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Abstract


Ferulic acid (FA) is an antioxidant compound that can prevent ROS-related diseases, but due to its poor solubility, therapeutic efficacy is limited. One strategy to improve the bioavailability is nanomedicine. In the following study, FA delivery through polymeric nanoparticles (NPs) consisting of polylactic acid (NPA) and poly(lactic-co-glycolic acid) (NPB) is proposed. To verify the absence of cytotoxicity of blank carriers, a preliminary in vitro assay was performed on retinal pericytes and endothelial cells. FA-loaded NPs were subjected to purification studies and the physico-hemical properties were analyzed by photon correlation spectroscopy. Encapsulation efficiency and in vitro release studies were assessed through high performance liquid chromatography. To maintain the integrity of the systems, nanoformulations were cryoprotected and freeze-dried. Morphology was evaluated by a scanning electron microscope. Physico-chemical stability of resuspended nanosystems was monitored during 28 days of storage at 5 °C. Thermal analysis and Fourier-transform infrared spectroscopy were performed to characterize drug state in the systems. Results showed homogeneous particle populations, a suitable mean size for ocular delivery, drug loading ranging from 64.86 to 75.16%, and a controlled release profile. The obtained systems could be promising carriers for ocular drug delivery, legitimating further studies on FA-loaded NPs to confirm efficacy and safety in vitro.
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1. Introduction


Oxidative stress is able to involve morphological and functional alterations to retinal tissues, playing a key role in the onset and progression of retinal diseases, such as age-related macular degeneration (AMD), glaucoma, diabetic retinopathy (DR), and retinal vein occlusion (RVO) [1]. Recent clinical studies have demonstrated the potential health benefits obtained with the consumption of fruit and vegetables rich in phytochemicals, such as polyphenols, on visual function. Thanks to the pluri-pharmacological effects, these molecules might be able to slow down and prevent the progression of the aforementioned pathologies [2,3].



The most attractive polyphenol effects in these diseases are wielded on oxidative stress pathways, where they are able to suppress the harmful effect of the reactive oxygen species (ROS) [4]. For this reason, antioxidant molecules are gaining importance as a promising therapeutic strategy in treatment/prevention of eye chronic disease. A comparative study regarding the properties of various antioxidants including ascorbic acid, ferulic acid (FA), α-tocopherol and β-carotene, has shown that FA is the most efficient among the tested antioxidants [5,6]. Thanks to its phenolic nucleus and an extended side chain conjugation, this substance can act as a potent antioxidant in both isolated membranes and intact cells, because it is able to form a resonance-stabilized phenoxy radical, thereby inhibiting lipid peroxidation and ROS production.



FA (4-hydroxy-3-methoxycinnamic acid) is a phenolic compound and a notable biological and structural component of the plant cells. It is one of the most abundant phenolic acids in plants and might be found in high concentration in food such as whole grains (1–3 mg/100 g), fruits, and vegetables (800 mg/100 g) [7]. FA exhibits a wide spectrum of beneficial activity for human health, it was tested in vitro for its potential anti-inflammatory, anticancer, neuroprotective, anti-angiogenesis effects and was tested in vivo on mice for its antidiabetic, anticancer, antiapoptotic, and antioxidant properties [8]. Despite this, poor solubility of FA in aqueous solution remains a major limit for its bioavailability. In recent years, in order to overcome this problem and to improve the drug dissolution rate, many strategies were developed such as the drug complexation with hydroxypropyl-β-cyclodextrin (HP-β-CD), the inclusion in platforms composed of cocrystal, micelles, and nanogels, and the encapsulation in nanostructured lipid carriers (NLC) or chitosan NPs [9,10,11,12,13,14,15,16].



The use of biodegradable polymeric particles has been extensively studied to increase bioavailability, prolong controlled drug release, and avoid repeated ocular administration [17]. The use of polymeric NPs include many advantages, such as good control on size and size distribution, reduce clearance time, and protection and retention of the drug that improves bioavailability in intraocular or extraocular tissues [18]. Polymers frequently used to develop NPs for ocular delivery include poly(lactic acid) (PLA), poly(lactic acid)/poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and hyaluronic acid [19]. Despite this, to date, no study has been conducted on PLA or PLGA NPs for ocular delivery of FA. The use of PLA/PLGA carriers for ocular drug delivery (ODD) is sustained by their biocompatibility and biodegradability [18,20,21]. In a work by Gupta et al., sparfloxacin loaded in PLGA-NPs was administered to rabbits, showing to improve the residence time at the corneal surface with respect to conventional eye drops. In vivo studies of this formulation signalized that PLGA-NPs have a good stability and ocular tolerance. Moreover, in vivo degradation of PLGA mainly happens by hydrolysis, resulting in nontoxic lactic and glycolic acids, which enter to the tricarboxylic acid cycle to be metabolized in water, carbon dioxide, and energy [22]. A study conducted by Bourges et al. on PLA NPs showed that a single intravitreal injection in rats allows the system in retinal pigment epithelium (RPE) cells to be found, even after 4 months. Histology demonstrated the anatomical integrity of the injected eyes and the absence of toxic effects [17]. Administration by intravitreal injection has also been shown to be safe with PLA/PLGA microspheres, so the systems can be considered suitable for the treatment of diseases affecting the posterior segment of the eye [23]. In addition, several studies on polymeric nanoparticles (NPs) have used intravitreal injection as a route of administration, so the nanocarriers designed and discussed here could be used for this purpose [24,25,26,27].



The aim of this study was to prepare and characterize FA-PLA and PLGA NPs for potential ocular delivery, evaluating their physico-chemical, technological properties suitable for the selected site of administration, and a preliminary in vitro study was performed. The two unloaded nanocarriers were subjected to in vitro cell viability studies on primary endothelial cells and primary retinal pericytes to assess the absence of cytotoxicity. The two nanoformulations were loaded with the drug and investigated to determine the mean size, polydispersity index (PDI), zeta potential (ZP), pH, osmolarity, encapsulation efficiency (EE), and release profile until 48 h. Centrifugation and dialysis were carried out to eliminate both surfactant and the unloaded drug, and to select the most efficient purification method. The final formulations were cryoprotected and freeze-dried both to prevent premature drug release and to avoid hydrolysis of the polymeric material from the aqueous suspension. NPs morphology was assessed by SEM analysis. To evaluate the stability after resuspension, physico-chemical parameters were monitored during 28 days of storage at 5 °C. Freeze-dried samples were subjected to thermal analysis through differential scanning calorimetry (DSC) and FT-IR spectroscopy.




2. Materials and Methods


2.1. Materials


Trans-Ferulic acid, Resomer® R 202 H, acid terminated, Mw 10.000–18.000 (PLA), Resomer® RG 752 H, acid terminated, lactide:glycolide 75:25, Mw 4.000–15.000 (PLGA), and Tween® 80 were supplied by Merck (Milan, Italy). Ethanol (96% purity) was obtained from J.T.Baker (Deventer, The Netherlands). Acetone and dialysis membrane (molecular weight cut off (Mwco) 3000 Da, diameter 11.5 mm; Spectra/Por®) were purchased from VWR International PBI Srl (Milan, Italy). Hydroxypropyl-β-cyclodextrin was obtained from Roquette Freres (Lestrem, France). Deionized water was used for all the preparations.




2.2. Preparation of Unloaded Nanoparticles


Nanoprecipitation technique was applied to prepare PLA (NPA) and PLGA (NPB) NPs with slight modification of a previously reported process [28]. PLA or PLGA polymer (3.6 mg/mL) was dissolved in acetone. The organic phase (5 mL) was poured, drop by drop, into 10 mL of water/ethanol mixture (1:1), containing 0.05% (w/v) Tween® 80, under magnetic stirring (500 rpm) at room temperature, thus forming a milky colloidal suspension. The organic solvents were removed under vacuum by a rotavapor (Buchi) at 40 °C.




2.3. Physico-Chemical Characterization


The particle size (Z-ave) and the polydispersity index (PDI) were determined by photon correlation spectroscopy (PCS). PCS was performed using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, England) and the experiments were carried out using a 4 mW He-Na laser beam with a 633 nm wavelength. The following parameters were used for these experiments: temperature 25 °C, medium refractive index 1.330, medium viscosity 1.0 mPa s, and dielectric constant value 80.4. The analysis of a sample consisted of 3 sets of measurements, and the results are expressed as mean size ± standard deviation (SD). Each sample was analyzed into disposable sizing cuvettes (DTS 0012).



Zeta potential (mV) was measured using the same instrument. Electrophoretic mobility for each sample was revealed at 25 °C, using the Smoluchowski constant with a value of 1.5 to obtain the corresponding ZP values.




