described by Matthew et al. [22] with slight modifications. Briefly, an appropriate amount of polymer was accurately weighed and dispersed in purified distilled water with continuous mild stirring (until polymer dissolution) to prepare solutions at varying polymer concentrations (15–22% w/v). The poloxamer 407 concentration was chosen based on gelation temperature and gelation time. To obtain RSV-NPs dispersion in gel (RSV@Tgel), weighed amounts of lyophilized RSV-NPs (0.1, 0.5, and 1 mg/10 mL solution) were homogeneously mixed with cold poloxamer 407 overnight in an ice bath.




2.5. RSV@Tgels Characterization


2.5.1. Rheological and Mechanical Studies


The sol-gel transition of the RSV@Tgels containing 1 mg/10 mL RSV-NPs was determined by non-isothermal oscillatory rotational rheometry, by means of a Thermo Scientific Mars III device equipped with steel parallel plates (20 mm, plate gap = 1.0 mm). The measurements were carried out at an angular frequency of 10 rad/s and varying deformation from 0.5 to 5%, with a heating rate of 1 °C/min from 20 to 50 °C. Storage (G′) and viscous moduli (G″) were recorded as a function of temperature. The temperature at which G′ attained the plateau value was considered as the gelling temperature, Tgel. At least three replicates were performed. Compressive stress–strain tests were performed using the same equipment, with a loading-unloading strain rate of 0.6 mm/min, and a strain level of up to ≈20% of the original plate gap. The compressive moduli were obtained by linear fitting of the stress–strain curves in a strain range of 2–5%. In the cyclic loading–unloading tests, compression and load were recorded for 10 cycles. Each reported value was the mean of at least three measurements.




2.5.2. Gelation Time


The gelation time (tsol-gel) of RSV@Tgels was determined by a modified test tube inversion method using simulated tear fluid (0.67 g NaCl, 0.2 g NaHCO3, and 0.008 CaCl2·2H2O in 100 g of purified water, STF) as gelation solution [23]. Briefly, a glass vial containing 1.0 mL of sample was kept at the storage temperature of 4 °C for 2 h, then withdrawn and placed in a water bath set at 34 °C. The glass vial was then repeatedly turned upside down to check for gelling of the sample. The gelation time represents the temperature at which the gel did not exhibit gravitational flow during a period of 2 min when the tube was reversed.




2.5.3. Short-Term Stability Studies


The physicochemical stability of RSV@Tgels was monitored over a period of 14 days of storage at different temperatures (4.0 ± 0.5 °C and 25.0 ± 0.5 °C) by visual observation and pH determination. At predetermined times (0 and 14 days), nanoparticles were separated from the hydrogel by centrifugation (12,000× g, 2 h; Corning LSE high speed microcentrifuge; Fisher Scientific Italia, Milan, Italy). The physical stability of the formulation was visually examined for its dispersion parameters such as the presence of aggregates and the occurrence of coalescence phenomena. Further, all samples were analyzed for particle size, PDI, and % drug entrapment efficiency, and the results were compared with the initial values. The RSV stability during storage was confirmed by HPLC analysis as described in Section 2.6.





2.6. In Vitro RSV Release and Permeation Studies


The cumulative RSV release was assessed in 5 mL of freshly prepared STF at two different osmolarity values, namely 312 and 500 mOsm/L. During the release test, the temperature was maintained at 34.0 ± 0.5 °C under continuous magnetic stirring (200 rpm). At given time intervals, 0.5 mL of release media was withdrawn and replenished with fresh media. Samples were centrifuged for 45 min at 21,380× g (Corning LSE high speed microcentrifuge; Fisher Scientific Italia, Milan, Italy) and the amount of RSV in the samples was determined by liquid chromatography–tandem mass spectrometry (LC-MS/MS), as indicated by Amaghnouje et al. [24].



The permeation studies were performed using vertical Franz diffusion cells with a volume of 12 mL (contact area: 1.77 cm2, PermeGear Inc., Hellertown, PA, USA) as reported by Bao et al. [25]. Cellulose acetate membranes were placed on top of the receptor chambers of the cells following the addition of freshly prepared STF as release media. During the release test, the temperature was maintained at 34.0 ± 0.5 °C. To simulate the small amount of tear secreted on the eye surface, 0.25 mL of the release medium was added to the top of the samples loaded into the donor chambers. At specified time intervals, aliquots (0.15 mL) of fresh media were used to replace the same volume withdrawn from the receptor chambers. Then, the supernatants were directly assayed by LC-MS/MS after centrifugation at 21,380× g (Corning LSE high speed microcentrifuge; Fisher Scientific Italia, Milan, Italy), 4 °C for 45 min.




