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Abstract

:

A biodegradable and biocompatible polymeric matrix made up of poly(d,l-lactide-co-glycolide) (PLGA) was used for the simultaneous delivery of rutin and the (S)-N-(2-oxo-3-oxetanyl)biphenyl-4-carboxamide derivative (URB894). The goal was to exploit the well-known radical scavenging properties of rutin and the antioxidant features recently reported for the molecules belonging to the class of N-acylethanolamine-hydrolyzing acid amidase (NAAA) inhibitors, such as URB894. The use of the compounds, both as single agents or in association promoted the development of negatively-charged nanosystems characterized by a narrow size distribution and an average diameter of ~200 nm when 0.2–0.6 mg/mL of rutin or URB894 were used. The obtained multidrug carriers evidenced an entrapment efficiency of ~50% and 40% when 0.4 and 0.6 mg/mL of rutin and URB894 were associated during the sample preparation, respectively. The multidrug formulation evidenced an improved in vitro dose-dependent protective effect against H2O2-related oxidative stress with respect to that of the nanosystems containing the active compounds as a single agent, confirming the rationale of using the co-encapsulation approach to obtain a novel antioxidant nanomedicine.
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1. Introduction


The development of nanoformulations able to simultaneously deliver two or more compounds within the same structure (combinational nanomedicine) has been amply researched in recent decades with the aim of maximizing the pharmacological efficacy of various drugs [1,2]. Usually, the choice of the compounds to be co-entrapped in a drug carrier involves the evaluation of their physicochemical properties and their potential interactions with the (bio)materials used for the delivery [3,4]. Various technological challenges can occur, as is true in the case of the polarity of compounds and their water solubility that influence (i) the choice of the solvent required for their solubilization during sample preparation, (ii) the type of procedure to be used for the development of the formulation and (iii) the nature of additional components and stabilizers of the nanosystems [1].



Investigations concerning the use of systems made up of synthetic copolymers for the protection and delivery of antioxidant compounds are relatively few as compared to other classes of bioactives, especially when considering the nanoformulations containing two or more drugs. The interest towards these classes of molecules has grown due to their various fields of application and biological relevance in different pathological conditions [5,6]. In fact, it has been reported that an oxidant/antioxidant imbalance can be detrimental for several biomolecules such as lipids, DNA and proteins and it is known to promote the development of many chronic diseases such as cancer, type 2-diabetes, cardiovascular conditions and Alzheimer‘s disease [7,8].



Generally, antioxidant compounds are classified as a function of different parameters, such as (i) their source (natural or synthetic, endogenous or exogenous), (ii) their molecular weight (high or low), (iii) their hydrophilicity/lipophilicity and (iv) according to their mechanism of action (enzymatic or non-enzymatic) [9]. Despite these differences, such molecules share a consistent degree of degradation during storage and, in the case of lipophilic compounds, poor aqueous solubility and scarce bioavailability following their administration in the free form, which are additional issues that further compromise their in vivo application. Nanotechnology has provided a solution to these problems, allowing the protection and modulation of the biological fate of the molecule(s) when they are entrapped within a drug delivery system.



In this context, the exploitation of poly(d,l-lactic-co-glycolic acid) (PLGA) for drug delivery purposes has been promoted by the peculiar and attractive features of this copolymer. Indeed, its favorable regulatory status (being approved for human use by the Food and Drug Administration and the European Medicines Agency), the safe degradation profile with two endogenous molecules (lactic and glycolic acids, respectively), combined with the possibility to select the ratio of the two monomers in order to modulate the desired technological/pharmacological outcomes, have favored the development of several commercially available PLGA-based products [10,11].



Among the natural-based antioxidant agents, rutin or vitamin P, a phytochemical derivative made up of quercetin as the aglycone moiety, glucose and rhamnose (Figure 1) and endowed with multiple pharmacological activities [12,13], is an example of a bioactive compound that can be entrapped within PLGA systems. In fact, several experimental works have described the encapsulation of this natural flavonoid within PLGA nanoparticles through different techniques, such as the nanoprecipitation method [14], the single- [15] or double- [16] emulsion technique, the microfluidic approach [17] as well as the double emulsion–evaporation method [18].



PLGA was also recently used by our own research team to develop nanoparticles containing the synthetic derivative URB866, an N-Acylethanolamine-hydrolyzing Acid Amidase (NAAA) inhibitor resulting in a formulation characterized by significant antioxidant activity [19]. NAAA is an N-terminal cysteine nucleophile hydrolase belonging to the choloylglycine hydrolase family able to degrade the peroxisome proliferator-activated receptor-α agonist palmitoylethanolamide (PEA), a molecule involved in the balance of physiological processes, such as those related to inflammation and pain [20]. α-Acylamino-β-lactone NAAA inhibitors are a promising class of molecules in the inflammation and analgesic field because of their ability to restore the levels of PEA after exposure to pro-inflammatory stimuli in several different cell lines [21,22]. Based on the need to confirm that the antioxidant properties of PLGA nanoparticles containing the N-(2-oxo-3-oxetanyl)amide NAAA inhibitor URB866 are to be considered typical of the whole class [19], a new molecule was tested in this investigation. The compound, namely (S)-N-(2-oxo-3-oxetanyl)biphenyl-4-carboxamide (URB894) [21], has the same core and similar characteristics with respect to the previous molecule, such as the ability to inhibit the enzymatic (IC50 = 115 ± 13 nM) and chemical features (Figure S1).



However, from a structural comparison it can be considered that, in the case of URB894, the second aromatic ring is not fused to the first one via a double bond but rather linked by a single bond to the second ring located in the para position (Figure S1). This variation is important because it induces different conformational properties and makes the drug more flexible, thus probably better able to adapt itself to the size of the hydrophobic binding pocket and then to influence the rate of inhibition of the enzyme (IC50 = 115 vs. 160 nM). The importance of steric requirements is confirmed by the fact that the m-biphenyl isomer of URB894 poorly (IC50 = 4400 ± 1200 nM) inhibits the activity of NAAA [23]. Moreover, the splitting of a benzene-based portion of the type described (called benzo-splitting) is a design strategy that could lead to the modification not only of the solubility but also the pharmacokinetic profile and, sometimes, the toxicity; therefore, it is very important for the discovery of new molecules of pharmaceutical interest. On the other hand, the lipophilicity (clogP: URB894 = 2.37 vs. URB866 = 1.66) should be considered because it could influence the entrapment of the molecule inside a polymeric system.