2.4. Osmolarity and pH


The osmolarity of NPs was analyzed by freezing point depression (FPD) using a digital osmometer (Osmomat 030, Gonotec, Berlin, Germany) and as calibration solutions distilled water and sodium chloride 0.9%. The value reported for each sample is the mean of 3 different measurements. The determination of pH was carried out using a pH-meter at 25 °C (Checket, Hanna Instrument, Woonsocket, RI, USA) which was calibrated before each use with 3 buffer solutions at pH 4.01 ± 0.02; 7.00 ± 0.02 and 10.00 ± 0.02. Three measurements were made for each sample.




2.5. In Vitro Cytotoxicity Test of Unloaded Nanoparticles


2.5.1. Cell Cultures


Primary cultures of microvascular pericytes were obtained from bovine retinas as already described [29]. Briefly, the cells were homogenized and filtered through a nylon filter (80 μm). Phosphate-buffered saline (PBS) at pH 7.4 was supplemented with collagenase-dispase and bovine serum albumin, at concentrations of 1 mg/mL and 0.5%, respectively. The micro-vessels were immersed in the PBS solution for 20 min and maintained at 37 °C. The homogenate was centrifuged for 10 min at 1000× g. The isolated cells were plated in Dulbecco’s Modified Essential Medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. Culture plates were previously covered with a thin layer of gelatin. At confluence, the cells were trypsinized and seeded in new petri dishes in DMEM at 10% fetal bovine serum.



Bovine microvascular endothelial cells (BMVEC) were purchased from Sigma (Milan, Italy) and fed with Ham’s F10 medium supplemented with 10% FBS, 80 µg/mL heparin, 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. All experiments were carried out using cells at passage 3–4.




2.5.2. MTT Assay


Pericyte and endothelial cells were seeded in 96-well plates at a cell density of 1.5 × 104 per well. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrasodium bromide (MTT) (Chemicon, Temecula, CA, USA) was used to perform the cell viability assays. Prior to treatment, cells were incubated at a temperature of 37 °C overnight and then treated for 24 h and 48 h in the absence (control) or the presence of NPA and NPB (0.25–5 mg/mL). After incubation periods, 10 μL of MTT reagent (5 mg/mL) was added to each well and the cells were incubated at 37 °C for a further 3 h. Formazan crystals were solubilized under constant agitation with 100 µL of DMSO for 10 min. The absorbance was detected at a wavelength of 570 nm with plate reader (Synergy 2-bioTek). All experiments were performed at least 6 times in triplicate.





2.6. FA-Loaded Nanoparticles


FA-loaded NPs were obtained with the same procedure described in Section 2.2. The active compound (1% wt/wt, drug/polymer) was added to the organic phase and the preparation proceeded as described above [30,31].




2.7. Purification Steps


Nanosystems were subjected to purification by two methods: dialysis and centrifugation, with the aim of removing any residual surfactant or unloaded drugs. The removal of unstructured polymer chains in the nanocarriers was not considered, as their molecular weight is higher than the cut-off of that the dialysis membrane used. In order to observe any physico-chemical properties variation due to purification processes, the NPs suspensions were monitored in terms of mean size, PDI, and surface charge, before and after the purification phases. Centrifugation was performed with a Thermo-scientific SL 16R Centrifuge (Thermo Scientific Scientific Inc., Waltham, MA, USA) at 15,777× g for 1 h at 8 °C. The obtained supernatants were collected for high performance liquid chromatography (HPLC) analysis, pellets were resuspended in water and characterized through PCS analysis. For dialysis, previously hydrated cellulose membranes (Mwco 3000 Da, diameter 11.5 mm; Spectra/Por®) were used. Membranes containing the colloidal suspensions were immersed in 500 mL of distilled water. Dialysis of each sample (NPA-FA and NPB-FA) was performed with different frequencies of water changes per hour (L/h). In the first case equal to 0.5 L/h (2.5 L in 5 h with 5 water changes) and in the second equal to 1 L/h (3 L in 3 h with 6 water changes). Dialyzed samples were collected and centrifuged at 15,777× g for 1 h at 8 °C; the obtained supernatants were then analyzed by HPLC, pellets were resuspended and subjected to PCS analysis.




2.8. Encapsulation Efficiency


The percentage of the encapsulated FA into the polymeric matrix of NPs was determined both after centrifugation and after dialysis performed with frequency of water changes of 0.5 and 1 L/h. Samples, including those purified by dialysis, were centrifuged in order to obtain separation of pellet from supernatant. The obtained supernatants were analyzed by HPLC to evaluate the drug concentration; each amount of the sample was quantified by measuring the UV absorbance at 320 nm. The EE was calculated by the difference between the amount of drug entrapped inside the NPs and the total quantity of drug employed to prepare the nanosystems, according the following equation [32]:


  EE =      μ g   FA    tot   −  μ g   FA   in   supernatant       μ g   FA    tot     × 100  












2.9. Yield of Purification Process


The dialysis purification yield was calculated to select the most efficient method to remove unencapsulated FA from the systems. Purification efficiency was expressed as the percentage amount of dialyzed FA compared with the unencapsulated amount. Dialyzed samples were collected and centrifuged. The concentration of FA in the obtained supernatants was quantified by HPLC analysis, by measuring UV absorbance at 320 nm. The percentage of purification was calculated using the following equation:


   Purification   efficacy     ( % )  =    μ g   FA   in   supernatant     (     μ g   FA    tot   −    μ g   encapsulated   FA   )    × 100  











Each experiment was performed in triplicate and the results represent the mean ± SD.




2.10. Stability Study of Resuspended Cryoprotected Freeze-Dried Formulations


The suspensions of purified NPs were mixed in a 1:1 ratio with 10% (w/v) of HP-β-Cyd to achieve a final cryoprotectant concentration of 5% (w/v). The resulting formulations were frozen and freeze-dried for 24 h (Freeze Dryer Edwards Modulyo, Akribis Scientific Limited, Knutsford, Cheshire, UK). The resuspended cryoprotected freeze-dried NPs were analyzed to evaluate potential changes over time of Z-Ave, PDI, ZP, osmolarity, and pH. The analyses were conducted on the NPs lyophilized powder, resuspended with the same volume of water lost during the drying phase [33]. After reconstitution, the above parameters were analyzed (zero time), after that, all of the formulations were stored in the refrigerator (5 °C) and tests were run again after 7, 14, 21, and 28 days.




2.11. In Vitro Release Profile of FA-Loaded NPs


The in vitro drug diffusion profiles of non-encapsulated FA solution (in PBS, pH 7.4) and the release profiles of drug-loaded NPs (NPA-FA and NPB-FA) were evaluated. The amount of FA released from NPs was measured after centrifugation of the samples, performed at 15,777× g rpm at 8 °C for 1 h; the obtained supernatants were subjected to HPLC analysis, the pellets were resuspended in a 5% (w/v) of HP-β-Cyd solution and freeze-dried. Lyophilized NPs were resuspended in 1 mL of PBS pH 7.4 [34]. The suspensions were placed into a cellulose membrane dialysis tubing (Mwco 3.5 kDa, flat width 18 mm, diameter 11.5 mm; Spectra/Por® Dialysis Membrane) and incubated in 19 mL of medium (PBS, pH 7.4), which was maintained under magnetic stirring at 37 °C, up to 48 h. Release medium (500 µL) was sampled at predetermined time points (0, 1, 2, 3, 4, 5, 6, 7, 8, 24, and 48 h) and immediately replaced with the same volume of fresh medium, to maintain the sink condition. FA concentration in the collected samples was quantified by HPLC analysis. Release study was performed in triplicate for each formulation. The release curve was drawn according to the average and SD of 3 values at each moment.




2.12. HPLC Analysis


HPLC analysis was performed at room temperature using a 1050 Hewlett-Packard instrument (Hewlett-Packard, Milan, Italy) equipped with a 20 μL injection valve Rheodyne 7125 (Rheodyne Inc., Cotati, CA, USA) and a UV-VIS detector (Hewlett-Packard, Milan, Italy). Mobile phase consisted of a mixture of 81:19 (v/v) acetonitrile: acetic acid (2% v/v). Stationary phase was a 4.6 × 15 cm C 18 column (Waters, Milan, Italy). Effluent was monitored at a wavelength of 320 nm, with a flow rate of 1 mL/min. The standard calibration curves were prepared at different dilutions of FA in methanol. The linear regression coefficient determined in the range 0.05–10 μg/mL was 0.9997. No interference resulting from other components was observed.




2.13. Scanning Electron Microscopy (SEM)


NPs morphology was assessed by SEM study. The samples were prepared for the electron microscope with a spin-coating procedure at 500 rpm for 1 min with a Suss Microtech instrument and left to dry in air for a few hours. To ensure good conductivity, all of the samples were then coated with 5 nm of gold sputtering at a pressure of 10−3 mbar with an Emitech K500X equipment. The SEM were acquired at a low voltage of 3 KV with an InLens detector by using a Field Gemini microscope from Zeiss.