2.7. In Vitro Cell Studies


2.7.1. Cells Culture and In Vitro Dry Eye Model


Human Corneal Epithelial Cells (HCECs) were obtained from the American Type Culture Collection (CRL-11135, ATCC, Milan, Italy) and maintained in DMEM supplemented with 10% FBS, 4.5 mg/mL glucose, 2.0 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, and 10 ng/mL human epidermal growth factor in a humidified atmosphere of 5% CO2–95% air and 37 °C. HCECs from the third to tenth passages that exhibited good morphology were used for experiments. The cell viability of HCECs on RSV@Tgel was assessed following the international standard ISO 10993 by cell counting kit (CCK-8) according to the manufacturer’s protocol (Sigma-Aldrich, Milan, Italy). Briefly, the gel samples were immersed and incubated in DMEM at 37 °C for 24 h to obtain the “conditioned medium” (CM). Following the adherence of HCECs, the culture medium was removed and replaced with 200 μL CM for 6, 12, and 24 h. Then, 10 μL of CCK-8 solution was added to each well and the absorbance was measured at 450 nm. Cell viability was determined as a percentage compared to the untreated cells.



Cellular death by membrane damage was measured using Lactate Dehydrogenase (LDH) assay (Sigma-Aldrich) as per the manufacturer’s instructions. Cells were treated as previously described and LDH released in the culture medium was measured at 490 nm. Triton X-100 solutions (1%) and culture media only were used as positive and negative controls, respectively.



For Dry Eye Cell Model, HCECs were treated with culture medium at different osmolarities ranging from 312 to 500 mOsm/L as reported by Shetty et al. [26]. The protective effects of RSV were studied with the acute toxicity model by pre-treating cells with RSV@Tgel for 24 h. A shorter exposure (4 h) was used to investigate the effects on mRNA expression.




2.7.2. Intracellular Antioxidant Activities


As previously reported [27], the CM-H2DCFDA assay kit (Sigma-Aldrich) was used to determine intracellular ROS production according to the manufacturer’s protocol.



To assess antioxidant enzyme activities, HCECs were treated as reported above and resuspended in 0.5 mL PBS buffer containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.2 mM benzamidine. Measurements of Catalase (CAT) and Superoxide dismutases (SODs) activities were carried out on cell lysates after sonication (three intervals of 5 s). Hydrogen peroxide (H2O2) decomposition (at 240 nm) was followed to determine CAT activity (EC 1.11.1.6). Results were normalized to total protein content and expressed as a percentage of control (100% of activity). SOD (EC 1.15.1.1) activity was measured using the standard assay mixture containing an enzymatic sample as per the manufacturer’s instructions (Sigma-Aldrich). Samples were exposed for 5 min to intense cool white light. One SOD unit was defined as the amount of enzyme necessary to inhibit 50% of the reaction rate. Samples were measured at 560 nm in a Cytation 3 microplate reader. Results were normalized to total protein content and expressed as a percentage of control. Experiments were performed four times.




2.7.3. Enzyme-Linked Immunosorbent Assay (ELISA)


The levels of human interleukin-6 (IL-6), human interleukin-8 (IL-8), and tumor necrosis factor (TNF-α) were measured in supernatants using an Enzyme-Linked Immunosorbent Assay (ELISA) as reported by Conte et al. [28].




2.7.4. RNA Isolation, Reverse Transcription, and Quantitative Real-Time PCR (qRT-PCR)


Total RNA was extracted from cell cultures using TriFast (EuroClone, Milan, Italy), according to the manufacturer’s protocol, and mRNA levels were measured by RT-PCR amplification as reported by De Luca et al. [29]. Specific primers for Human Matrix Metallopeptidase 9 (MMP-9), Interleukin-6 (IL-6), Interleukin-8 (IL-8), tumor necrosis factor (TNF)-α, Sirtuin 1 (Sirt1) and β-Actin (ACTB) were used and listed in Table 1. All reactions were run in triplicate, normalized to the housekeeping gene (ACTB), and the results were expressed as mean ± SD. The 2−ΔΔCt method was used to determine the relative quantification.





2.8. Measurement of Cellular Respiration


Analysis of mitochondrial function was performed on live cells using a Seahorse Biosciences XFe24 Flux Analyzer (Seahorse Biosciences, Milan, Italy) according to the manufacturer’s protocol. HCECs (2 × 104/well) were seeded in an XF 24-well plate and grown until confluence. Then, cells were treated with a hyperosmotic medium with or without RSV@Tgels CM (100 µL) for 2 h. The cells were washed twice with XF base medium supplemented and incubated in a CO2-free environment for 60 min at 37 °C and then placed in the XFe24 Flux Analyzer [30]. Oxygen consumption rate (OCR) was measured under basal conditions followed by the sequential addition of 1 µM oligomycin to inhibit adenosine triphosphatase (ATP) synthase activity, 1 µM tri-fluorocarbonylcyanide phenylhydrazone (FCCP) to uncouple mitochondrial oxidative phosphorylation, and 1 µM antimycin A and rotenone to inhibit electron transport in complex I and III, respectively. ATP turnover rate was the difference in OCR between the last measurement before the oligomycin injection and the minimum OCR after the oligomycin injection. Maximal respiration was the difference in OCR between FCCP-induced respiration and OCR after the injection of antimycin A. Spare respiratory capacity was the difference between maximal respiration and basal OCR. OCRs were normalized to total protein content quantified with a BCA protein assay.