Based on these findings and considering the results previously described by our research team [19,24], in this work the PLGA nanoparticles were exploited for the co-delivery of two molecules, rutin and URB894, used as models of natural and synthetic antioxidant compounds, respectively (Figure 1). The choice of this association is based on the fact that the (i) well-known radical scavenging features of rutin could be improved by association to the NAAA inhibitor and (ii) the PLGA systems have already been demonstrated to be useful carriers for the multidrug delivery of various active compounds [25,26].



In detail, a preliminary physicochemical and technological characterization was performed with the aim of selecting the best concentration of URB894 to be used in association with rutin during the preparation of the polymeric nanosystems. Successively, the in vitro antioxidant features of the resulting multidrug formulation were assayed on two human normal cell lines using hydrogen peroxide as stressing agent.




2. Materials and Methods


2.1. Materials


PLGA (75:25, molecular weight 66,000–107,000 Da), acetone, 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyltetrazolium bromide salt (used for MTT tests), dimethylformamide (DMF), phosphate-buffered saline (PBS) tablets, dimethyl sulfoxide (DMSO), methanol (CH3OH), methylene chloride (CH2Cl2), petroleum ether, 4-phenylbenzoic acid, tetrahydrofuran (THF), triethylamine (Et3N) and amphotericin B solution (250 μg/mL) were all purchased from Sigma Aldrich (Milan, Italy). Oxalyl chloride [(CO)2Cl2] was purchased from Alpha Aesar (Ward Hill, MA, USA). Dry THF was distilled over sodium and benzophenone. Dry DMF, CH2Cl2, and Et3N were used as supplied. Petroleum ether refers to alkanes with a boiling point 40–60 °C. Poloxamer 188 was obtained from BASF (Ludwigshafen, Germany). Human keratinocyte (NCTC-2544) and chondrocyte (C-28) cells were provided by the Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna. Dulbecco’s Modified Eagle Medium (DMEM) supplemented with glutamax I, penicillin/streptomycin solution, fetal bovine serum (FBS) and trypsin/ethylene diamine tetraacetic acid (EDTA) were all purchased from GIBCO (Life Technologies, Monza, Italy).




2.2. Synthesis and Characterization of URB894


The synthetic procedure (Figure 2) and the characterization of URB894 were already described by Solorzano et al. [23].




2.3. Preparation of PLGA Nanoparticles


The preparation procedure of the PLGA nanosystems was performed according to the nanoprecipitation technique, as previously described [27]. Namely, PLGA (0.6% w/v) was solubilized in 2 mL of acetone and added to 5 mL of MilliQ water containing poloxamer 188 (1% w/v); this suspension was homogenized (24k rpm, 1 min, Ultraturrax model T25 IKA®, Werke Gmbh & Co., Staufen, Germany), and then stirred on a magnetic plate for 12 h at room temperature, in order to favor the evaporation of the organic solvent [27]. The final concentration of PLGA in the formulation was 2.4 mg/mL.



The drug-loaded PLGA nanoparticles were obtained as described above, adding URB894 (0.2–0.6 mg/mL) or rutin (0.2–0.8 mg/mL) in the organic phase as single agents or in association (Table 1).



The nanosystems were purified by ultracentrifugation (i) at 90k × g for 1 h (4 °C) using an Optima TL apparatus (Beckman Coulter s.r.l., Milano, Italy) in order to evaluate their mean sizes, polydispersity index and surface charge as well as to quantify the amount of each drug that was encapsulated within the carriers, or (ii) by using Amicon® Ultracentrifugal filters (cut-off 10 kDa, Merck, Darmstadt, Germany) at 4k rpm for 20 min before the in vitro experiments [19].




2.4. Physicochemical Characterization


The average diameter, size distribution and surface charge of the various systems were evaluated by the dynamic light scattering (DLS) technique using a Zetasizer NanoZS apparatus (Malvern Panalytical Ltd., Spectris plc, Malvern, UK) by diluting each sample at a 1:50 ratio in MilliQ water [19]. Transmission Electron Microscopy (TEM) was used to perform the morphological characterization of the nanosystems [24].



The stability of the samples was investigated as a function of time and temperature with a Turbiscan Lab® Expert (Formulaction, Toulouse, France) and expressed as variation of the Turbiscan Stability Index; data were processed using a TurbiSoft 2.0, as previously reported [28].




2.5. Evaluation of the Drug Entrapment Efficiency (EE), Loading Capacity (LC) and Release Profiles


The amount of URB894 and rutin retained by the nanosystems was quantified by UV-vis spectrophotometry (Lambda 35, Perkin Elmer, Waltham, MA, USA), as previously described [19,29]. A total of 1 mL of each sample was centrifuged as described in Section 2.3, and the pellet obtained at the end of this process was dissolved in acetone; the organic solvent was then removed using a nitrogen flux. The pellet was incubated in DMSO (6 h) in order to promote the leakage of each entrapped drug. Finally, the solution was analyzed at the λmax of 345 and 362 nm for URB894 and rutin, respectively, using an empty PLGA formulation as blank [19,30].



The EE was expressed as the ratio % between the amount of drug that became entrapped within the nanoparticles (De) with respect to the concentration of compound that was used during their preparation (Da), as reported below:


EE (%) = De/Da × 100



(1)







The I2 assay was used in order to calculate the amount of poloxamer 188 integrated in the colloidal structure [19]. The LC of the carriers was then calculated as the ratio between the amount of encapsulated compound (as single agents or in association) and the total weight of the nanoparticles, and expressed as a percentage according to the following equation:


LC (%) = Amount of entrapped compound/Total weight of nanoparticles × 100



(2)







In addition, the release kinetics of URB894 and rutin from the nanocarriers were investigated by means of the dialysis technique under physiological (pH 7.4) and acid conditions (pH 5), respectively [19,30]. In detail, 1 mL of each sample were placed into a dialysis bag (cut-off of 12–14 kDa, Spectrum Laboratories Inc., Eindhoven, The Netherlands) and then immersed in 200 mL release medium kept at 37 ± 1 °C and under moderate agitation. A total of 200 mL of a PBS/ethanol mixture (80:20 v/v) was used as a release medium and sink conditions were preserved [19,29]. At fixed time points, 1 mL of the receptor fluid was collected and replaced by fresh.