2.14. Thermal Analysis of Unloaded and FA-Loaded Cryoprotected Freeze-Dried Nanosuspensions


A DSC1 Star System apparatus (Mettler Toledo, Schwerzenbach, Switzerland) was used to perform calorimetric analyses. The DSC detection system consisted of a Mettler Full Range ceramic sensor (FRS5) with 56 thermocouples and a high sensitivity sensor (HSS8) with 120 thermocouples. The signal time constants were respectively equal to 1.8 and 3.1 s, while the digital resolution of the measurement signal was 16.8 million points. The sampling rate was maximum 50 values/s. Calorimetric resolution and sensitivity of FRS5 and HSS8 sensors, determined through the TAWN test, were respectively between 0.12–0.20 and 11.9–56.0. Each DSC scan had an accuracy of ±0.2 K, a precision of ±0.02 K, and a resolution of ±0.00006 K. Optiplex 3020 software at Mettler Star® Dell was used for the data acquisition. DSC aluminum pans (40 μL) were filled with pure FA, pure polymers, cryoprotectant, cryoprotected freeze-dried empty NPs (NPA and NPB), as well as loaded with FA (NPA-FA and NPB-FA) before sealing. All samples were submitted to heating and cooling cycles in the temperature range 20–200 °C at a scanning rate of 5 °C/min (heating) and 10 °C/min (cooling).




2.15. FT-IR Spectroscopy Measurements


Pure FA, pure polymers, cryoprotectant, cryoprotected freeze-dried empty NPs (NPA and NPB) and loaded with FA (NPA-FA and NPB-FA) were analyzed using FT-IR spectrophotometer (Perkin-Elmer Spectrum RX I, Waltham, MA, USA). The instrument was equipped with an attenuated total reflectance (ATR) accessory and a diamond window and zinc selenide crystal (diamond/ZnSe). The dried samples were mixed with potassium bromide (KBr anhydrous of FT-IR grade) to obtain a homogeneous mixture, which was compressed into 1 mm pellets. The background was acquired from pure KBr pellet. For each sample, 20 scans were collected over the range of 400–4000 cm−1 at a resolution of 2 cm−1 at room temperature.




2.16. Statistical Analysis


All results are reported as mean ± SD. The results were analyzed using one-way ANOVA followed by Tukey–Kramer multiple comparisons test; differences between groups were considered significant for a p-value <0.05. The t-test was used to calculate the statistical significance in the MTT assay; the percentages obtained relative to the control group were considered not significant for p > 0.05, significant for p < 0.05, very significant for p < 0.01 and extremely significant for p < 0.001.





3. Results and Discussion


In the present study, NPs have been produced by a solvent displacement technique. Tween 80, a non-ionic surfactant, was added in order to reduce the dynamic interfacial tension and to increase the steric repulsion between NPs [28]. Its non-ionic nature allows it to be included in the ophthalmic formulations, but this is acceptable since it does not induce strong eye irritation [35]. The concentration chosen for the emulsifier (0.05% w/v) was selected because it is considered a suitable amount both for obtaining small diameter particles and for the demonstrated ocular safety and tolerability [28,36].



3.1. Influence of Unloaded NPs Concentration on Cell Viability of Primary Cultures of Micro-Capillaries Pericytes and Endothelial Cells


An NPs system proposed for ocular administration must be able to deliver the active agent without compromising the viability of the host cells. To assess if NPA or NPB could induce cytotoxicity, MTT bioassay was performed on primary cultures of micro-capillaries pericytes and endothelial cells. Unloaded NPs were studied at different concentrations (0.25–5 mg/mL) to evaluate the effect on cell viability and the potential application of these systems as FA nanocarriers for ocular therapy.



Figure 1 shows cell viability vs NPs concentration (mg/mL). An important consideration is that cell viability strictly depended on the type of cell line as well as on the concentration tested. The results obtained from the analysis of NPA and NPB carriers on BMVEC were plotted as a function of the incubation time, which is equal to 24 (Figure 1A) and 48 h (Figure 1B). Regarding the data obtained at 24 h, the cells incubated with NPA and NPB showed a high viability (>90%) in the concentration range 0.25–1 mg/mL. Viability at 48 h follows the same trend, with no significant reduction. The evidence of a more marked reduction is observable for NPA at higher concentrations. From the statistical analysis of the data, it emerged that the decrease in viability compared to the control recorded for NPA at 2.5 mg/mL oscillates between significant (24 h) and very significant (48 h), it is instead extremely significant at 5 mg/mL. For NPB, the amount of reduction was significant at 2.5 mg/mL and very significant at 5 mg/mL. Therefore, although NPB in the safe range 0.25–1 mg/mL have the lowest cell viability rates, at higher concentrations, they show a less pronounced, although still toxic, reduction. Pursuant to ISO 10993-5, percentages of cell viability above 70% are considered an absence of cytotoxicity [37]. The results obtained showed that the highest concentrations (2.5–5 mg/mL), for both samples and times examined were cytotoxic, resulting in a reduction in viability >30%.



The analysis of NPs on RMP incubated for 24 h showed the absence of toxicity in the concentration range 0.25–2.5 mg/mL for both systems studied (Figure 1C). NPB showed higher viability percentages on the concerned cell line with respect to the NPA. Similar data with the same safety interval were obtained also for cells incubated for 48 h (Figure 1D). Analysis revealed that both formulations at the highest concentration (5 mg/mL) were cytotoxic, resulting in an extremely significant reduction in cell viability.



From the results obtained, it was observed that NPA and NPB showed similar behavior on both cell lines. In detail, absence of cytotoxicity was observed in pericyte cell lines with a wider concentration range (0.25–2.5 mg/mL) than in endothelial cells (0.25–1 mg/mL).



Endothelial cells and pericytes are essential components of the microvessel wall. Pericytes play several roles in the retinal vascular system, from controlling flow to maintaining microcirculation integrity [38,39]. Pericytes work co-dependently with endothelial cells, to which they also provide mechanical support. Among the activities that pericytes regulate are the proliferation and migration of endothelial cells, as well as the production of cytokines for the immune response [40,41,42].



In vivo, therefore, contact and interactions between pericytes and endothelial cells act on different levels of control. Similar results were reported in a study conducted on human pericytes and endothelial cells, where differences in cell lines cultured solitary and in co-culture were observed. The results showed that DNA synthesis of endothelial cells in single culture was reduced by 30% compared to cells co-cultured with pericytes. Therefore, in vitro co-culture studies should be more reliable and predictive in the evaluation of biological cellular responses [43].




3.2. Influence of the Purification Process on Physico-Chemical Properties of Nanocarriers


As shown by the physico-chemical characterization of formulated systems (Table 1), the particle size ranged between 158 and 219 nm, thus, NPs were obtained [44,45]. In particular, the mean particle size of unloaded NPs was ~158–170 nm and of FA-loaded NPs was ~178–219 nm. The particle size distribution was very narrow in all cases (PDI less than 0.3), corresponding to monodispersed systems [46].



The ZP of NPs was strongly negative, ranging between −23.8 ± 2.22 to −39.0 ± 1.40 mV. The negative ZP values could be attributed to the presence of terminal carboxylic groups of the polymers, which confer to the matrix of a negative surface charge [28,47,48].



The ZP value showed a reduction of 6 mV in absolute value when the drug was incorporated into the systems, probably due to its precipitation on the surface on NPs. The selection of the organic solvent and its evaporation played a crucial role in this process. Acetone can diffuse into the continuous phase and temporarily increase the drug solubility. As a result, when the organic solvent was completely evaporated, FA could precipitate and deposit onto the NP surface, masking their surface charge [49]. The results of osmolarity values of the obtained formulations showed the achievement of isoosmolar systems with the tear fluid and pH values of 7.3, which fall within the ocular tolerability range.



In order to evaluate the influence of purification methods on the physico-chemical properties of the obtained systems and to select the appropriate process for these nanocarriers, we characterized NPA-FA and NPB-FA before and after the purification processes (Figure 2). The results obtained showed that both formulations subjected to the centrifugation process endured an increase in mean size, passing from 178.6 to 325 nm for NPA-FA and from 219.3 to 357.2 nm for NPB-FA. This increase should be attributed to the speed used during the centrifugation, which is able to generate collision forces between NPs. The mechanical induced stress leads to the formation of non-redispersible aggregates, according to Sari et al. [50]. After centrifugation the samples showed an increase in PDI reaching values of 0.649 and 0.769 respectively for NPA-FA and NPB-FA. The increase in polydispersion confirmed that high speed used during the centrifugation process caused the formation of aggregates. ZP of both centrifuged NPs showed a reduction of about ten mV. This decrease is a result of the aggregation phenomena that cannot keep the surface properties of NPs unaltered, probably due to the reduction in the total surface area [51].



