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Abstract

:

Inflammatory processes play a key role in the pathogenesis of sarcopenia owing to their effects on the balance between muscle protein breakdown and synthesis. Palmitoylethanolamide (PEA), an endocannabinoid-like molecule, has been well documented for its anti-inflammatory properties, suggesting its possible beneficial use to counteract sarcopenia. The promising therapeutic effects of PEA are, however, impaired by its poor bioavailability. In order to overcome this limitation, the present study focused on the encapsulation of PEA in solid lipid nanoparticles (PEA-SLNs) in a perspective of a systemic administration. PEA-SLNs were characterized for their physico-chemical properties as well as cytotoxicity and cell internalization capacity on C2C12 myoblast cells. Their size was approximately 250 nm and the encapsulation efficiency reached 90%. Differential scanning calorimetry analyses demonstrated the amorphous state of PEA in the inner SLN matrix, which improved PEA dissolution, as observed in the in vitro assays. Despite the high internalization capacity observed with the flow cytometer (values between 85 and 94% after 14 h of incubation), the Nile Red labeled PEA-SLNs showed practically no toxicity towards myoblasts. Confocal analysis showed the presence of SLNs in the cytoplasm and not in the nucleus. These results suggest the potentiality provided by PEA-SLNs to obtain an innovative and side-effect-free tool in the medical treatment of sarcopenia.
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1. Introduction


Sarcopenia is a syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength combined with low physical performance, as ratified by the European Working Group on Sarcopenia in Older People [1]. It affects more than 50 million people worldwide and it is the most important cause of physical frailty, reducing the possibility of an independent life in older adults [2,3]. Sarcopenia could occur with normal aging and also be associated to rheumatologic disease frequently encountered in the elderly population, such as rheumatoid arthritis in women [4].



The current treatment or prevention for sarcopenia combines aerobic and resistance physical training associated with nutritional therapy (amino acids, proteins, vitamin D, polyunsaturated fatty acids). Exercise has been proven to produce the most effective results against muscle wasting; however, immobile patients and the inter-individual differences in physical capacity restrict the ability of exercise to counteract sarcopenia [5]. Drug therapies under consideration are based on the etiological and biological mechanisms of sarcopenia, especially on modulation of receptor signaling, even if they are not yet fully understood [5,6]. In the last few years, drug delivery systems, mainly based on nanoparticles and muscle-targeting delivery systems, have been also developed for the systemic treatment of sarcopenia and other muscle disorders [7,8].



One of the most accredited causes of sarcopenia seems to be linked to the reduced function of satellite cells, muscle resident stem cells which are responsible for muscle growth and repair, as well as to myocyte apoptosis, both mediated by the increased inflammation and pro-inflammation cytokines, particularly IL-6 and TNF-α [5,9]. Furthermore, recent findings about the pathophysiology of sarcopenia have attributed an important role to inflammatory processes owing to their effects on muscle protein breakdown and synthesis [8,10,11,12]. The oral administration of the usual non-steroidal anti-inflammatory drugs (NSAIDs) has been shown to improve muscle protein metabolism in low-grade inflammation diseases that act upon cyclooxygenase (COX)-inhibiting pathways [10,13,14]. Conventional NSAIDs therapy, however, is not recommended for sarcopenia treatment owing to its side effects in the elderly, especially considering the daily dosing and the long-term therapy. Other safer anti-inflammatory compounds have been poorly investigated, with the exception of vitamin D, curcumin, and polyunsaturated fatty acids [10,15].



Among natural compounds, palmitoylethanolamide (PEA), an endogenous endocannabinoid-like molecule, has been well documented for its anti-inflammatory properties and indicated for the treatment of several diseases by clinical data [16,17]. PEA anti-inflammatory action involves inhibition of the major pro-inflammatory cytokines, including TNF-α and interleukins, as well as reduction of COX-2 expression and/or prostaglandin release [16,18,19,20,21]. Unlike what happens with NSAIDs, PEA specifically targets COX-2, determining effects on intramuscular prostaglandin2 levels and satellite cell activity with concomitant lower incidence of adverse effects [18,22,23,24]. Both interleukins and COX-2 are expressed in response to inflammation by human myoblasts. However, muscle diseases including sarcopenia have never been considered as investigational targets of PEA; despite its potential pharmacological properties, PEA is currently available in marketed veterinary, nutraceutical, and cosmetic products. With respect to pharmaceutics, preclinical and clinical studies have provided evidence of conceivable usefulness of PEA as anti-inflammatory agent, enabling also to decrease doses of co-administered NSAIDs in long-term therapy for several pathologies. In particular, these studies have involved PEA as micronized or ultra-micronized form to increase its solubility and oral bioavailability [25,26,27].