The amount of URB894 and rutin released over time was calculated by UV-vis spectrophotometry at the λmax reported at the beginning of this section, and using the equation reported below:


Release (%) = Drugrel/Drugload × 100



(3)




where Drugrel is the amount of released drug and Drugload is the amount of URB894 or rutin entrapped within the PLGA nanoparticles.




2.6. Cell Viability and Treatments


C-28 and NCTC-2544 cells were cultured as already described [19,30]. Briefly, each cell line was grown in plastic culture dishes (100 mm × 20 mm) using a water-jacketed CO2 incubator (Thermo Scientific, Dreieich, Germany) at 37 °C (5% CO2) in a DMEM culture medium with glutamine, enriched with penicillin (100 UI/mL), streptomycin (100 µg/mL), amphotericin B (250 µg/mL) and FBS (10% v/v).



The antioxidant activity of each molecule (as free form or encapsulated within PLGA nanoparticles as single agents and in association) was evaluated by means of MTT testing and using hydrogen peroxide (H2O2) as stressing agent [19,30]. Namely, 7 × 103 cells/0.2 mL were seeded in a 96-well culture plate, pretreated with 5, 10 and 25 µM of the various formulations for 24 h, and then incubated with H2O2 800 µM for 1.5 h.



Cell viability was then evaluated by adding 20 µL of MTT salts (solubilized in PBS at a concentration of 5 mg/mL) to each well, incubating the plate for 3 h at 37 °C, and then solubilizing the formazan salts with a DMSO/EtOH (50/50) solution. The plate was analyzed at 540 nm with a reference wavelength of 690 nm using a microplate spectrophotometer (xMARK™-BIORAD, Bio-Rad Laboratories Inc., Hercules, CA, USA). Empty PLGA nanoparticles were used as a blank. The resulting data are the mean of three different experiments calculated using the following equation:


Cell viability (%) = (AbsT/AbsC) × 100



(4)




where: AbsT is the absorbance of treated cells, AbsC is the absorbance of control (untreated cells).




2.7. DPPH Antioxidant Activity


The antioxidant activity of PLGA nanosystems containing the active compounds (as single agents or in association) were evaluated by means of the DPPH assay (Sigma Aldrich, Milan, Italy) [31]. Tests were performed by adding 500 µL of samples containing various concentrations of the formulations to 500 µL of a 0.1 mM ethanolic solution of DPPH. After incubation (1.5 h) in the dark, the absorbance was measured at a wavelength of 517 nm. The inhibition activity (inhibition %) was calculated as:


DPPH inhibition (%) = 1 − Asample/Ac × 100



(5)




where Asample is the absorbance of the sample and Ac is the absorbance of the control (DPPH solution). Empty nanosystems have been used as a blank.




2.8. Statistical Analysis


One-way ANOVA was used to perform the statistical analysis of the various experiments considering significant a p value < 0.05. Results are reported as mean ± standard deviation.





3. Results and Discussion


3.1. Physicochemical Characterization of PLGA-Based Multidrug Carriers


Over the last decade, our research team has encapsulated several active compounds within PLGA nanoparticles by means of the nanoprecipitation technique, obtaining various formulations for potential use in pharmaceutical applications [27,32,33]. Among the molecules entrapped within the polymeric matrix, rutin [24] and URB866 [19] were observed to be efficiently retained by the nanosystems and their antioxidant features were preserved. Considering the results, the first step of this investigation was focused on the development of a PLGA multidrug carrier containing rutin and the NAAA inhibitor URB894.



Despite the fact that URB866 and URB894 share similar chemical features, the encapsulation of the second derivative within the PLGA nanosystems requires a new physicochemical characterization in order to evaluate the best concentration to be used in association with rutin. For this reason, the influence of various amounts of URB894 on the average diameter, size distribution and surface charge of PLGA nanoparticles was investigated and the results reported in Table 1.



Namely, the addition of the synthetic drug promoted a progressive increase in the mean diameter and polydispersity index (PdI) of the nanosystems; in detail, a PdI of ~0.3 was obtained when a concentration of 0.6 mg/mL of URB894 was used, and an additional increase in this parameter was observed when higher amounts of the synthetic compound were added to the organic phase of the formulation (data not shown). The same trend was observed for rutin, even though in this case it was possible to obtain a monodispersed population with up to 0.6 mg/mL of the compound (Table 1); indeed, a PdI value of ≈0.4 was observed when an amount of rutin equal to 0.8 mg/mL was used and is in agreement with previous experimental investigations [15,24].



On the other hand, the surface charge of the nanosystems was not influenced by the encapsulation of the two compounds, showing negative values (~−30 mV) as a consequence of the presence of the free carboxylic residues of the copolymer (Table 1) [34,35].



Based on these preliminary results, 0.4 mg/mL of URB894 was selected as the best concentration of the synthetic compound to be used for the development of the multidrug formulation; therefore, this amount of URB894 was associated to various concentrations of rutin (0.2–0.6 mg/mL) during the preparation of the nanosystems. As reported in Table 1, the co-encapsulation of URB and rutin evidenced the formation of nanosystems with average diameters below 200 nm and a monomodal distribution, suggesting that the presence of both molecules did not perturb the assembly of the polymeric matrix (Table 1). These findings were confirmed by TEM analyses which evidenced that the encapsulation of the active compounds did not modify the spherical shape and smooth surfaces of PLGA nanoparticles (Figure S2).



Once again, the surface charge of the samples did not show any significant variation with respect to the empty formulation.



Additional studies were performed with the aim of evaluating the time- and temperature-dependent stability of the samples; in detail, the Turbiscan Stability Index (TSI) profiles of formulations containing the active compound(s) were compared to those of the empty nanoparticles in order to evaluate the influence of the drug concentration on the occurrence of physical phenomena, such as sedimentation, creaming, or flocculation. The use of URB894 did not induce a great variation in the TSI profiles of the samples as compared to the empty formulation, and the same was true when the analysis was performed at body temperature, suggesting a suitable stability of these nanosystems and confirming the results obtained by DLS analysis (Figure 3 and Table 1).