No significant variation was highlighted in the average dimensions of NPs which remained rather constant after the dialysis process. Systems obtained after dialysis maintained a low PDI value (<0.2).



For dialyzed samples, significant changes on ZP (p-value <0.05) were observed based on the volumes of water exchanged per hour. As reported in Figure 2, a reduction in ZP values can be observed for samples dialyzed against 1 L/h. This result could be due to the further adsorption of the unloaded drug onto the surface of NPs. Moreover, the higher frequency of water exchange avoids the formation of possible surfactant micelles that could entrap the free drug and prevent its diffusion through the membrane. The ZP values of the samples dialyzed against 0.5 L/h of water showed an increase in absolute value of this parameter. The reason for this could be an increase in the osmotic pressure in the dialysis solution. It has been shown that the osmotic pressure of a non-ionic aqueous surfactant solution in the micellar region increases with increasing concentration of the surfactant [52]. In our case, lower frequency of water exchanges (0.5 L/h) may lead to increased surfactant concentration in the dialysis medium forming micelle. The formation of micelle could sequestrate a fraction of the unloaded drug. The difference in osmotic pressure that was generated in the dialysis medium could hinder the progressive diffusion of the surfactant molecules from the nanodispersion, preventing proper dialysis of the samples [53].



In fact, to support this hypothesis and to evaluate the influence of frequency of water exchanges on dialysis efficacy, a comparison of obtained data was made (Table 2). The results showed that the dialysis technique, which allows a better purification yield of drug (>50%) and is able to remove the greater percentage of FA, is that performed with a frequency of water changes equal to 1 L/h. Samples dialyzed against 0.5 L/h of water showed lower purification efficiency. The reason for this could be a sequestration of the drug from the surfactant micelles present in dialysis medium [54]. In regard to the reasons for the major purification of NPB-FA, this could be attributed to the lipophilic nature of drug. Consequently, the fact that FA is less related to the PLGA polymer, which has hydrophilic groups in its structure, is retained less from NPB-FA [55]. The poor affinity of drug for this type of polymer could reduce its solubilization inside the matrix, therefore a higher amount of drug could remain adsorbed on the NPB-FA surface. Thanks to the ease with which FA is removed from the surface of PLGA based NPs, a higher dialysis percentage may have been obtained [56].




3.3. Encapsulation Efficiency and In Vitro Release Profile of FA-Loaded Nanocarriers


The entrapment efficiency of FA (1% wt/wt) in the NPs prepared by the nanoprecipitation method was calculated for both purification methods investigated. The results are shown in Table 3. The EE obtained for centrifuged systems ranged from 64.86 to 75.16%, respectively for NPB-FA and NPA-FA. For dialyzed samples, the percentages showed higher values ranging from 81 to 90% and it was observed that by subtracting the non-dialyzed amounts of drug (Table 2), the results were identical to those obtained for the samples purified by centrifugation. Therefore, the efficiency obtained for the dialyzed samples was defined as ‘apparent EE’, consisting of the encapsulated drug, plus the amount of FA not removed by dialysis.



It was demonstrated that the encapsulation yield depends on several factors, such as: the solvent miscibility in the aqueous phase, the precipitation speed rate which leads to polymer solidification, and the drug solubility into the polymer used [57].



The values obtained could be related to the high solvent miscibility in the continuous phase. It has been shown that if the solvent has a good miscibility, such as in acetone, a very fast solidification of the polymer may occur during the evaporation step. Especially for a hydrophobic drug, a rapid solidification is advantageous in order to obtain high EE, because the dense polymeric shell that is obtained acts as a diffusion barrier for the drug [54]. Additionally, faster hardening can be observed when the volume ratio of continuous to dispersed phase increased (as in our case where a 2:1 ratio is used), which could result in fast solidification of the systems and so improve the effectiveness of encapsulation [58].



NPB-FA showed a lower drug loading than NPA-FA made up of PLA polymer. The lower EE could be attributed to the lower ability of a drug interaction with the polymer. This capacity depends on the drug interaction with the matrix, therefore the more of the drug that is akin to the polymer, the greater the amount of encapsulated FA will be [59].



PLA polymer has a greater hydrophobicity with respect to PLGA, which instead contain a glycol portion in its structure, which provides hydrophilic properties to the polymer [49].



Release curves of pure drug and FA-loaded NPs of are shown in Figure 3. More than 80% of FA powder released quickly in 2 h under PBS conditions (pH = 7.4). The release rate was similar to a straight line between 0 and 2 h, then the slope tends to decrease. After 8 h, the drug concentration was almost unchanged, suggesting that FA was completely released into the solution.



As shown in the graph, the slope in the NPs release curves is reduced compared to the pure drug, indicating that the encapsulation of the drug was able to provide a more prolonged release over time. FA release from the NPs in the first 2 h was about 23% for both systems. This premature release could be due to the amount of unloaded FA that was not removed through dialysis. The release profile then increased gradually, reaching about 50% after 4 h from NPB-FA and 5 h from NPA-FA. The FA concentration increased to the theoretical maximum concentration in 48 and 24 h for NPA-FA and NPB-FA, respectively.



Although both curves show similar trends, NPA-FA releases lower drug concentrations over time than NPB-FA. The release profile of a drug is governed by its partitioning between the polymer matrix and the aqueous release medium [60]. The difference in release rates could therefore be attributed to the nature of the investigated matrices. NPA-FA, which has demonstrated higher EE, showed a relatively lower drug release than NPB-FA containing a hydrophilic portion in the matrix composition. A similar behavior was observed in a study by Panyam et al., which demonstrated a close correlation between drug release profiles and the degree of hydrophilia of the polymer matrix [49]. The release process is controlled by the degradation rate of the polymer [61,62]. During this process the drug diffuses through the hydrated polymer matrix to the release medium. The water uptake into the systems relaxes the polymer chains and increases the rate of diffusion of drug molecules [63]. Therefore, a higher release rate is justified for NPB-FA particles more hydrophilic than NPA-FA.




3.4. Stability Studies on Resuspended Freeze-Dried FA-Loaded NPs


Liquid polymeric nanosuspensions have some limitations related to the integrity of the formulations. Among these, a recurring phenomenon is the formation of undesirable degradation products generated by hydrolysis of the polymeric material [64,65]. Another limitation of nanosuspensions has been reported about the possibility of premature release of the encapsulated drug [66]. To exceed the above limits, samples were converted from aqueous suspensions to dried powders through the freeze-drying process. However, the freezing and drying steps for removing water from nanosystems subject them to various stresses, so cryoprotective agents are usually added to the formulation with the aim to preserve the structure and morphology of colloidal systems and increase their stability during storage [67,68]. Carbohydrates are among the most commonly used adjuvants able to prevents aggregation phenomena. A good quality lyophilized product is characterized by quick and easy reconstitution, as well as by maintaining the particle size [69]. In our previous studies it was demonstrated that an elegant cake appearance and a short reconstitution time were achieved when 5% (w/v) of HP-β-Cyd was employed as cryoprotectant, because, thanks to its cyclic structure, it is able to be easily absorbed onto the NPs surface during the sublimation step, ensuring also an easy reconstitution of the dried material [28,68]. Furthermore, the concentration of cryoprotectant used is able to provide a dispersion of NPs with an adequate tonicity for ocular administration [70]. SEM scans of cryoprotected and freeze-dried empty and FA-loaded NPs are shown in Figure 4. Results showed NPs with a spherical shape, smooth surface, and a reduced average-diameter compared to pre-lyophilisation values, as reported in Table 1.



The results obtained from the stability studies conducted on lyophilized systems resuspended with distilled water and stored at refrigeration temperature have shown a chemical-physical stability almost unchanged over time. The data collected are shown in Figure 4. PCS analysis provided further confirmation of the reduction in the mean size of the systems (Figure 5A), which remained stable during the storage time considered. In addition, the PDI of all the analyzed formulations maintained constant values, always below 0.2 (Figure 5B). From the analysis of the ZP (Figure 5C) it is possible to observe a slight decrease in this parameter over the course of 28 days, despite the fact that the surface charge of the systems always remains greater than −20.5 mV. In general, dispersions with high absolute values of ZP are considered stable because the electrical repulsion between the charges of the NPs is able to reduce the aggregation capacity of systems [61,71]. Therefore, NP formulations were found to be physically stable, and aggregation of colloidal particles was probably prevented due to adequate values of ZP. Figure 5D,E show respectively measurements of osmolarity and pH values of the NPs suspensions, whose variations over time have proved to be practically irrelevant.




3.5. Thermal and Infrared Analyses of Cryoprotected and Freeze-Dried Nanoparticles


In order to investigate the polymorphic states and crystallinity of the materials used during the preparation and of the cryoprotected and lyophilized formulations, we conducted a DSC study. The NPs made of PLA are represented in Figure 6A, those produced with PLGA are represented in Figure 7A.