2.9. Western Blotting


Total proteins of HCECs were extracted in ice-cold RIPA buffer (1:10 w/v) containing protease inhibitor. Then, Western blot analysis was carried out as described in our previous studies [31,32] using a mouse monoclonal Sirt1 antibody (sc-74465, 1:500, Santa Cruz Biotechnology, Milan, Italy), followed by a secondary antibody conjugated with horseradish peroxidase. The bands were quantified using ImageJ analyzing software. β-actin (ACTB) was used as an internal reference.




2.10. Statistical Analysis


Data were presented in means ± SD of at least three independent experiments. Statistical comparisons between the different experimental groups and their corresponding controls were made with a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test and Student’s t-test, considering p < 0.05 as statistically significant. All the data were analyzed with the GraphPad Prism version 8.01 statistical software package (GraphPad Software, San Diego, CA, USA).





3. Results and Discussion


3.1. Preparation and Characterization of RSV-NPs


Eye-drops and gels represent the most common and convenient topical ophthalmic formulations for ocular delivery, owing to the simple fabrication and the easy/noninvasive administration route. Despite their popularity among patients, drugs delivered through this route are usually poorly absorbed because of the short residence time in the mucosa and corneal permeability [33]. Nanocarrier-based therapeutic delivery systems have been developed to increase the corneal retention of drugs with the final goal of improving the efficacy of treatments for different ocular diseases.



To accomplish prolonged contact time and hence increased residence time in the eye, in this study, PLGA was functionalized with PEI, a biocompatible, biodegradable cationic polymer. Several studies report that positively charged nanoparticles can enhance drug residence time by interacting with anionic tear-film mucins and with the negatively charged surface of cornea and conjunctiva, improving drug bioavailability [16,34,35]. The tertiary amines of PEI were partially acetylated (AcPEI) to improve PEI tolerability while maintaining a positive zeta potential. Indeed, particle size and surface charge are the most important parameters in ophthalmic formulations to warrant low irritation, sufficient bioavailability, and good compatibility with ocular tissues. AcPEI-PLGA nanoparticles loaded with RSV (RSV-NPs) were prepared by a modified nanoprecipitation method, using acetone as a suitable solvent. Nanoprecipitation represents a simple and reproducible technique that possesses a limited number of controllable variables and can be easily scaled up [35]. The prepared NPs were characterized by DLS, zeta potential measurements, and NTA (Figure 1a–c). As reported in Table 2, the lower drug/polymer ratio led to small nanoparticle sizes (89.2 ± 0.9), whereas the higher drug/polymer ratio tended to increase nanoparticle sizes (148.7 ± 2.2) and reduce the EE% (66.4 ± 5.9). This indicated that there was an optimal drug/polymer ratio to reach the maximum EE%, set at 1:10. Moreover, the different drug/polymer ratios have no significant effect on the polydispersity index and zeta potential. Furthermore, the polydispersity of all batches was below 0.3, indicating uniform particle size distribution, while the zeta potential greater than 20 mV suggested a high colloidal stability of RSV-NPs due to the electrostatic repulsion. Indeed, the higher the absolute value of zeta potential, the more stable the system [36].



Although the size obtained for all formulations agreed with ocular drug release requirements (≤200 nm), RSV2-NP (coded RSV-NPs), was the formulation selected for further characterization because of the higher EE (Figure 1). The RSV-NPs intensity-based size curve showed a monomodal and narrow distribution (Figure 1a), confirmed by NTA results which also provided the NPs concentration (Figure 1c). In particular, more than 50% of NPs were in a size range between 100 and 150 nm, and the concentration of the NPs with a 100 to 123 nm hydrodynamic diameter was about 2 × 108 particles/mL.



The blink reflex and tear turnover rate are the main contributing factors to a short ocular retention time [37]. The use of cationic nanoparticles represents a possible strategy to extend the residence time and improve the bioavailability of the encapsulated molecule on the ocular surface. Whereas the mucin-aqueous layer of the tear film is commonly reduced in DED patients, leading to inflammation, and patient discomfort [38,39], the cationic nature of RSV-NPs could prolong the residence time in the ocular region and consequently improve RSV bioavailability and therapeutic action. As shown in Figure 1d, cationic RSV-NPs are able to interact with negatively charged sialic acid residues in the mucus with a mucin-binding efficiency of 63% at the ocular pH.