A similar trend was obtained using rutin up to a drug concentration of 0.6 mg/mL at room temperature (Figure 3C); higher amounts of the flavonoid and an increase in the temperature promoted a consistent variation of the TSI profiles (Figure 3), confirming also in this case the data previously obtained by DLS (Table 1). It was interesting to note that the sample prepared with 0.4 mg/mL of URB894 together with various amounts of rutin were characterized by the best TSI profiles, probably as a consequence of the effect provided by the synthetic compound on the colloidal structure; indeed, the slopes of the TSIs were similar to those of the samples prepared with URB894 as a single agent, and this was true also at 37 °C (Figure 3). The use of higher concentrations of the synthetic derivative associated to rutin promoted a significant destabilization of the nanosystems with the appearance of macroaggregates along with sedimentation (data not shown).



Considering the obtained data, it is plausible to affirm that the co-encapsulation of URB894 and rutin in PLGA nanoparticles can be obtained when specific concentrations of the active compounds are used during the sample preparation.




3.2. Evaluation of the Entrapment Efficiency, Loading Capacity and Release Profiles


The next phase of the study was based on the evaluation of the retention rate of the molecules encapsulated within the PLGA nanoparticles as single agents or in association, with the aim of selecting the best formulation to be used for the in vitro tests on human cells. Namely, the formulation characterized by the best entrapment efficiency of URB894 was obtained using an initial drug concentration equal to 0.4 mg/mL (Figure 4); in fact, ~55% of the compound was integrated into the polymeric structure (~0.22 mg/mL), while higher amounts of the synthetic derivative promoted a decrease in this parameter. The evaluation of the LC% of the nanosystems confirmed this trend, evidencing a drug loading equal to 1.6% when 0.4 mg/mL of URB894 was used, and no significant improvements in the retention features of the nanoparticles were obtained when the sample prepared with 0.6 mg/mL of the compound was analyzed; indeed, in this case the obtained LC was close to 1.8% (Figure 4A).



These findings suggest that the maximum amount of URB894 that can be entrapped within the PLGA matrix had been reached, providing the rationale of the increased mean diameter of the colloidal systems prepared with higher amounts of URB894 (Figure 4A). The data concerning the EE and LC herein described are slightly different with respect to those previously discussed by us when the analog URB866 was entrapped within the PLGA nanoformulation [19]. Probably, the steric hindrance determined by the biphenyl moiety of URB894 exerted a certain influence on the localization of the drug in the colloidal polymeric structure as compared to what occurred when the naphthalene portion of URB866 was present (Figure S1).



Contrarily, the encapsulation profiles of rutin revealed a progressive increase in the amount of the active compound retained by the nanoparticles; in detail, an EE% of close to 50% and a LC of 2% were obtained when 0.6 mg/mL of the flavonoid were used during the preparation of the nanosystems (Figure 4).



It was interesting to observe the trend that appeared when the quantification analyses were performed on the multidrug formulation made up of a fixed concentration of URB894 (0.4 mg/mL) and increasing amounts of rutin (0.2–0.6 mg/mL) (Figure 4B).



The simultaneous presence of both compounds within the same colloidal structure evidenced a slight decrease in the amounts of URB894 that became encapsulated with respect to that obtained when the inhibitor was added as a single agent during the sample preparation, while the amount of rutin retained by the polymeric structure was quite similar to that previously described (Figure 4). Taking into consideration the different molecular weights of each compound (267.28 g/mol vs. 610.52 g/mol for URB894 and rutin, respectively), a greater number of URB894 molecules can be hosted within the matrix with respect to those of rutin, confirming the better affinity of the NAAA inhibitor for the colloidal structure. The data herein discussed, demonstrate that the association of 0.4 mg/mL of URB894 and 0.6 mg/mL of rutin during the preparation of the PLGA nanoparticles promoted the development of a colloidal formulation characterized by the best EE% (~50% and 40%, respectively) and LC values ~1.5% and 1.8%, respectively (Figure 4B).



It is interesting to note that the multidrug formulation was characterized by a molar concentration of URB894 that was two-fold higher than that of rutin as a consequence of their molecular weights.



Moreover, the leakage kinetics of URB894 and rutin, encapsulated as single agents or in association within PLGA nanosystems, were evaluated under physiological and acidic conditions (Figure 5); in particular, in view of the results previously discussed, the test was performed on the multidrug formulation prepared with 0.4 mg/mL of URB894 and 0.6 mg/mL of rutin.



The samples containing URB894 as a single agent confirmed a biphasic release pattern of the compound; in particular, the leakage of URB894 was characterized by an initial burst effect followed by a prolonged and sustained release from the PLGA matrix over time [19]. In detail, in the first 8h of analysis ~30–40% of the drug was found in the release media under physiological conditions when 200–600 µg/mL of URB894 were initially used (Figure 5). On the contrary, the use of an acidic environment promoted an increase of 10–15% of the cumulative amount of URB894 that was released over time (Figure 5).



The evaluation of the rutin-loaded samples evidenced a peculiar biphasic release pattern in this case too, a trend in good agreement with other PLGA-based formulations containing the natural compound that have already been described [16,17,18]. However, at pH 5, 60–70% of rutin was released during the first few hours (Figure 5). Contrarily, the release of rutin at pH 7.4 was significantly lower with respect to that previously discussed. These different trends can be explained as a consequence of the solubility of rutin at different pH conditions [34,35,36,37].



In the case of the multidrug formulation, the release profiles of the two active compounds were quite similar to those previously described; indeed, the biphasic release of the molecules was maintained even after their co-encapsulation, while the acidic environment promotes a higher drug leakage. The results confirm the possibility of obtaining a prolonged drug leakage of the entrapped drugs using PLGA nanoparticles and demonstrate the potential opportunity of exploiting the acidic pH to promote a higher localization of the active compounds into the inflamed area (Figure 5).



In view of these results, the systems prepared with 0.4 mg/mL of URB894 and 0.6 mg/mL of rutin, as single agents or in association, were chosen to be tested on human cells in order to preliminarily evaluate their antioxidant activity.




3.3. Protection of Human Cells from Hydrogen Peroxide-Induced Oxidative Stress and Antioxidant Activity


The physicochemical characterization of the nanosystems was propaedeutic to testing their protective features on two human cell lines, i.e., chondrocytes and keratinocytes, which could be potentially involved in oxidative stress reactions.