As shown in the curves (a) of both graphs, the melting point of FA is 172.3 °C, which represents the characteristic endothermic peak of the drug [72]. The disappearance of the characteristic endothermic FA peak in the thermograms of FA-loaded NPs [Figure 6A and Figure 7A(e)] demonstrates that the drug could be successfully entrapped in the amorphous state within the formulated systems.



As expected, the polymer thermograms show characteristic peaks between 40–50 °C [73]. Regarding the DSC thermograms of the cryoprotected freeze-dried NPs, no obvious melting process occurred. This could be due to the presence of cryoprotectants. It has been shown that cryoprotectant molecules act through water substitution. The stabilization of NPs could be explained as the formation of hydrogen bonds between the polar groups on the polymer surface and the cryoprotectant molecules, resulting in the loss of water [64]. HP-β-CD has a relatively high glass transition temperature (Tg). When it is arranged around the NPs, it changes the collapse temperature of the systems. This results in a shorter primary drying phase during lyophilization. The obtained amorphous structures are characterized by a low aggregation capacity which prevents the formation of agglomerates during the freeze-drying process [74,75].



FT-IR spectroscopic analysis was performed to identify the functional groups of the materials used in the preparation and the chemical interactions that could have occurred in the formulated carriers. The spectra of the raw materials and cryoprotected and freeze-dried NPs, empty and loaded with FA, were scanned. The results are shown in Figure 5B and Figure 6B. The FA showed a peak at 3436 cm−1 typical for -OH stretching vibrations, the absorption bands in the range 2968–3016 cm−1 corresponded to the presence of the alkane groups. The band at 1690 cm−1 was observed for the C=O carbonyl group and the band at 1277 cm−1 for the C-O group. The signals at 1619 and 1517 cm−1 were related to the vibration of the aromatic ring, while the peak at 1205 cm−1 is typical for C-OH stretching and finally, the band at 1035 cm−1 for methoxide O-CH3 stretching. The polymer spectra also showed characteristic absorption bands. The broad bands at 3400 cm−1 are typical for hydroxyl groups, the bands at 2997 cm−1 corresponding to the vibration for C-H alkane groups, the characteristic stretching peaks for C=O carbonyl group are shown at 1751 and 1761 cm−1 for PLA and PLGA, respectively. The bands between 1300 and 1400 cm−1 were characteristic for C-H alkane groups bending vibration and the bands in the region between 1272 and 1048 cm−1 were characteristic for C-O vibration. Cryprotectant FT-IR spectrum showed an absorption band at 3420 cm−1 for -OH stretching vibration, a peak at 2933 cm−1 for alkane group vibration, and a signal at 1157 cm−1 for C-O vibration. Cryoprotected and freeze-dried NPs scans, empty and loaded with FA, confirmed the results obtained from the thermal analysis, which showed a similar trend to cryoprotectant. In the infrared spectra of PLA (Figure 5B) and PLGA (Figure 6B) NPs, all of the characteristic peaks of FA disappeared, while the cryoprotectant typical peaks were detected at 3400 cm−1 for -OH group, at 2900 cm−1 for alkane group and the bands in the region between 1035–1157 cm−1 for C-O groups. In addition, a characteristic polymer peak at 1750 cm−1 for carbonyl group was detected. An interesting feature of the NPs spectra was the appearance of a peak at 1650 cm−1, attributable to the H-O-H bending band, which suggested a possible chemical interaction between the cryoprotectant and the polymer matrix.



Therefore, it could be stated that NPs consist of a polymeric matrix in which the drug was present in a dispersed form and partially exposed on the surface, while the external area of the matrix is covered by a cryoprotective layer capable of maintaining the integrity of the nanosystems.





4. Conclusions


In this work, the synthesis of empty PLA (NPA), PLGA (NPB), and polymeric NPs loaded with FA was developed for ophthalmic applications. The obtained systems were characterized by PCS analysis, data show homogeneous particle populations with a PDI <0.2, with adequate dimension for ophthalmic administration and a strongly negative ZP, which reduces the probability of obtaining aggregates.



To obtain suitable formulations for in vitro or in vivo studies, different purification techniques were analyzed. Centrifugation proved to be the least suitable method because it involves heterogeneous and non-redispersible aggregate formation. Dialysis on the other hand, did not affect the dimensional parameters or PDI values for both frequencies of water changes tested. Purification efficacy was also evaluated in terms of drug removed. Dialysis, which allows a high FA purification yield, was performed with a frequency of water changes equal to 1 L/h. The formulations were characterized in terms of osmolarity and pH, making them suitable for ocular administration with well tolerated pH (7.3) and isotonic osmolarity values with the tear fluid between 258–265 mOsm/Kg. The tolerability of the blank carriers was confirmed by cell viability assays. NPA and NPB showed no toxic effect in the concentration range 0.25–1 mg/mL on endothelial cells, while on pericytes, NPs were safe at a higher concentration range of 0.25–2.5 mg/mL. However, further studies would be required to ascertain the toxicity of polymeric carriers in vivo. The encapsulation effectiveness was also assessed for both loaded formulations (NPA-FA, NPB-FA) with drug entrapment yields of 75.16 and 64.86%, respectively. The results of in vitro release studies showed that obtained systems are able to provide a controlled FA release up to 48 h. Using 5% (w/v) HP-ß-cyclodextrin as cryoprotective agent, the polymeric carrier systems can be freeze-dried, ensuring good physical-chemical properties upon reconstitution and over 28 days. From the results of morphological analysis, the nanoparticles showed a spherical and smooth surface. Thermal and spectroscopic analyses confirmed that the drug was encapsulated within the polymer matrix. Hypothesis made on the in vitro biological tests must be confirmed with further studies which must also be conducted on FA-loaded NPs, although the obtained results may not be correlated with results of the in vivo studies where cellular homeostasis is governed by multiple factors.







Author Contributions


Conceptualization, A.R. and T.M.; methodology, validation, project administration, T.M.; writing—original draft preparation, investigation, data curation, A.R.; software, writing—original draft preparation, data curation, A.B.; validation, writing—review and editing, C.C.; investigation, visualization, S.C.; formal analysis, validation, data curation, G.L. and C.D.A.; validation and supervision, G.P. and R.P. All authors have read and agreed to the published version of the manuscript.




Funding


Alessia Romeo has been supported by the International Ph.D. program in Neuroscience, University of Catania, Italy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The manuscrpit was supported by University of Catania (Programma Ricerca di Ateneo unict 2020-2022- Linea 2; Project NanoRET). The authors are grateful to Research Centre on Ocular Nanotechnology (NANO-i) from the University of Catania for his technical assistance. Authors are grateful to Maria Josè Lo Faro for her collaboration to perform SEM studies.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Masuda, T.; Shimazawa, M.; Hara, H. Retinal Diseases Associated with Oxidative Stress and the Effects of a Free Radical Scavenger (Edaravone). Oxidative Med. Cell. Longev. 2017, 2017, 9208489. [Google Scholar] [CrossRef] [Scilit]

	



Xu, Z.; Sun, T.; Li, W.; Sun, X. Inhibiting effects of dietary polyphenols on chronic eye diseases. J. Funct. Foods 2017, 39, 186–197. [Google Scholar] [CrossRef] [Scilit]

	



London, D.S.; Beezhold, B. A phytochemical-rich diet may explain the absence of age-related decline in visual acuity of Amazonian hunter-gatherers in Ecuador. Nutr. Res. 2015, 35, 107–117. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Soobrattee, M.; Neergheen, V.; Luximon-Ramma, A.; Aruoma, O.; Bahorun, T. Phenolics as potential antioxidant therapeutic agents: Mechanism and actions. Mutat. Res. Mol. Mech. Mutagen. 2005, 579, 200–213. [Google Scholar] [CrossRef] [Scilit]

	



Trombino, S.; Serini, S.; Di Nicuolo, F.; Celleno, L. Antioxidant Effect of Ferulic Acid in Isolated Membranes and Intact Cells: Synergistic Interactions with α-Tocopherol, β-Carotene, and Ascorbic Acid. J. Agric. Food Chem. 2004, 52, 2411–2420. [Google Scholar] [CrossRef] [Scilit]

	



Joshi, G.; Perluigi, M.; Sultana, R.; Agrippino, R.; Calabrese, V.; Butterfield, D.A. In Vivo protection of synaptosomes by ferulic acid ethyl ester (FAEE) from oxidative stress mediated by 2,2-azobis (2-amidino-propane) dihydrochloride (AAPH) or Fe2+/H2O2: Insight into mechanisms of neuroprotection and relevance to oxidative stress-related neurodegenerative disorders. Neurochem. Int. 2006, 48, 318–327. [Google Scholar] [CrossRef] [Scilit]

	