Another approach to improve features regarding bioavailability and cellular targeting may involve nanotechnology. Nanoparticles are recognized for their ability to overcome biological barriers, produce sustained drug release depot when administered intramuscularly or subcutaneously, improve cell affinity, and gradually release the embedded drugs providing increased drug bioavailability. Moreover, nanoparticles administered intravenously provide a complete drug bioavailability, with rapid response even at low doses and a subsequent distribution in muscles [28,29].



However, to our knowledge, the few studies dealing with nano-encapsulated PEA have focused on skin and ocular applications [30,31].



On this basis, the present research aims to envisage the development of PEA-loaded solid lipid nanoparticles (SLNs) from the perspective of an anti-inflammatory activity able to regulate the age-related sarcopenia. Herein, PEA-loaded SLNs were characterized in terms of physico-chemical properties as well as cytotoxicity and capacity to be internalized by C2C12 myoblast cells.




2. Materials and Methods


2.1. Materials


PEA used for the preparation of all SLN samples was a gift from Innexus Nutraceuticals (Nijmegen, The Netherlands). Stearic acid, Pluronic F68, sorbitan trioleate (Span 85), and Nile Red (NR) were from Sigma-Aldrich (Milan, Italy); cholesteryl stearate was from Fluka Chemie AG (Buchs, Switzerland); and sodium cholate was obtained from Alfa Aesar (Karlsruhe, Germany). High purity water was obtained from MilliQ system (Millipore, MA, USA). The C2C12 cell lines of mouse myoblasts used for the cytotoxicity and cell internalization investigations were originally obtained by M. Buckingham (Institut Pasteur, Paris, France). Dulbecco’s Modification of Eagle’s Medium (DMEM) with high glucose, sodium pyruvate, L-glutamine, fetal bovine serum (FBS), penicillin-streptomycin (P/S), pH 7.4 phosphate buffer saline (PBS), and trypsin were purchased from EuroClone (Milan, Italy), while fetal bovine serum (FBS) (Gibco) was from Thermo Fisher Scientific (Monza, Italy). All the other chemicals were of analytical grade.




2.2. PEA Solubility in the Lipids


The solubility of PEA in the selected lipids (namely, stearic acid and cholesteryl stearate) was determined at the temperature of 85 °C under 200 rpm magnetic stirring [32]. Exactly weighted amounts of PEA were gradually added to known amounts of stearic acid or cholesteryl stearate and a mixture thereof with the same ratio used for SLNs preparation; the progressive additions were made at 30 min intervals until concentrations exceeded saturation solubility. Maximum amounts of solute, averaged on three determinations, were considered as the solubility values.




2.3. SLNs Preparation


SLNs loaded with PEA (PEA-SLNs) were prepared by the melt emulsification technique [33,34,35,36]. PEA (15 mg) was dissolved in a stearic acid (40 mg)/cholesteryl stearate (30 mg) blend containing Span 85 (30 mg) melted at a temperature of 85 °C. Then, the aqueous phase (5 mL Milli-Q water) containing 0.3% Pluronic F68 was heated at the same temperature and added to the lipid phase. The emulsification was performed by ultrasounds (SFX150 Branson, Milan, Italy) for 1 min, followed by homogenization by Ultra-Turrax (T-25 basic, Ika Labortechnik, Staufen im Breisgau, Germany) at 24,000 rpm for 1.5 min and sonication for 1 min. The obtained oil-in-water emulsion was cooled in an ice bath under magnetic stirring for 15 min and then purified by dialysis membrane (MWCO 12–14,000 Da) for 1 h in 300 mL Milli-Q water.



The same procedure was used to prepare unloaded SLNs (U-SLNs). Labeled SLNs for the cell internalization study were obtained by adding 0.01% w/w Nile Red in the melted stearic acid and following the same method described above for both unloaded (U-SLNs-NR) and PEA-loaded (PEA-SLNs-NR) SLNs.




2.4. Particle Size, Z-Potential, and Morphology


Particle size, expressed as Z-average, polydispersity index (PDI), and Z-potential values were measured in deionized water at a concentration of 0.1 g/L by using a photon correlation spectroscopy (PCS) instrument (Zetasizer version 6.12, Malvern Instruments, Worcestershire, UK) equipped with a 4 mW He Ne laser (633 nm) and a DTS software (Version 5.0) [33,34,35]. The reported values averaged determinations on three batches. The morphology of SLNs was evaluated by Atomic Force Microscopy (AFM) (Park Autoprobe Atomic Force Microscope, Park Instruments, Sunnyvale, CA, USA); the measurements were conducted in deionized water at 20 °C and atmospheric pressure operating in a non-contact mode. Freshly prepared samples were water-diluted 1:200 (v/v) and settled on 1 cm diameter mica disks. After 3 min, the excess water was removed using a paper filter. The images were obtained processing the topographic images by Gwyddion (2.5 version) software.