As can be observed in Figure 6, when URB894 and rutin were entrapped within PLGA nanoparticles as single agents, an increased dose-dependent protective effect against H2O2-related oxidative stress was observed. Indeed, cell viability between 50% and 60% was obtained when the two drugs were used in the free form in a concentration range of 5–25 μM, while an increase in this parameter was observed when they were encapsulated within the PLGA matrix (cell viability of 60–80%) (Figure 6). In addition, it was shown that the presence of both molecules within the same colloidal carrier promoted an additional improvement in cell protection, especially at the highest drug concentration (URB894 25 μM/rutin 13 μM). Indeed, this formulation gave a cell viability of ~90% and ~80% for NCTC-2544 and C-28 cells, respectively, demonstrating a strong protective activity against the induced oxidative stress (Figure 6). The empty formulation evidenced the lack of any protective features, as already described in previous experimental investigations [19,34].



This data is in good agreement with our recent findings [19] and can be related to the ability of the PLGA nanosystems to (i) enhance the cell uptake of their cargo molecules, mainly through fluid phase pinocytosis or clathrin-mediated endocytosis [37,38,39,40], and (ii) to promote a sustained release of the encapsulated molecules. Moreover, it should be mentioned that the entrapment of the active compounds within the colloidal carriers can preserve them from an early enzymatic degradation, allowing them to exert their antioxidant activity once the intracellular environment has been reached [34].



The evaluation of the antioxidant properties of URB894 and rutin encapsulated within PLGA nanoparticles was also performed by means of DPPH assay (Figure 7). The results confirmed that the encapsulation of URB894 and rutin did not compromise their radical scavenging activities. In particular, the use of 50 µg/mL of URB894 or rutin showed a percentage of DPPH inhibition of 55% and 65%, respectively, when they were encapsulated as single agents (Figure 7). The multidrug formulation evidenced a slight increase in this parameter (70%), confirming the rationale of using their association to promote a better pharmacological outcome.





4. Conclusions


The criticism related to the solubility and physical stability of α-acylamino-β-lactone NAAA inhibitors and rutin are important drawbacks that need to be addressed in order to be able to exploit the pharmacological activity of these molecules. Moreover, α-acylamino-β-lactone NAAA inhibitors evidenced low chemical and plasmatic stability [40], and despite the fact that various attempts have been made trying to improve these crucial aspects, no formulations are currently under investigation in clinical trials. In particular, URB894 was very promising because it not only showed an in vitro positive inhibitory capacity towards NAAA, but it also tended to reduce in vivo carrageenan-induced leukocyte infiltration [23]. Based on the examined scenario, interventions carried out with appropriate formulations could lead to an improvement in the properties and a greater use of URB894 and its chemical class. In this work, the approach of nanoencapsulation within PLGA nanoparticles, recently proposed for the analog molecule URB866, allowed us to obtain a novel multidrug formulation characterized by great antioxidant activity. In fact, the association of rutin in the same colloidal structure enhanced the antioxidant features of URB894, demonstrating the suitability of this formulation to exert a significant protective effect on cells stressed by hydrogen peroxide.



Considering the strict relationship between ROS and inflammation [41,42,43], these results are encouraging in light of the potential in vivo application of the proposed formulation for the treatment of acute inflammation. Indeed, several reports have already described the in vivo anti-inflammatory properties of rutin [30,44,45,46], which, combined with those of URB894 [23], could be used to obtain an innovative formulation to be used in nanomedicine for the treatment of inflammatory conditions. To reach this goal additional investigations are in progress in order to better understand (i) the specific interaction between the two active compounds and PLGA, (ii) the influence of their concentration in the polymeric matrix, and (iii) the pharmacokinetic profiles of the molecules contained in the multidrug formulation after systemic administration.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antiox12020305/s1, Figure S1: Chemical structures of URB866 and URB894. Figure S2: TEM images of empty systems and PLGA-based nanoparticles prepared with 0.4 mg/mL of URB894 and 0.6 mg/mL of rutin.





Author Contributions


Conceptualization, A.G., A.D. and D.C.; methodology, A.D. and D.C.; software, S.V. and N.A.; validation, M.F., A.D. and D.C.; formal analysis, A.G., S.V., N.A. and A.D.; resources, M.F., A.D. and D.C.; data curation, A.G., N.A. and D.C; writing—original draft preparation, A.G. and S.V.; writing—review and editing, S.V., A.D. and D.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data available are reported in the article.




Acknowledgments


This paper was financially supported by funds from the Department of Health Sciences (University of Catanzaro) and the Department of Biomolecular Sciences (University of Urbino Carlo Bo). The authors are grateful to Lynn Whitted for her linguistic revision of this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hu, S.-H.; Chen, S.-Y.; Gao, X. Multifunctional nanocapsules for simultaneous encapsulation of hydrophilic and hydrophobic compounds and on-demand release. ACS Nano 2012, 6, 2558–2565. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Han, X.; Fu, Y.; Dai, H.; Wang, H.; Ma, L.; Zhang, Y. Compartmentalized chitooligosaccharide/ferritin particles for controlled co-encapsulation of curcumin and rutin. Carbohydr. Polym. 2022, 290, 119484. [Google Scholar] [CrossRef] [PubMed]

	



Yi, X.; Zhao, D.; Zhang, Q.; Xu, J.; Yuan, G.; Zhuo, R.; Li, F. A co-delivery system based on a reduction-sensitive polymeric prodrug capable of loading hydrophilic and hydrophobic drugs for combination chemotherapy. Polym. Chem. 2016, 7, 5966–5977. [Google Scholar] [CrossRef]

	



Sun, H.; Yan, L.; Chang, M.Y.Z.; Carter, K.A.; Zhang, R.; Slyker, L.; Lovell, J.F.; Wu, Y.; Cheng, C. A multifunctional biodegradable brush polymer-drug conjugate for paclitaxel/gemcitabine co-delivery and tumor imaging. Nanoscale Adv. 2019, 1, 2761–2771. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, R.; Ji, W.; Li, Y.; Liu, L.; Zhang, X. Delivery systems for theranostics in neurodegenerative diseases. Nano Res. 2018, 11, 5535–5555. [Google Scholar] [CrossRef]

	



Maqsoudlou, A.; Assadpour, E.; Mohebodini, H.; Jafari, S.M. Improving the efficiency of natural antioxidant compounds via different nanocarriers. Adv. Colloid Interface Sci. 2020, 278, 102122. [Google Scholar] [CrossRef] [PubMed]

	



Poprac, P.; Jomova, K.; Simunkova, M.; Kollar, V.; Rhodes, C.J.; Valko, M. Targeting free radicals in oxidative stress-related human diseases. Trends Pharmacol. Sci. 2017, 38, 592–607. [Google Scholar] [CrossRef]