3.2. Rheological and Mechanical Characterization of Hydrogel Formulations (RSV@Tgel)


Liquid formulations based on polymers able to undergo a thermally induced sol-to-gel phase transition can overcome the issue related to removal from the eye through blinking, tear production, and nasolacrimal drainage. In the case of ophthalmic formulation, an optimal gelation temperature should be in the 32–34 °C range. Formation of the hydrogel at temperatures lower than 30 °C limits manufacturing, and handling, and causes difficulty in administration. In contrast, a gelation temperature higher than 36 °C entails that the formulation maintains its liquid state at body temperature, resulting in rapid elimination after administration [40]. Additionally, values of storage modulus G′ above 1000 Pa provide evidence of a pronounced elastic, solid-like character, which is highly sought in formulations employed for ocular administration to avoid washout from the corneal surface [41].



Therefore, the evaluation of the gelling temperature (Tgel) is a fundamental prerequisite for the development of an effective ophthalmic formulation. In this respect, several formulations of RSV-NPs in the form of in-situ gelling solutions were prepared by varying the concentration of poloxamer 407 (15–22% w/v) aiming at protracting drug release and increasing ocular bioavailability. The Tgel of the prepared formulations was assessed by rotational rheometry. The gelation temperature was evaluated by oscillation measurements performed at a constant frequency value, in a temperature range spanning the physiological temperature. All formulations displayed a stepwise increase in G′ and G″, from a liquid (G′ ≤ G″) to a gel state (G′ > G″), where both moduli reached a plateau (Figure S1). The formulation containing 22% w/v poloxamer 407 displayed a crossover of G′ and G″ at 24 °C (Figure S1a). However, the crossover could not be noticed for all samples, as demonstrated in Figure S1b for the formulation containing 17% w/v poloxamer 407. Therefore, the temperature at which the elastic modulus G′ attained the plateau value was considered as the Tgel. Figure 2a shows the change in elastic modulus (G′) with the temperature for all the concentrations tested. The Tgel and G′ values remarkably depended on the polymer concentration (Figure 2b), ranging from 40 to 26 °C, and 300 to about 10,000 Pa, respectively, thus indicating that the formulation properties could be easily tuned to achieve viscoelastic properties more suitable to facilitate ocular application.



Compressive stress-strain measurements were carried out on the polymer solutions at 37 °C to evaluate the compressive strength and moduli, and the stability of the hydrogel formulations over repeated mechanical solicitations. The stress-strain curves (Figure 2c) showed a region of elastic deformation at low strain, followed by a plastic deformation zone, in which the stress did not change with increasing deformation values. Indeed, deformation caused chains to flow due to the absence of chemical crosslinks between the polymer segments. The compressive properties also depended strongly on the poloxamer 407 concentration, and the maximum stress values recorded varied from 0.5 (15% w/v) to 4 kPa (22% w/v). Similarly, the compressive modulus varied from 4.35 kPa (15% and 17% w/v), up to 23.5 and 52.5 kPa calculated for 19% and 22% w/v, respectively. As a comparison, the compressive modulus of the human cornea is about 1.7 MPa [42]. Cyclic compression tests indicated that the hydrogels had good mechanical stability upon repeated compression, as they maintained over 90% of the initial stress. Interestingly, all formulations showed a reproducible behavior upon unloading, attaining negative stress values, which demonstrate the cohesion of the solution and remarkable adhesive properties.



In the case of ocular administration, a shorter gelling time is preferred for faster onset of drug delivery. The gelling time depicts, in fact, the time required for the formation of the gel after administration, and this is fundamental for preventing its removal from the injection site, and prolonging the retention of the active substance in situ. The gelling time of all prepared batches was determined, by visual observation in simulated tear fluid at 34 °C. Gels with lower polymer concentration (15–17% w/v) had a longer gelation time of about 80 s, while gelation time was considerably shorter for those with higher polymer concentration (19–22% w/v) diminishing to 28.5 s. Figure 2e reports the visual observation of the gelling behavior of the poloxamer 407 at the optimized concentration of 19% w/v.



Based on rheological and gelling data, the RSV@Tgel formulation dispersing 1 mg RSV-NPs in 10 mL of 19% w/v poloxamer 407 (coded RSV@Tgel from here onward) was considered for further characterization. The physiological pH of the tears is approximately 7.4. Although eyes can tolerate a wide pH range (i.e., 4.5–8.5), the closer the pH of the formulation is to the physiological pH, the better it is tolerated. The pH values of all batches were around 6.8 and storage conditions, conducted at 4 and 25 °C for 14 days, had no significant influence on the corresponding pH of the preparation at different time points (Table 3). Moreover, the stability study of optimized in situ gel (RSV@Tgel) demonstrated that particle size and PDI were not influenced by storage temperature or time and were comparable with the initial values. In addition, the developed formulations remained clear throughout the stability storage period. On the contrary, RSV-NPs stored in free form showed a tendency to aggregate.