De Paiva, L.B.; Goldbeck, R.; Dos Santos, W.D.; Squina, F.M. Ferulic acid and derivatives: Molecules with potential application in the pharmaceutical field. Braz. J. Pharm. Sci. 2013, 49, 395–411. [Google Scholar] [CrossRef] [Scilit]

	



Gohil, K.J.; Kshirsagar, S.B.; Sahane, R.S. Ferulic acid—A comprehensive pharmacology of an important bioflavonoid. Int. J. Pharm. Sci. Res. 2012, 3, 700–710. [Google Scholar]

	



Panwar, R.; Sharma, A.K.; Kaloti, M.; Dutt, D.; Pruthi, V. Characterization and anticancer potential of ferulic acid-loaded chitosan nanoparticles against ME-180 human cervical cancer cell lines. Appl. Nanosci. 2016, 6, 803–813. [Google Scholar] [CrossRef] [Scilit]

	



Júnior, J.V.C.; dos Santos, J.A.B.; Lins, T.B.; Batista, R.S.D.A.; Neto, S.A.D.L.; Oliveira, A.D.S.; Nogueira, F.H.A.; Gomes, A.P.B.; de Sousa, D.P.; de Souza, F.S.; et al. A New Ferulic Acid–Nicotinamide Cocrystal With Improved Solubility and Dissolution Performance. J. Pharm. Sci. 2020, 109, 1330–1337. [Google Scholar] [CrossRef] [Scilit]

	



Li, L.; Liu, Y.; Xue, Y.; Zhu, J.; Wang, X.; Dong, Y. Preparation of a ferulic acid–phospholipid complex to improve solubility, dissolution, and B16F10 cellular melanogenesis inhibition activity. Chem. Cent. J. 2017, 11, 26. [Google Scholar] [CrossRef] [Scilit]

	



Rezaei, A.; Varshosaz, J.; Fesharaki, M.; Farhang, A.; Jafari, S.M. Improving the solubility and In Vitro cytotoxicity (anticancer activity) of ferulic acid by loading it into cyclodextrin nanosponges. Int. J. Nanomed. 2019, 14, 4589–4599. [Google Scholar] [CrossRef] [Scilit]

	



Wang, J.; Cao, Y.; Sun, B.; Wang, C. Characterisation of inclusion complex of trans-ferulic acid and hydroxypropyl-β-cyclodextrin. Food Chem. 2011, 124, 1069–1075. [Google Scholar] [CrossRef] [Scilit]

	



Grimaudo, M.A.; Amato, G.; Carbone, C.; Diaz-Rodriguez, P.; Musumeci, T.; Concheiro, A.; Alvarez-Lorenzo, C.; Puglisi, G. Micelle-nanogel platform for ferulic acid ocular delivery. Int. J. Pharm. 2020, 576, 118986. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, Y.; Li, Z.; Zhang, K.; Yang, G.; Wang, Z.; Zhao, J.; Hu, R.; Feng, N. Ethyl oleate-containing nanostructured lipid carriers improve oral bioavailability of trans -ferulic acid ascompared with conventional solid lipid nanoparticles. Int. J. Pharm. 2016, 511, 57–64. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Carbone, C.; Caddeo, C.; Grimaudo, M.A.; Manno, D.E.; Serra, A.; Musumeci, T. Ferulic Acid-NLC with Lavandula Essential Oil: A Possible Strategy for Wound-Healing? Nanomaterials 2020, 10, 898. [Google Scholar] [CrossRef] [Scilit]

	



Bourges, J.-L.; Gautier, S.E.; Delie, F.; Bejjani, R.A.; Jeanny, J.-C.; Gurny, R.; Benezra, D.; Behar-Cohen, F.F. Ocular Drug Delivery Targeting the Retina and Retinal Pigment Epithelium Using Polylactide Nanoparticles. Investig. Opthalmol. Vis. Sci. 2003, 44, 3562–3569. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sur, S.; Rathore, A.; Dave, V.; Reddy, K.R.; Chouhan, R.S.; Sadhu, V. Recent developments in functionalized polymer nanoparticles for efficient drug delivery system. Nano-Struct. Nano-Objects 2019, 20, 100397. [Google Scholar] [CrossRef] [Scilit]

	



Prajapati, S.K.; Jain, A.; Jain, S.; Tirth, B.; College, P. Biodegradable polymers and constructs: A novel approach in drug delivery. Eur. Polym. J. 2019, 120, 109191. [Google Scholar] [CrossRef] [Scilit]

	



Imperiale, J.C.; Acosta, G.B.; Sosnik, A. Polymer-based carriers for ophthalmic drug delivery. J. Control. Release 2018, 285, 106–141. [Google Scholar] [CrossRef] [Scilit]

	



Yandrapu, S.K.; Upadhyay, A.K.; Petrash, J.M.; Kompella, U.B. Nanoparticles in Porous Microparticles Prepared by Supercritical Infusion and Pressure Quench Technology for Sustained Delivery of Bevacizumab. Mol. Pharm. 2013, 10, 4676–4686. [Google Scholar] [CrossRef] [Scilit]

	



Gupta, H.; Aqil, M.; Khar, R.K.; Ali, A.; Bhatnagar, A.; Mittal, G. Sparfloxacin-loaded PLGA nanoparticles for sustained ocular drug delivery. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 324–333. [Google Scholar] [CrossRef] [Scilit]

	



Rong, X.; Yuan, W.; Lu, Y. Safety evaluation of poly (lactic-co-glycolic acid)/poly (lactic-acid) microspheres through intravitreal injection in rabbits. Int. J. Nanomed. 2014, 9, 3057–3068. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mayol, L.; Silvestri, T.; Fusco, S.; Borzacchiello, A.; De Rosa, G.; Biondi, M. Drug micro-carriers with a hyaluronic acid corona toward a diffusion-limited aggregation within the vitreous body. Carbohydr. Polym. 2019, 220, 185–190. [Google Scholar] [CrossRef] [Scilit]

	



Andrés-Guerrero, V.; Zong, M.; Ramsay, E.; Rojas, B.; Sarkhel, S.; Gallego, B.; de Hoz, R.; Ramírez, A.I.; Salazar, J.J.; Triviño, A.; et al. Novel biodegradable polyesteramide microspheres for controlled drug delivery in Ophthalmology. J. Control. Release 2015, 211, 105–117. [Google Scholar] [CrossRef] [Scilit]

	



Arranz-Romera, A.; Davis, B.; Bravo-Osuna, I.; Esteban-Pérez, S.; Molina-Martínez, I.; Shamsher, E.; Ravindran, N.; Guo, L.; Cordeiro, M.; Herrero-Vanrell, R. Simultaneous co-delivery of neuroprotective drugs from multi-loaded PLGA microspheres for the treatment of glaucoma. J. Control. Release 2019, 297, 26–38. [Google Scholar] [CrossRef] [Scilit]

	



Peters, T.; Kim, S.-W.; Castro, V.; Stingl, K.; Strasser, T.; Bolz, S.; Schraermeyer, U.; Mihov, G.; Zong, M.; Andres-Guerrero, V.; et al. Evaluation of polyesteramide (PEA) and polyester (PLGA) microspheres as intravitreal drug delivery systems in albino rats. Biomaterials 2017, 124, 157–168. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Musumeci, T.; Ventura, C.; Giannone, I.; Ruozi, B.; Montenegro, L.; Pignatello, R.; Puglisi, G. PLA/PLGA nanoparticles for sustained release of docetaxel. Int. J. Pharm. 2006, 325, 172–179. [Google Scholar] [CrossRef] [Scilit]

	



Lupo, G.; Anfuso, C.D.; Ragusa, N.; Strosznajder, R.P.; Walski, M.; Alberghina, M. t-Butyl hydroperoxide and oxidized low density lipoprotein enhance phospholipid hydrolysis in lipopolysaccharide-stimulated retinal pericytes. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2001, 1531, 143–155. [Google Scholar] [CrossRef] [Scilit]

	



Musumeci, T.; Bucolo, C.; Carbone, C.; Pignatello, R.; Drago, F.; Puglisi, G. Polymeric nanoparticles augment the ocular hypotensive effect of melatonin in rabbits. Int. J. Pharm. 2013, 440, 135–140. [Google Scholar] [CrossRef] [Scilit]

	



Musmade, K.P.; Deshpande, P.B.; Musmade, P.B.; Maliyakkal, M.N.; Kumar, A.R.; Reddy, M.S.; Udupa, N. Methotrexate-loaded biodegradable nanoparticles: Preparation, characterization and evaluation of its cytotoxic potential against U-343 MGa human neuronal glioblastoma cells. Bull. Mater. Sci. 2014, 37, 945–951. [Google Scholar] [CrossRef] [Scilit]

	