	



Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry of oxidative stress: A review. Eur. J. Med. Chem. 2015, 97, 55–74. [Google Scholar] [CrossRef]

	



Nimse, S.B.; Pal, D. Free radicals, natural antioxidants, and their reaction mechanisms. RSC Adv. 2015, 5, 27986–28006. [Google Scholar] [CrossRef]

	



Mir, M.; Ahmed, N.; ur Rehman, A. Recent applications of PLGA based nanostructures in drug delivery. Colloids Surf. B Biointerfaces 2017, 159, 217–231. [Google Scholar] [CrossRef]

	



Operti, M.C.; Bernhardt, A.; Grimm, S.; Engel, A.; Figdor, C.G.; Tagit, O. PLGA-based nanomedicines manufacturing: Technologies overview and challenges in industrial scale-up. Int. J. Pharm. 2021, 605, 120807. [Google Scholar] [CrossRef]

	



Gullón, B.; Lú-Chau, T.A.; Moreira, M.T.; Lema, J.M.; Eibes, G. Rutin: A review on extraction, identification and purification methods, biological activities and approaches to enhance its bioavailability. Trends Food Sci. Technol. 2017, 67, 220–235. [Google Scholar] [CrossRef]

	



Negahdari, R.; Bohlouli, S.; Sharifi, S.; Maleki Dizaj, S.; Rahbar Saadat, Y.; Khezri, K.; Jafari, S.; Ahmadian, E.; Gorbani Jahandizi, N.; Raeesi, S. Therapeutic benefits of rutin and its nanoformulations. Phytother. Res. 2021, 35, 1719–1738. [Google Scholar] [CrossRef]

	



Ishak, R.A.H.; Mostafa, N.M.; Kamel, A.O. Stealth lipid polymer hybrid nanoparticles loaded with rutin for effective brain delivery–comparative study with the gold standard (Tween 80): Optimization, characterization and biodistribution. Drug Deliv. 2017, 24, 1874–1890. [Google Scholar] [CrossRef]

	



Kızılbey, K. Optimization of rutin-loaded PLGA nanoparticles synthesized by single-emulsion solvent evaporation method. ACS Omega 2019, 4, 555–562. [Google Scholar] [CrossRef]

	



Júlio, A.; Caparica, R.; Costa Lima, S.A.; Fernandes, A.S.; Rosado, C.; Prazeres, D.M.F.; Reis, S.; Santos de Almeida, T.; Fonte, P. Ionic liquid-polymer nanoparticle hybrid systems as new tools to deliver poorly soluble drugs. Nanomaterials 2019, 9, 1148. [Google Scholar] [CrossRef]

	



Vu, H.T.H.; Streck, S.; Hook, S.M.; McDowell, A. Utilization of microfluidics for the preparation of polymeric nanoparticles for the antioxidant rutin: A comparison with bulk production. Pharm. Nanotechnol. 2019, 7, 469–483. [Google Scholar] [CrossRef]

	



Pandey, P.; Rahman, M.; Bhatt, P.C.; Beg, S.; Paul, B.; Hafeez, A.; Al-Abbasi, F.A.; Nadeem, M.S.; Baothman, O.; Anwar, F. Implication of nano-antioxidant therapy for treatment of hepatocellular carcinoma using PLGA nanoparticles of rutin. Nanomedicine 2018, 13, 849–870. [Google Scholar] [CrossRef]

	



Gagliardi, A.; Molinaro, R.; Fresta, M.; Duranti, A.; Cosco, D. α-Acylamino-β-lactone N-acylethanolamine-hydrolyzing acid amidase inhibitors encapsulated in PLGA nanoparticles: Improvement of the physical stability and protection of human cells from hydrogen peroxide-induced oxidative stress. Antioxidants 2022, 11, 686. [Google Scholar] [CrossRef]

	



Lo Verme, J.; Fu, J.; Astarita, G.; La Rana, G.; Russo, R.; Calignano, A.; Piomelli, D. The nuclear receptor peroxisome proliferator-activated receptor-α mediates the anti-inflammatory actions of palmitoylethanolamide. Mol. Pharmacol. 2005, 67, 15–19. [Google Scholar] [CrossRef]

	



Solorzano, C.; Zhu, C.; Battista, N.; Astarita, G.; Lodola, A.; Rivara, S.; Mor, M.; Russo, R.; Maccarrone, M.; Antonietti, F. Selective N-acylethanolamine-hydrolyzing acid amidase inhibition reveals a key role for endogenous palmitoylethanolamide in inflammation. Proc. Natl. Acad. Sci. USA 2009, 106, 20966–20971. [Google Scholar] [CrossRef] [PubMed]

	



Sasso, O.; Moreno-Sanz, G.; Martucci, C.; Realini, N.; Dionisi, M.; Mengatto, L.; Duranti, A.; Tarozzo, G.; Tarzia, G.; Mor, M. Antinociceptive effects of the N-acylethanolamine acid amidase inhibitor ARN077 in rodent pain models. Pain 2013, 154, 350–360. [Google Scholar] [CrossRef] [PubMed]

	



Solorzano, C.; Antonietti, F.; Duranti, A.; Tontini, A.; Rivara, S.; Lodola, A.; Vacondio, F.; Tarzia, G.; Piomelli, D.; Mor, M. Synthesis and structure−activity relationships of N-(2-oxo-3-oxetanyl)amides as N-acylethanolamine-hydrolyzing acid amidase inhibitors. J. Med. Chem. 2010, 53, 5770–5781. [Google Scholar] [CrossRef] [PubMed]

	



Gagliardi, A.; Paolino, D.; Costa, N.; Fresta, M.; Cosco, D. Zein-vs PLGA-based nanoparticles containing rutin: A comparative investigation. Mater. Sci. Eng. C 2021, 118, 111538. [Google Scholar] [CrossRef]

	



Gimenez-Rota, C.; Palazzo, I.; Scognamiglio, M.R.; Mainar, A.; Reverchon, E.; Della Porta, G. β-Carotene, α-tocoferol and rosmarinic acid encapsulated within PLA/PLGA microcarriers by supercritical emulsion extraction: Encapsulation efficiency, drugs shelf-life and antioxidant activity. J. Supercrit. Fluids 2019, 146, 199–207. [Google Scholar] [CrossRef]