3.3. RSV Release from RSV@Tgel


Tear hyperosmolarity is one of the key pathogenesis mechanisms of DED. Therefore, to mimic in vivo dry eye conditions, the cumulative RSV release profiles were performed at 34 °C in an isosmolar medium (ISO, 312 mOsM) or hyperosmolar medium (HYPER, 400 mOsM). As depicted in Figure 3a, about 15% of the drug was released within 30 min by RSV@Tgel, reaching about 65% after 12 h in ISO condition. Furthermore, the RSV releasing rate from RSV-NPs was two-fold higher, with about 30% of RSV released after the same period, with a cumulative release percent almost achieving 85% at the end of the experiment. The low drug release from RSV@Tgel is probably due to the presence of a gel matrix formed at 35 °C that entraps the nanoparticles, slowing down drug diffusion from PLGA to the gel matrix, and subsequently through the gel into the medium [43]. In the case of nanoparticles alone, the small size led to the burst release of the majority of the encapsulated drugs over the first hours and slow release afterward. Despite the RSV-NPs high initial burst, it may be helpful to counteract inflammation in a short time, the following low RSV release requires repeated and close applications to maintain the therapeutic concentration. On the other hand, the sustained and long-term release phase of RSV@Tgel offers the possibility to steadily provide the bioactive response.



To obtain information about in vivo epithelium permeation, a Franz diffusion cell study was performed by using cellulose membrane simulating human cornea. The cumulative percentage of RSV in the receptor compartment was about 65% and 48% for RSV-NPs and RSV@Tgel, respectively, after 6 h (Figure 3b). The low corneal permeation of RSV@Tgel could be attributed to the presence of a hydrogel network that slowed down the permeation process. Similar results were obtained by Alruwaili et al. for gentamycin-loaded chitosan nanoparticles embedded into the carbopol hydrogel [44].




3.4. RSV@Tgel Protection of Corneal Cells from Oxidative Damage


The first prerequisite for a new ocular drug vehicle is to be innocuous or show quite low cellular toxicity. In this context, human corneal epithelial cells (HCECs) were incubated in the presence of different concentrations of RSV@Tgel conditioned medium (CM; 1:1, 1:2, and 1:5 v/v) for 24 h. As demonstrated in Figure S2a, the cell viability was around 98% for all tested concentrations. Moreover, less than 10% of lactate dehydrogenase (LDH) was detected in the culture medium (Figure S2b), confirming the negligible toxicity of the ocular gel to the cell membrane. As expected, Triton X-100, which was used as a positive control of membrane damage, dramatically decreased HCECs viability. Taken together, the results suggest an excellent safety profile of RSV@Tgel.



The ROS overproduction is induced on the ocular surface as a consequence of prolonged exposure to atmospheric oxygen and/or environmental factors (e.g., air pollution, wind, low humidity) leading to the loss of physiological balance between the production of free radicals and the ocular defense mechanisms [45,46,47]. Consequently, ROS accumulation can be responsible for damage to the ocular tissues. Recent studies have confirmed, both in vitro and in vivo, the involvement of oxidative stress in DED reporting the increase in ROS, lipid oxidative stress markers and inflammatory cells [48,49].



To test whether RSV@Tgel was effective in reducing intracellular ROS production, an in vitro hyperosmolarity-induced dry eye model was used [46,50]. The hyperosmolarity of tear film has been recognized as a pro-inflammatory stress factor for the corneal epithelium, leading to cell apoptosis. According to a preliminary assessment, hyperosmolarity of 400 mOsm/L was identified as the correct balance between cell survival and death. The amount of intracellular ROS was defined based on the relative concentration of fluorescent 2′,7′-dichlorodihydrofluorescein (DCF). As shown in Figure 4a, hyperosmolar stress (400 mOsm/L) induces a substantial increase in HCE intracellular oxidants production approximately 2.4 times with respect to untreated cells (control). Pre-incubation with RSV alone (30 µM) induces a slight reduction in the DCF fluorescence intensity (around 20%, p < 0.05) with respect to the hyperosmotic group, whereas, in the presence of RSV@Tgel, ROS formation was markedly reduced (about 45%, p < 0.01) with a slight increase with respect to the normal isosmotic group.



Under oxidative stress, cellular membrane lipids are the prime targets of ROS attack. Lipid peroxidation leads to the formation of chemically reactive lipid aldehydes, such as MDA, capable of causing severe damage to nucleic acids and proteins, altering their functions and leading to the loss of both structural and metabolic function of cells [51]. As reported in Figure 4b, intracellular lipid peroxidation increased under hyperosmotic conditions by 1.9 times compared with the control. On the contrary, the amount of MDA diminished by 20% in cells treated with RSV alone, while a decrease of about 40% was noted in presence of RSV@Tgel.