Hou, D.; Hu, S.; Huang, Y.; Gui, R.; Zhang, L.; Tao, Q.; Zhang, C.; Tian, S.; Komarneni, S.; Ping, Q. Preparation and In Vitro study of lipid nanoparticles encapsulating drug loaded montmorillonite for ocular delivery. Appl. Clay Sci. 2016, 119, 277–283. [Google Scholar] [CrossRef] [Scilit]

	



Abdelwahed, W.; Degobert, G.; Stainmesse, S.; Fessi, H. Freeze-drying of nanoparticles: Formulation, process and storage considerations. Adv. Drug Deliv. Rev. 2006, 58, 1688–1713. [Google Scholar] [CrossRef] [Scilit]

	



Yu, A.; Shi, H.; Liu, H.; Bao, Z.; Dai, M.; Lin, D.; Lin, D.; Xu, X.; Li, X.; Wang, Y. Mucoadhesive dexamethasone-glycol chitosan nanoparticles for ophthalmic drug delivery. Int. J. Pharm. 2020, 575, 118943. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gonzalez-Mira, E.; Egea, M.A.; Souto, E.B.; Calpena, A.C.; García, M.L. Optimizing flurbiprofen-loaded NLC by central composite factorial design for ocular delivery. Nanotechnology 2010, 22, 045101. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Leonardi, A.; Bucolo, C.; Romano, G.L.; Platania, C.B.M.; Drago, F.; Puglisi, G.; Pignatello, R. Influence of different surfactants on the technological properties and In Vivo ocular tolerability of lipid nanoparticles. Int. J. Pharm. 2014, 470, 133–140. [Google Scholar] [CrossRef] [Scilit]

	



Standard, I. Biological Evaluation of Medical Devices. Part 5: Tests for In Vitro Cytotoxicity; ISO 10993-5:2009; International Organization for Standardization (ISO): Geneva, Switzerland, 2009. [Google Scholar]

	



Frank, R.N.; Turczyn, T.J.; Das, A. Pericyte coverage of retinal and cerebral capillaries. Investig. Ophthalmol. Vis. Sci. 1990, 31, 999–1007. [Google Scholar]

	



Choi, S.H.; Chung, M.; Park, S.W.; Jeon, N.L.; Kim, J.H.; Yu, Y.S. Relationship between Pericytes and Endothelial Cells in Retinal Neovascularization: A Histological and Immunofluorescent Study of Retinal Angiogenesis. Korean J. Ophthalmol. 2018, 32, 70–76. [Google Scholar] [CrossRef] [Scilit]

	



Sims, D.E. Experimental Biology 2000 Symposium on Capillaries: How their structure and function can alter to meet tissue demands-Diversity within Pericytes. Clin. Exp. Pharmacol. Physiol. 2000, 27, 836–841. [Google Scholar]

	



Yan, Q.; Sage, E.H. Transforming growth factor-β1 induces apoptotic cell death in cultured retinal endothelial cells but not pericytes: Association with decreased expression of p21waf1/cip1. J. Cell. Biochem. 1998, 70, 70–83. [Google Scholar] [CrossRef]

	



Huang, H. Pericyte-Endothelial Interactions in the Retinal Microvasculature. Int. J. Mol. Sci. 2020, 21, 7413. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tarallo, S.; Beltramo, E.; Berrone, E.; Porta, M. Human pericyte–endothelial cell interactions in co-culture models mimicking the diabetic retinal microvascular environment. Acta Diabetol. 2012, 49, 141–151. [Google Scholar] [CrossRef] [Scilit]

	



Zielińska, A.; Carreiró, F.; Oliveira, A.; Neves, A.; Pires, B.; Venkatesh, D.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A.; et al. Polymeric Nanoparticles: Production, Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25, 3731. [Google Scholar] [CrossRef] [Scilit]

	



Ma, X.; Williams, R.O. Polymeric nanomedicines for poorly soluble drugs in oral delivery systems: An update. J. Pharm. Investig. 2018, 48, 61–75. [Google Scholar] [CrossRef] [Scilit]

	



Liu, H.; Wang, L.; Yang, T.; Zhang, G.; Huang, J.; Sun, J.; Huo, J. Optimization and evaluation of fish oil microcapsules. Particuology 2016, 29, 162–168. [Google Scholar] [CrossRef] [Scilit]

	



Cao, J.; Choi, J.-S.; Oshi, M.A.; Lee, J.; Hasan, N.; Kim, J.; Yoo, J.-W. Development of PLGA micro- and nanorods with high capacity of surface ligand conjugation for enhanced targeted delivery. Asian J. Pharm. Sci. 2019, 14, 86–94. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vieira, S.M.; Michels, L.R.; Roversi, K.; Metz, V.G.; Moraes, B.K.; Piegas, E.M.; Freddo, R.J.; Gundel, A.; Costa, T.D.; Burger, M.E.; et al. A surface modification of clozapine-loaded nanocapsules improves their efficacy: A study of formulation development and biological assessment. Colloids Surf. B Biointerfaces 2016, 145, 748–756. [Google Scholar] [CrossRef] [Scilit]

	



Panyam, J.; Williams, D.; Dash, A.; Labhasetwar, V.; Leslie-Pelecky, D. Solid-state Solubility Influences Encapsulation and Release of Hydrophobic Drugs from PLGA/PLA Nanoparticles. J. Pharm. Sci. 2004, 93, 1804–1814. [Google Scholar] [CrossRef] [Scilit]

	



Sari, D.P.; Utami, T.S.; Arbianti, R.; Hermansyah, H. The effect of centrifugation speed and Chitosan-Sodium Tripolyphosphate ratio toward the nanoencapsulation of Sambiloto (Andrographis paniculate) for the formulation of Hepatitis B drug. IOP Conf. Ser. Earth Environ. Sci. 2018, 105, 012112. [Google Scholar] [CrossRef] [Scilit]

	



Choi, K.-O.; Aditya, N.; Ko, S. Effect of aqueous pH and electrolyte concentration on structure, stability and flow behavior of non-ionic surfactant based solid lipid nanoparticles. Food Chem. 2014, 147, 239–244. [Google Scholar] [CrossRef] [Scilit]

	



Xiao, J.; Li, W. Study on osmotic pressure of non-ionic and ionic surfactant solutions in the micellar and microemulsion regions. Fluid Phase Equilib. 2008, 263, 231–235. [Google Scholar] [CrossRef] [Scilit]

	



Wong, C.K.; Stenzel, M.H.; Thordarson, P. Non-spherical polymersomes: Formation and characterization. Chem. Soc. Rev. 2019, 48, 4019–4035. [Google Scholar] [CrossRef] [Scilit]

	



Wischke, C.; Schwendeman, S.P. Principles of encapsulating hydrophobic drugs in PLA/PLGA microparticles. Int. J. Pharm. 2008, 364, 298–327. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zduńska, K.; Dana, A.; Kolodziejczak, A.; Rotsztejn, H. Antioxidant Properties of Ferulic Acid and Its Possible Application. Ski. Pharmacol. Physiol. 2018, 31, 332–336. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Frasco, M.F.; Almeida, G.M.; Santos-Silva, F.; Pereira, M.D.C.; Coelho, M.A.N. Transferrin surface-modified PLGA nanoparticles-mediated delivery of a proteasome inhibitor to human pancreatic cancer cells. J. Biomed. Mater. Res. Part A 2014, 103, 1476–1484. [Google Scholar] [CrossRef] [Scilit]

	



Vineeth, P.; Vadaparthi, P.R.R.A.O.; Kumar, K.; Babu, B.D.J.; Rao, A.V.; Babu, K.S. Influence of organic solvents on nanoparticle formation and surfactants on release behaviour in-vitro using costunolide as model anticancer agent. Int. J. Pharm. Pharm. Sci. 2014, 6, 638–645. [Google Scholar]

	



Li, W.; Anderson, K.W.; Mehta, R.C.; Deluca, P.P. Prediction of solvent removal profile and effect on properties for peptide-loaded PLGA microspheres prepared by solvent extraction/evaporation method. J. Control. Release 1995, 37, 199–214. [Google Scholar] [CrossRef] [Scilit]

	



Govender, T. PLGA nanoparticles prepared by nanoprecipitation: Drug loading and release studies of a water soluble drug. J. Control. Release 1999, 57, 171–185. [Google Scholar] [CrossRef] [Scilit]

	



Babu, C.; Kumara Babu, P.; Sudhakar, K.; Subha, M.C.S.; Chowdoji Rao, K. Aripiprazole loaded PLGA nanoparticles for controlled release studies: Effect of co-polymer ratio. Int. J. Drug Deliv. 2014, 6, 151–155. [Google Scholar] [CrossRef]

	



Jin, X.; Asghar, S.; Zhu, X.; Chen, Z.; Tian, C.; Yin, L.; Ping, Q.; Xiao, Y. In Vitro and In Vivo evaluation of 10-hydroxycamptothecin-loaded poly (n-butyl cyanoacrylate) nanoparticles prepared by miniemulsion polymerization. Colloids Surf. B Biointerfaces 2018, 162, 25–34. [Google Scholar] [CrossRef] [Scilit]