2.5. SLNs Stability


The physical stability of U-SLNs and PEA-SLNs stored at 4 °C was evaluated by monitoring over time (6 months) size, PDI, and Z-potential variations by PCS, as described in Section 2.4. The reported values averaged determinations on three batches.




2.6. Drug Loading and Encapsulation Efficiency


PEA loading level (drug loading, DL), i.e., the percentage amount of PEA in SLNs, was assessed by high performance liquid chromatography (HPLC) analysis. The system consisted of two PU-2080 Plus pumps, an HG-980-30 solvent mixing module, and a UV-2075 Plus UV-Vis detector; data were recorded and processed by Hercule Lite Chromatography Interface and Borwin Software, respectively (Jasco Corporation, Tokyo, Japan). Chromatographic separation was performed using a reversed-phase column (RP-18e, 125 × 4 mm, 5.0 μm) thermostatted at 30 °C and protected by a guard column (4.0 × 4.0 mm, 5.0 μm) (Purospher, Merck, Darmstadt, Germany). The mobile phase consisted of acetonitrile (80%) and water (20%) using an isocratic elution with a flow rate of 1 mL/min. The injection volume was 10.0 µL and the UV detection was carried out at 210 nm. Under these experimental conditions, the retention time of PEA was 8.22 ± 0.90 min.



For the HPLC analysis of PEA loaded in SLNs, 10 mL ethanol was added to 700 µL aliquot of PEA-SLNs suspension, heated at 85 °C for 10 min, and filtered through a 0.2 µm filter (17845Q filters, Sartorius, Goettingen, Germany).



Drug loading (DL) and encapsulation efficiency (EE) values, averaged on three batches of SLNs and labeled SLNs, were calculated by using the following equations:


DL% = encapsulated drug (mg)/total mass of SLNs (lipids and drug) × 100










EE% = encapsulated drug (mg)/initial drug (mg) × 100












2.7. In Vitro PEA Release


In order to analyze in vitro PEA release from SLNs and PEA dissolution, 500 µL of freshly prepared PEA-SLNs suspension (containing about 1.4 mg of PEA) or the same amount of PEA in bulk were added into 50 mL of PBS and incubated under magnetic stirring at 37 ± 1 °C. At fixed time intervals (30 min, 1 h, 3 h, 6 h, 8 h, and 24 h), an aliquot of the SLNs colloidal suspension or of the supernatant for PEA suspension (1 mL) was withdrawn and filtered through a 0.2 µm filter. The drug content was determined by HPLC using the method mentioned in the Section 2.6. After each withdrawal, 1 mL of fresh PBS was added to the suspension under magnetic stirring in order to re-establish the final volume. Nile Red release from PEA-SLNs-NR was monitored by spectrophotometric quantification (Lambda 3B, Perkin-Elmer, Norwalk, CT, USA) at a wavelength of 553 nm following the same method described above. The analyses were performed in triplicate.




2.8. Thermal Analysis


Thermal analyses (thermogram; Tm: melting temperature; ΔHm: melting enthalpy) on PEA-SLNs were performed by differential scanning calorimetry (DSC) (DSC-4, Perkin-Elmer, Norwalk, CT, USA) to investigate the effect of the emulsification preparation technique on the physical state of the components in SLNs lipid matrix. For comparison, thermal analyses were also carried out on a lipid blend/PEA physical mixture, stearic acid/PEA physical mixture, cholesteryl stearate/PEA physical mixture, and each component in bulk. The DSC instrument was previously calibrated with indium. A heating rate of 10 °C/min was employed over a temperature range of 30–120 °C with nitrogen purging (30 mL/min). Analyses were performed in triplicate.




2.9. Cell Culture


The C2C12 muscle cell line, derived from satellite cells of the thigh muscle [37], is an immortal line of skeletal myoblasts. C2C12 cells were maintained at low confluence in high glucose DMEM containing L-Glutamine (2 mM), antibiotics (1% P/S), and 10% FBS at 37 °C in a humidified 5% CO2 atmosphere.




2.10. Cytotoxicity Test


The assay was performed to evaluate the cytotoxicity of PEA-SLNs in comparison with the U-SLNs [34,35]. In practice, cells were seeded in 24-well plates at a density of 4000 cells/well in complete medium for 24 h at 37 °C with 5% CO2. Cells were then incubated with different nanoparticle doses (50, 100, or 200 µg/mL) for 24 h. The viability assay was performed 3 times (3 independent experiments) and, for each assay, each sample was tested in experimental triplicate (three wells of a 24-well plate for each sample). After incubation, 3-(4,5 di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma Aldrich, Milan, Italy) solution (5 mg/mL in PBS) was added in each well to a final concentration of 0.5 mg/mL. After 2 h, the medium was removed, the cells were washed with PBS and 250 µL MTT solvent (4 mM HCl, 0.1% Igepal in isopropanol) was added to each well to dissolve formazan crystals. After 15 min, the optical densities were measured spectrophometrically at the wavelength of 570 nm (Multiskan™ FC Microplate Photometer, Thermo Fischer Scientific, Monza, Italy). The cell viability was expressed as a percentage of cell growth compared to the control (untreated cells).