Several clinical studies report that patients with ocular diseases have lower levels of SOD, catalase, and glutathione peroxidase (GPx) [52]. Indeed, SOD and CAT constitute, along with glutathione peroxidase, the first antioxidant defense system in cells acting as scavengers for O2•− and H2O2. SOD converts superoxide to oxygen and hydrogen peroxide, and then CAT acts as a catalyst in the reaction of hydrogen peroxide decomposition to water and oxygen [53]. In normal eyes, antioxidant enzymes are highly expressed in the corneal and conjunctival epithelium, while in dry eye syndrome their expression is much less pronounced and is strongly related to the increasing severity of dry eye symptoms [54]. To further validate the role of released RSV in protecting corneal epithelial cells against oxidative damage triggered by hyperosmolarity, the activities of SOD and CAT were evaluated (Figure 4c,d). Hyperosmotic stress caused the reduction of both anti-oxidative enzymes (47% SOD, 52% CAT, respectively) compared to the control cells cultured in an isotonic environment, whereas the changes of activities were partially reversed by the pre-treatment with RSV@Tgel (32% SOD, 39% CAT, respectively) demonstrating a good ability to protect mitochondria from oxidative damage.



Pintea et al. have reported on the ability of resveratrol to prevent retinal pigment epithelium cell degeneration induced by oxidative stress [55]. Pretreatment with resveratrol at micromolar concentrations led to a dose-dependent increase in ROS-related enzyme activities (SOD, CAT and GHS), supporting the hypothesis that this polyphenol elicits antioxidant effects by directly scavenging the ROS in retinal pigment epithelium (RPE) cells. In another study, RSV significantly enhanced cell viability and promoted cell growth, by modulating superoxide dismutase (SOD)/malondialdehyde MDA) activity in RPE cells exposed to H2O2 [56].




3.5. Effect of RSV@Tgel on HCEC Mitochondrial Bioenergetics


Mitochondria are the major site of intracellular ROS production as well as the target of oxidative damage [57]. Since various research accounts report the involvement of mitochondrial dysfunction in DED progression [58], a real-time measurement of HCECs oxygen consumption rate (OCR) was performed using the seahorse XFp analyzer. In particular, key mitochondrial activities were evaluated, including basal respiration (detected as the baseline OCR before the addition of oligomycin), maximal respiration (evaluated as the OCR after the addition of FCCP), spare respiratory capacity (the difference between the maximal and basal respiration), and ATP turnover (the oligomycin-sensitive OCR).



As expected, hyperosmotic conditions induced a reduction of about 50% (p < 0.01) in HCE cell mitochondrial bioenergetics with respect to untreated cells (Figure 5a–d). The presence of RSV alone is capable of partially protecting the mitochondrial function of HCE cells under hyperosmotic stress, with a recovery of about 30%. On the other hand, the treatment with RSV@Tgel led to a substantial increase of OCR in the measured respiration functions. In particular, in the case of ATP turnover rate, basal respiration, and maximal respiration, RSV@Tgel treatment restored the OCR at a level similar to that of untreated cells.



It has been demonstrated that RSV enhanced mitochondrial function by activating Sirt1, a highly conserved NAD+-dependent histone deacetylase [59] which regulates a wide range of cellular processes, including antioxidation, anti-apoptosis, DNA repair, antiaging, and life-span extension [60]. Recently, it has been found that abnormal Sirt1 expression provokes mitochondrial dysfunction, leading to ocular diseases, including cataracts, age-associated macular degeneration, diabetic retinopathy and glaucoma [61]. Under the hyperosmotic conditions, HCECs revealed a significant downregulation of Sirt1 at both mRNA and protein levels, of about 38% and 49%, respectively, compared to untreated cells (Figure 5e,f). The presence of RSV@Tgel restores the expression of Sirt1 (mRNA and protein) at levels not significantly different from untreated cells. Our results are in line with the literature reporting that RSV promotes mitochondrial protection against oxidation-induced toxicity through the increase in mitochondrial bioenergetics [62,63]. Moreover, Chen et al. demonstrated that high osmotic-induced mitochondrial dysfunction was reduced after treatment with RSV 50 µM by inducing Sirt1 upregulation [64].




3.6. RSV@Tgel Suppression of Inflammatory Response under Hyperosmotic Stress


Recent studies in both animal- and cell-based DED models identify hyperosmotic stress as a principal pathogenic factor responsible for the production of inflammatory signaling molecules, including interleukin, tumor necrosis factor, and matrix metalloproteinases [65,66]. The induced-inflammatory state gives rise to further cell damage, such as apoptosis of conjunctival, corneal, and lacrimal gland epithelial cells, initiating a cycle of events that perpetuate the DED condition. In this context, molecules able to interrupt the vicious circle of DED pathologies, such as polyphenols, and RSV in particular, could be relevant.



As shown in Figure 6a, exposure of HCECs to the hyperosmotic medium resulted in a significant increase in IL-1β, IL-6, and TNF-α production (three-fold, p < 0.001). Pre-incubation of cells with 30 μM RSV and RSV@Tgel significantly reduced the amount of released cytokines under hyperosmotic stress by about 30% and 41% for IL-6; about 20% and 50% for IL-8 and TNF-α, respectively. In response to stress stimulation, the mRNA levels of all tested cytokines (relative to the housekeeping gene) were significantly upregulated (two-fold p < 0.01) in damage caused by treatment with cells, compared with the control group (Figure 6b). Consistently, the protective effects of RSV result in a reduction in the expression levels of all interleukins tested, by around 30% for RSV alone, which reaches 65% in the presence of RSV@Tgel.