	



Choi, K.-O.; Aditya, N.; Ko, S. Preparation and characterization of fentanyl-loaded PLGA microspheres in vitro release profiles. Food Chem. 2002, 234, 195–203. [Google Scholar] [CrossRef] [Scilit]

	



Budhian, A.; Siegel, S.J.; Winey, K.I. Controlling the In Vitro release profiles for a system of haloperidol-loaded PLGA nanoparticles. Int. J. Pharm. 2008, 346, 151–159. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mohammady, M.; Mohammadi, Y.; Yousefi, G. Freeze-Drying of Pharmaceutical and Nutraceutical Nanoparticles: The Effects of Formulation and Technique Parameters on Nanoparticles Characteristics. J. Pharm. Sci. 2020, 109, 3235–3247. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fonte, P.; Soares, S.; Costa, A.; Andrade, J.C.; Seabra, V.; Reis, S.; Sarmento, B. Effect of cryoprotectants on the porosity and stability of insulin-loaded PLGA nanoparticles after freeze-drying. Biomatter 2012, 2, 329–339. [Google Scholar] [CrossRef] [Scilit]

	



Saez, A.; Guzmán, M.; Molpeceres, J.; Aberturas, M. Freeze-drying of polycaprolactone and poly(D,L-lactic-glycolic) nanoparticles induce minor particle size changes affecting the oral pharmacokinetics of loaded drugs. Eur. J. Pharm. Biopharm. 2000, 50, 379–387. [Google Scholar] [CrossRef] [Scilit]

	



Bonaccorso, A.; Musumeci, T.; Carbone, C.; Vicari, L.; Lauro, M.R.; Puglisi, G. Revisiting the role of sucrose in PLGA-PEG nanocarrier for potential intranasal delivery. Pharm. Dev. Technol. 2017, 23, 265–274. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Musumeci, T.; Vicari, L.; Ventura, C.A.; Gulisano, M.; Pignatello, R.; Puglisi, G. Lyoprotected Nanosphere Formulations for Paclitaxel Controlled Delivery. J. Nanosci. Nanotechnol. 2006, 6, 3118–3125. [Google Scholar] [CrossRef] [Scilit]

	



Bozdag, S.; Dillen, K.; Vandervoort, J.; Ludwig, A. The effect of freeze-drying with different cryoprotectants and gamma-irradiation sterilization on the characteristics of ciprofloxacin HCl-loaded poly(D,L-lactide-glycolide) nanoparticles. J. Pharm. Pharmacol. 2010, 57, 699–707. [Google Scholar] [CrossRef] [Scilit]

	



Parra, A.; Mallandrich, M.; Clares, B.; Egea, M.A.; Espina, M.; García, M.L.; Calpena, A.C. Design and elaboration of freeze-dried PLGA nanoparticles for the transcorneal permeation of carprofen: Ocular anti-inflammatory applications. Colloids Surf. B Biointerfaces 2015, 136, 935–943. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shakeri, F.; Shakeri, S.; Hojjatoleslami, M. Preparation and Characterization of Carvacrol Loaded Polyhydroxybutyrate Nanoparticles by Nanoprecipitation and Dialysis Methods. J. Food Sci. 2014, 79, N697–N705. [Google Scholar] [CrossRef] [Scilit]

	



Carbone, C.; Campisi, A.; Musumeci, T.; Raciti, G.; Bonfanti, R.; Puglisi, G. FA-loaded lipid drug delivery systems: Preparation, characterization and biological studies. Eur. J. Pharm. Sci. 2014, 52, 12–20. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zvonar, A.; Kristl, J.; Kerč, J.; Grabnar, P.A. High celecoxib-loaded nanoparticles prepared by a vibrating nozzle device. J. Microencapsul. 2009, 26, 748–759. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zu, Y.; Wu, W.; Zhao, X.; Li, Y.; Wang, W.; Zhong, C.; Zhang, Y.; Zhao, X. Enhancement of solubility, antioxidant ability and bioavailability of taxifolin nanoparticles by liquid antisolvent precipitation technique. Int. J. Pharm. 2014, 471, 366–376. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chow, S.F.; Wan, K.Y.; Cheng, K.K.; Wong, K.W.; Sun, C.C.; Baum, L.; Chow, A.H.L. Development of highly stabilized curcumin nanoparticles by flash nanoprecipitation and lyophilization. Eur. J. Pharm. Biopharm. 2015, 94, 436–449. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Pharmaceutics 13 00687 g001] 





Figure 1. Cytotoxicity of NPA and NPB NPs on primary endothelial cells after (A) 24 h and (B) 48 h of incubation and on primary retinal pericytes cells after (C) 24 h and (D) 48 h of incubation at different concentrations (5; 2.5; 1; 0.5; 0.25 mg/mL). Three independent experiments were performed in sixfold. Error bars depict the S.D. of the mean. t-test was used to calculate statistical significance of the percentages obtained versus control group. [ns = not significant (p > 0.05); * = significant (p < 0.05); ** = very significant (p < 0.01); *** = extremely significant (p < 0.001)]. 
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Figure 2. Mean size, PDI (A) and zeta potential (B) of the samples NPA-FA and NPB-FA. t-test was used to calculate statistical significance of the percentages obtained versus control group. [ns = not significant (p > 0.05); * = significant (p < 0.05); *** = extremely significant (p < 0.001)]. 
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Figure 3. In vitro release profiles of pure drug, NPA-FA and NPB-FA in phosphate buffered solution (pH 7.4) at 37 °C. 
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Figure 4. SEM micrographies of: (A) NPA (B) NPB-FA (C) NPB and (D) NPB-FA. 
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Figure 5. Mean size (A) index of polydispersion (B) zeta potential (C) osmolarity (D) and pH (E) of the samples stored at 5 °C. 
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Figure 6. (A) DSC and (B) FT-IR curves of FA (a) PLA polymer (b) HP-β-CD (c) unloaded NPA (d) and FA-loaded NPA nanoparticles (e). 
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Figure 7. (A) DSC and (B) FT-IR curves of FA (a) PLGA polymer (b) HP-β-CD (c) unloaded NPB (d) and FA-loaded NPB nanoparticles (e). 
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Table 1. Mean size, PDI, zeta potential (ZP), osmolarity and pH of loaded (NPA-FA, NPB-FA) and unloaded (NPA, NPB) nanoparticles. Data represent mean standard deviation (SD), n = 3.
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	Sample
	Mean Size

(nm) ± SD
	PDI ± SD
	ZP (mV) ± SD
	Osmolarity ± SD (mOsm/kg)
	pH ± SD





	NPA
	170.400 ± 5.781
	0.128 ± 0.028
	−39.00 ± 1.40
	-
	-



	NPA-FA
	178.600 ± 0.289
	0.056 ± 0.035
	−33.70 ± 1.31
	258.3 ± 0.023
	7.30 ± 0.533



	NPB
	158.700 ± 1.700
	0.130 ± 0.023
	−29.70 ± 0.90
	-
	-



	NPB-FA
	219.300 ± 2.751
	0.207 ± 0.028
	−23.80 ± 2.22
	265.6 ± 0.027
	7.33 ± 0.495










 





Table 2. Purification efficiency (%) of NPA-FA and NPB-FA referred to the purification processes using the dialysis method performed with frequency of water exchanges of 0.5 and 1 L/h.
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Sample

	
Frequency of Water Changes (L/h)

	
Purification Efficiency (%) ± SD






	
NPA-FA

	
1

	
28.60 ± 0.211




	
0.5

	
24.13 ± 0.015




	
NPB-FA

	
1

	
53.29 ± 2.258




	
0.5

	
30.00 ± 0.785











 





Table 3. Encapsulation efficiency (%) of NPA-FA and NPB-FA and apparent encapsulation efficiency (%) of NPA-FA and NPB-FA referred to the purification processes using the dialysis method performed with frequency of water exchanges of 0.5 and 1 L/h.






Table 3. Encapsulation efficiency (%) of NPA-FA and NPB-FA and apparent encapsulation efficiency (%) of NPA-FA and NPB-FA referred to the purification processes using the dialysis method performed with frequency of water exchanges of 0.5 and 1 L/h.





	
Sample

	
Encapsulation Efficiency (%) ± SD

	
Frequency of Water Changes (L/h)

	
Apparent Encapsulation Efficiency (%) ± SD






	
NPA-FA

	
75.16 ± 5.148

	
1

	
89.36 ± 0.085




	
0.5

	
90.22 ± 0.007




	
NPB-FA

	
64.86 ± 6.357

	
1

	
81.27 ± 0.792




	
0.5

	
89.46 ± 0.276
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