	



Cano, A.; Ettcheto, M.; Chang, J.-H.; Barroso, E.; Espina, M.; Kühne, B.A.; Barenys, M.; Auladell, C.; Folch, J.; Souto, E.B. Dual-drug loaded nanoparticles of Epigallocatechin-3-gallate (EGCG)/Ascorbic acid enhance therapeutic efficacy of EGCG in a APPswe/PS1dE9 Alzheimer’s disease mice model. J. Control. Release 2019, 301, 62–75. [Google Scholar] [CrossRef]

	



Maggisano, V.; Celano, M.; Malivindi, R.; Barone, I.; Cosco, D.; Mio, C.; Mignogna, C.; Panza, S.; Damante, G.; Fresta, M. Nanoparticles loaded with the BET inhibitor JQ1 block the growth of triple negative breast cancer cells in vitro and in vivo. Cancers 2019, 12, 91. [Google Scholar] [CrossRef]

	



Voci, S.; Gagliardi, A.; Salvatici, M.C.; Fresta, M.; Cosco, D. Development of polyoxyethylene (2) oleyl ether-gliadin nanoparticles: Characterization and in vitro cytotoxicity. Eur. J. Pharm. Sci. 2021, 162, 105849. [Google Scholar] [CrossRef]

	



Giuliano, E.; Paolino, D.; Cristiano, M.C.; Fresta, M.; Cosco, D. Rutin-Loaded Poloxamer 407-Based Hydrogels for In Situ Administration: Stability Profiles and Rheological Properties. Nanomaterials 2020, 10, 1069. [Google Scholar] [CrossRef]

	



Cosco, D.; Failla, P.; Costa, N.; Pullano, S.; Fiorillo, A.; Mollace, V.; Fresta, M.; Paolino, D. Rutin-loaded chitosan microspheres: Characterization and evaluation of the anti-inflammatory activity. Carbohydr. Polym. 2016, 152, 583–591. [Google Scholar] [CrossRef]

	



Nardi, M.; Brocchini, S.; Somavarapu, S.; Procopio, A. Hydroxytyrosol oleate: A promising neuroprotective nanocarrier delivery system of oleuropein and derivatives. Int. J. Pharm. 2023, 631, 122498. [Google Scholar] [CrossRef] [PubMed]

	



Lombardo, G.E.; Maggisano, V.; Celano, M.; Cosco, D.; Mignogna, C.; Baldan, F.; Lepore, S.M.; Allegri, L.; Moretti, S.; Durante, C. Anti-hTERT siRNA-loaded nanoparticles block the growth of anaplastic thyroid cancer xenograft. Mol. Cancer Ther. 2018, 17, 1187–1195. [Google Scholar] [CrossRef] [PubMed]

	



Cosco, D.; Mare, R.; Paolino, D.; Salvatici, M.C.; Cilurzo, F.; Fresta, M. Sclareol-loaded hyaluronan-coated PLGA nanoparticles: Physico-chemical properties and in vitro anticancer features. Int. J. Biol. Macromol. 2019, 132, 550–557. [Google Scholar] [CrossRef] [PubMed]

	



Deepika, M.S.; Thangam, R.; Sheena, T.S.; Vimala, R.T.V.; Sivasubramanian, S.; Jeganathan, K.; Thirumurugan, R. Dual drug loaded PLGA nanospheres for synergistic efficacy in breast cancer therapy. Mater. Sci. Eng. C 2019, 103, 109716. [Google Scholar] [CrossRef] [PubMed]

	



Zerrillo, L.; Gigliobianco, M.R.; D’Atri, D.; Garcia, J.P.; Baldazzi, F.; Ridwan, Y.; Fuentes, G.; Chan, A.; Creemers, L.B.; Censi, R. PLGA nanoparticles grafted with hyaluronic acid to improve site-specificity and drug dose delivery in osteoarthritis nanotherapy. Nanomaterials 2022, 12, 2248. [Google Scholar] [CrossRef]

	



Mota, A.H.; Duarte, N.; Serra, A.T.; Ferreira, A.; Bronze, M.R.; Custódio, L.; Gaspar, M.M.; Simões, S.; Rijo, P.; Ascensão, L.; et al. Further Evidence of Possible Therapeutic Uses of Sambucus nigra L. Extracts by the Assessment of the In Vitro and In Vivo Anti-Inflammatory Properties of Its PLGA and PCL-Based Nanoformulations. Pharmaceutics 2020, 12, 1181. [Google Scholar] [CrossRef]

	



Djiokeng Paka, G.; Doggui, S.; Zaghmi, A.; Safar, R.; Dao, L.; Reisch, A.; Klymchenko, A.; Roullin, V.G.; Joubert, O.; Ramassamy, C. Neuronal uptake and neuroprotective properties of curcumin-loaded nanoparticles on SK-N-SH cell line: Role of poly (lactide-co-glycolide) polymeric matrix composition. Mol. Pharm. 2016, 13, 391–403. [Google Scholar] [CrossRef]

	



Platel, A.; Carpentier, R.; Becart, E.; Mordacq, G.; Betbeder, D.; Nesslany, F. Influence of the surface charge of PLGA nanoparticles on their in vitro genotoxicity, cytotoxicity, ROS production and endocytosis. J. Appl. Toxicol. 2016, 36, 434–444. [Google Scholar] [CrossRef]

	



Sahin, A.; Esendagli, G.; Yerlikaya, F.; Caban-Toktas, S.; Yoyen-Ermis, D.; Horzum, U.; Aktas, Y.; Khan, M.; Couvreur, P.; Capan, Y. A small variation in average particle size of PLGA nanoparticles prepared by nanoprecipitation leads to considerable change in nanoparticles’ characteristics and efficacy of intracellular delivery. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1657–1664. [Google Scholar] [CrossRef]

	



Wu, Q.; Karthivashan, G.; Nakhaei-Nejad, M.; Anand, B.G.; Giuliani, F.; Kar, S. Native PLGA nanoparticles regulate APP metabolism and protect neurons against β-amyloid toxicity: Potential significance in Alzheimer’s disease pathology. Int. J. Biol. Macromol. 2022, 219, 1180–1196. [Google Scholar] [CrossRef]

	