These results suggest that RSV has a suppressive effect on inflammatory biomarkers at both mRNA and protein levels in ocular surface epithelial cells. Our results are in agreement with several studies that demonstrate RSV involvement, both in vitro and in animal experimentation, in reducing pro-inflammatory mediators and cellular pathways involved in inflammation [67,68]. Hsu and colleagues demonstrated the anti-inflammatory effects of RSV on a myopia animal model with a reduction of the expression levels of matrix metalloproteinase 2 (MMP2), transforming growth factor (TGF)-β, and nuclear factor (NF)-κB [69]. Moreover, the treatment with RSV induced the downregulation of inflammatory cytokine production, and the inhibition of AKT, c-Raf, Stat3, and NFκB phosphorylation in ARPE19 cells. Luna et al. investigated the therapeutic effects of RSV administration in chronic oxidative stress-induced trabecular meshwork cells [70]. Their results demonstrated that resveratrol effectively decreased the production of intracellular ROS (iROS) and inflammatory markers such as interleukin-1 alpha (IL-1α), interleukin (IL)-6, and IL-8. Moreover, RSV, via vitamin D receptors, was able to reduce oxidative stress in human corneal epithelial cells under hyperosmolar conditions through the activation of Notch signaling.





4. Conclusions


DED is a dynamic and complex disease that can cause significant damage to the ocular surface. Several studies demonstrated the potential applicability of RSV as a treatment for DED. However, the low RSV water solubility and stability, and its poor ocular bioavailability limit its clinical application. This study provides new insights into the therapeutic effects of intra-ocular instillation of thermosensitive hydrogels (RSV@Tgel) loaded with acetylated PLGA-PEI nanoparticles able to allow the sustained delivery of resveratrol (RSV-NPs). RSV released from the hydrogel protects HCECs from ROS damage and reverts the activation of inflammatory factors, limiting the damage caused by hyperosmotic conditions. Moreover, RSV@Tgel protects mitochondria from oxidation-induced toxicity through the increase in mitochondrial bioenergetics and Sirt1 upregulation. Overall, the reported results indicate that RSV@Tgel acts as an adjuvant in dry eye disease because of its effect against inflammation and oxidative stress. Furthermore, the thermosensitive formulation extends the residence time in the eye, thus allowing to reduce the number of eye drop instillations, and increasing patient compliance.
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Figure 1. Physico-chemical properties of RSV-NPs. (a) Intensity-based size distribution, and (b) zeta potential profile of RSV-NPs. (c) NTA measurements for RSV-NPs in suspension and screenshot of representative NTA video. Hydrodynamic diameter distribution curves and zeta potential are average of three measurements. (d) Mucin binding efficiency (n = 3 ± S.D.—Student’s t-test. §§§ p < 0.001 shows significant difference with respect to mucin alone. 
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Figure 2. Rheological and mechanical characterization of the RSV@Tgel formulations containing 15, 17, 19, or 22% w/v poloxamer 407. (a) Evolution of the dynamic storage modulus G′ in non-isothermal oscillatory shear experiments. (b) Tgel and related G′ values as a function of poloxamer 407 concentration. (c) Representative compressive stress/strain curves, and (d) cyclic loading-unloading curves of the RSV@Tgel formulations. (e) Visual observation of the reversible gelling behavior of RSV@Tgel (19%) at 4 and 34 °C. 
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Figure 3. (a) Cumulative RSV release profile from RSV@tgel at 34 °C in isosmolar medium (ISO, 312 mOsM) or hyperosmolar medium (HYPER, 400 mOsM); Data were expressed as mean ± SD, n = 3. (Student’s t-test). ** p < 0.01 versus isosmolar medium at each point examined; (b) RSV permeation profile obtained from RSV@tgel in the above conditions. Data were expressed as mean ± SD, n = 3. (Student’s t-test). ** p < 0.01 versus isosmolar medium at 5 and 6 h time points. 
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Figure 4. Effect of RSV@Tgel on ROS production. HCECs were cultured under hyperosmotic stress (400 mOsM) in presence of RSV (30 µM) or RSV@Tgel for 24 h. (a) Intracellular ROS release determined by oxidized H2DCFDA (DCF). (b) Quantification of Malondialdehyde used as a marker of lipid peroxidation. (c) Superoxide dismutase (SOD2) and (d) Catalase (CAT) activities measured by assay kit. Results are expressed as the means of three independent experiments ± S.D. (n = 3). Statistical analysis was performed by One-way ANOVA, * p < 0.05 and ** p < 0.01 versus RSV 30 μM; # p < 0.05, ## p < 0.01, and ### p < 0.001 versus 400 mOsM-treated cells. 
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Figure 5. RSV@Tgel improves mitochondrial bioenergetics (a–d). HCECs were cultured in serum-free DMEM under hyperosmotic stress (400 mOsM) in presence of RSV (30 µM) or RSV@Tgel for 2 h. Measurements of OCR were taken in real-time using an XFe24 Flux Analyzer. OCRs were normalized to total protein content. Data are an average of three separate experiments. Statistical analysis was performed by One-way ANOVA, * p < 0.05 and ** p < 0.01 versus RSV 30 μM; ## p < 0.01, and ### p < 0.001 versus 400 mOsM-treated cells. Determination of Sirt1 gene expression (e) and protein (f) in HCECs under hyperosmotic stress or in presence of RSV@Tgel. Sirt1 mRNA levels were assessed by real-time PCR and calculated after normalization to ACTB mRNA levels. The protein levels of Sirt1 were quantified by Western blotting, and β-actin was used as the control protein. The protein levels were quantified using ImageJ. Statistical analysis was performed by the Student t-test ## p < 0.01 versus 400 mOsM-treated cells. 
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Figure 6. RSV suppressed expression of pro-inflammatory cytokines IL-1 β, IL-6, and TNF-α in HCECs exposed to hyperosmotic medium. HCECs were cultured in isomolar (292 mOsm/L) medium, then switched to hyperosmotic medium (400 mOsm/L) alone or in the presence of RSV and RSV@Tgel for 24 h to measure protein level by ELISA (a); or for 4 h to evaluate mRNA level by RT-qPCR (b). Data were summarized as mean ± SD from three separate experiments. * p < 0.05, ** p < 0.01 vs. cells exposed to 400 mOsM/L; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. RSV@Tgel (Student’s t-test). 
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Table 1. Primers used for qRT-PCR.
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	Gene
	Accession Number
	Forward (5′-3′)
	Reverse (5′-3′)





	IL-6
	NM_000600.5
	CGCCTTCGGTCCAGTTGCC
	GCCAGTGCCTCTTTGCTGCTTT



	IL-8
	NM_000584.4
	CTCTTGGCAGCCTTCCTGATTTC
	TTTTCCTTGGGGTCCAGACAGAG



	TNF-α
	NM_000594.4
	AACATCCAACCTTCCCAAACGC
	TGGTCTCCAGATTCCAGATGTCAGG



	Sirt1
	NM_012238.2
	GCCTCACATGCAAGCTCTAGTGAC
	TTCGAGGATCTGTGCCAATCATAA



	ACTB
	NM_001101.5
	ACTCTTCCAGCCTTCCTTCC
	CGTACAGGTCTTTGCGGATG
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Table 2. Particle size, zeta potential, polydispersity index, as measured by DLS, and encapsulation efficiency of nanoparticles.
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	Sample
	Polymer

(mg)
	RSV

(mg)
	Z-Average

(nm)
	Zeta Potential

(mV)
	Polydispersity Index

(PDI)
	Encapsulation Efficiency

(EE %)





	NPs
	100
	0
	96.3 ± 0.8
	21.9 ± 1.6
	0.21 ± 0.6
	



	RSV1-NPs
	100
	5
	89.2 ± 0.9
	20.7 ± 1.9
	0.19 ± 0.9
	46.8 ± 2.8



	RSV2-NPs
	100
	10
	125.4 ± 1.3
	22.1 ± 1.3
	0.16 ± 0.3
	78.3 ± 4.9



	RSV3-NPs
	100
	20
	148.7 ± 2.2
	21.6 ± 1.8
	0.22 ± 1.2
	66.4 ± 5.9
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Table 3. Stability studies of RSV-NPs and RSV@Tgel before and after 14-day storage.
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RSV-NPs

(0 Day)

	
RSV-NPs

(14 Days)

	
RSV@Tgel

(0 Day)

	
RSV@Tgel

(14 Days)




	

	
4 °C

	
25 °C

	
4 °C

	
25 °C

	
4 °C

	
25 °C

	
4 °C

	
25 °C






	
Average particle size (nm ± S.D.)

	
126.7 ± 9.1

	
129.6 ± 3.1

	
169.18 ± 19.2

	
176.6 ± 11.4

	
135.4 ± 9.0

	
138.7 ± 6.4

	
137.6 ± 5.3

	
139.1 ± 4.3




	
PDI

	
0.15 ± 0.0

	
0.17 ± 0.0

	
0.4 ± 0.0

	
0.5 ± 0.0

	
0.11 ± 0.0

	
0.14 ± 0.0

	
0.13 ± 0.0

	
0.12 ± 0.0




	
pH

	
6.7 ± 0.2

	
6.6 ± 0.2

	
6.6 ± 0.1

	
6.7 ± 0.1

	
6.8 ± 0.2

	
6.7 ± 0.3

	
6.7 ± 0.2

	
6.7 ± 0.6








Note: Data were expressed as mean ± standard deviation, n = 3.
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