Duranti, A.; Tontini, A.; Antonietti, F.; Vacondio, F.; Fioni, A.; Silva, C.; Lodola, A.; Rivara, S.; Solorzano, C.; Piomelli, D. N-(2-Oxo-3-oxetanyl)carbamic acid esters as N-acylethanolamine acid amidase inhibitors: Synthesis and structure–activity and structure–property relationships. J. Med. Chem. 2012, 55, 4824–4836. [Google Scholar] [CrossRef]

	



Checa, J.; Aran, J.M. Reactive oxygen species: Drivers of physiological and pathological processes. J. Inflamm. Res. 2020, 13, 1057. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.; Huang, Q.; Zhu, Y.; Chen, L.; Li, Y.; Gong, Z.; Ai, K. Harnessing reactive oxygen/nitrogen species and inflammation: Nanodrugs for liver injury. Mater. Today Bio 2022, 13, 100215. [Google Scholar] [CrossRef]

	



Yoo, H.; Ku, S.-K.; Baek, Y.-D.; Bae, J.-S. Anti-inflammatory effects of rutin on HMGB1-induced inflammatory responses in vitro and in vivo. Inflamm. Res. 2014, 63, 197–206. [Google Scholar] [CrossRef] [PubMed]

	



Mascaraque, C.; Aranda, C.; Ocón, B.; Monte, M.J.; Suárez, M.D.; Zarzuelo, A.; Marín, J.J.G.; Martínez-Augustin, O.; de Medina, F.S. Rutin has intestinal antiinflammatory effects in the CD4+ CD62L+ T cell transfer model of colitis. Pharmacol. Res. 2014, 90, 48–57. [Google Scholar] [CrossRef]

	



Qu, S.; Dai, C.; Lang, F.; Hu, L.; Tang, Q.; Wang, H.; Zhang, Y.; Hao, Z. Rutin attenuates vancomycin-induced nephrotoxicity by ameliorating oxidative stress, apoptosis, and inflammation in rats. Antimicrob. Agents Chemother. 2019, 63, e01545-18. [Google Scholar] [CrossRef]








[image: Antioxidants 12 00305 g001 550] 





Figure 1. Chemical structures of the compounds co-encapsulated within PLGA nanoparticles. 
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Figure 2. Reagents and conditions: (a) Et3N, THF, 0 °C, 0.5 h, then rt, 3 h. 
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Figure 3. Turbiscan Stability Index (TSI) profiles of PLGA nanoparticles (NPs) prepared with various amounts of URB894 (0.2–0.6 mg/mL) or/and rutin (0.2–0.8 mg/mL) as single agents or as multidrug carriers (0.4 mg/mL of URB894 and 0.2–0.6 mg/mL of rutin, respectively) as a function of time and temperature. (Panels (A,C,E)): 25 °C. (Panels (B,D,F)): 37 °C. The reported result is a representative experiment of three independent tests. 
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Figure 4. Entrapment efficiency and loading capacity of URB894 and rutin within PLGA nanoparticles encapsulated as (A) single agents or (B) in association in multidrug formulations as a function of the drug concentration used. Results are reported as the mean of three different experiments ± standard deviation. 
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Figure 5. Release profiles of URB894 and rutin contained in PLGA nanoparticles as single agents or in association, in physiological and acidic conditions as a function of the amount of drug initially used and incubation time. The reported values represent the mean of three different experiments ± standard deviation. Error bars, if not shown, are within symbols. 
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Figure 6. Cell viability during hydrogen peroxide-induced oxidative stress of URB894 (Panels (A,B)) and rutin (Panels (C,D)) as free form or encapsulated within PLGA nanoparticles (NPs) as single agents or as multidrug formulations (Panels (E,F)), evaluated by MTT testing on NCTC-2544 and C-28 cells as a function of the drug concentration. Results are reported as the mean of three different experiments ± standard deviation. The cells were incubated with different concentrations of drug(s) for 24 h and then treated with H2O2 (800 μM) for 1.5 h. *,#,ç p < 0.05 and **,##,çç,§§,@@ p < 0.001: vs.·H2O2 800 μM. 
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Figure 7. Antioxidant features of PLGA nanoparticles encapsulating URB894 (400 µg/mL) and rutin (600 µg/mL) as single agents or as a multidrug formulation evaluated by the DPPH assay. ** p < 0.001 and *** p < 0.0001 vs. empty PLGA nanoparticles. @ p < 0.05 and @@ p < 0.001 PLGA NPs + URB894 and Rutin vs. PLGA NPs + Rutin; ## p < 0.01 and ### p < 0.0001 PLGA NPs + URB894 and Rutin vs. PLGA NPs + URB894. Results are the average of three independent experiments ± standard deviation. The concentrations of the active compounds tested as a multidrug formulation are the following: 50 µg/mL URB894 and 45.76 µg/mL Rutin; 25 µg/mL URB894 and 22.88 µg/mL Rutin; 10 µg/mL URB894 and 9.15 µg/mL Rutin. 
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Table 1. Physicochemical properties of PLGA nanoparticles as a function of the amounts of active compound(s) used during their preparation.
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	URB894 (mg/mL)
	Rutin

(mg/mL)
	Mean Sizes

(nm)
	Polydispersity

Index
	Zeta Potential

(mV)





	-
	-
	110 ± 2
	0.06 ± 0.01
	−32 ± 1



	0.2
	-
	134 ± 2 *
	0.19 ± 0.02 *
	−34 ± 1



	0.4
	-
	170 ± 1 **
	0.25 ± 0.03 **
	−32 ± 2



	0.6
	-
	196 ± 3 **
	0.32 ± 0.05 **
	−33 ± 2



	-
	0.2
	115 ± 6
	0.14 ± 0.01 **
	−32 ± 1



	-
	0.4
	132 ± 6 *
	0.18 ± 0.08
	−28 ± 2



	-
	0.6
	141 ± 5 *
	0.24 ± 0.04
	−31 ± 2



	-
	0.8
	314 ± 4 **
	0.36 ± 0.01
	−29 ±3



	0.4
	0.2
	119 ± 2
	0.19 ± 0.03
	−31 ± 2



	0.4
	0.4
	142 ± 1
	0.18 ± 0.05
	−27 ± 1



	0.4
	0.6
	150 ± 2 *
	0.19± 0.07 *
	−29 ± 2







* p < 0.05 and ** p < 0.001 vs. empty PLGA nanoparticles. Results are expressed as the mean of three independent measurements performed in triplicate on three different samples ± standard deviation.
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