2.11. Cell Internalization by Flow Cytometry


The capacity of U-SLNs-NR and PEA-SLNs-NR to be internalized by myoblasts was assayed on the C2C12 muscle cell line in comparison with untreated cells as control. To this purpose, the cells were seeded at a density of 80,000 cells/well in 6-wells and incubated with the sample suspensions (200 µg/mL) for 2, 6, and 14 h (overnight). Cells were then washed twice with PBS, detached with 0.25% trypsin-ethylenediaminetetraacetic acid, collected with DMEM, and centrifuged at 1100 rpm for 8 min at 25 °C. Subsequently, the pellets were re-suspended in PBS and analyzed by flow-cytometry using a Coulter Epics XL flow cytometer (Beckman Coulter Inc., Brea, CA, USA) equipped with Ar laser (525 nm). Analyses were performed after recording at least 10,000 events for each sample. Results were expressed as percentages of fluorescence-positive cells.




2.12. Confocal Analysis


For confocal analysis, C2C12 cells were seeded at a density of 1500 cells in Nunc Lab-Tek chamber slide (0.7 cm2 surface area, Thermo Scientific, Waltham, MA, USA). Cells were treated with 200 µg/mL of U-SLNs-NR, PEA-SLNs-NR, and PEA-SLNs as control; at 14 h post treatment, cells were fixed in paraformaldehyde (3%, w/v) for 15 min at room temperature, washed in PBS, and observed by microscope. In some cases, the fixed cells in the chamber slide were treated with DAPI to highlight the nuclei. Z-stack images were acquired using a 63× Plan-Apo oil immersion objective mounted on a Leica SP8 confocal microscope (DMIRE2, Leica Microsystems GmbH, Wetzlar, Germany), equipped with 405 nm and white light lasers. Samples were excited using the 405 nm and 668 nm wavelengths for DAPI and Nile Red, respectively.




2.13. Statistical Analysis


Data obtained were evaluated statistically using one-way analysis of variance (ANOVA). Significance was indicated by p < 0.05 (* p < 0.05; ** p < 0.02; *** p < 0.01).





3. Results and Discussion


SLNs were selected as suitable carriers for PEA delivery due to their countless advantages. Indeed, SLNs exhibited a great biocompatibility, biodegradability, and safety regardless of the administration route. Furthermore, SLNs showed a higher physical stability compared with other lipid-based nanoparticles, combined with a high payload of water-insoluble drugs and gradual drug release from the lipid matrix. Finally, the production of SLN might be scalable to large-scale processes without the employment of organic solvents and the final formulations might be sterilized without compromising their features [28,38]. Moreover, lipophilic drugs may remain in the dissolved state within lipid-based drug delivery systems before being absorbed resulting in an increased bioavailability [39].



The treatment of sarcopenia, a whole-body disease, requires a systemic administration. Despite the oral route being the preferred administration pathway due to patient compliance and cost-effectiveness, nanoparticle functions are generally impaired by the biological absorptive barriers of the gastrointestinal tract [28].



As a result, parenteral therapy via an intravenous route is the most effective, especially in the case of lipid-based nanocarriers.



3.1. Selection of Formulation Parameters


SLNs formulation was produced without organic solvent by double emulsion/melt dispersion technique described in our previous papers [33,34,35]. The composition selected for SLNs was the result of a pre-formulation investigation using different biocompatible lipids, alone or as blends, and surfactants. Lipids were selected on the basis of their highest apolarity in order to increase solvent property for the strongly lipophilic PEA (log P > 5) [40] and contribute to the solid solution model. Compared to other lipids indeed, stearic acid showed a significant solvent property for PEA at the preparation temperature of 85 °C (520 ± 20 mg/g), presumably due to a certain stereochemical affinity between the fatty acid and PEA, thus improving its spatial arrangement within the lipid chains. For the optimization study, evidence such as SLNs’ smaller size, formation of aggregates, and good PEA encapsulation efficiency were considered. A binary mixture of stearic acid/cholesteryl stearate in a 4:3 ratio was then selected as the lipid matrix for SLNs. This blend maintained a PEA solubility similar to that determined in stearic acid (500 ± 30 mg/g), despite the non-solvent property of cholesteryl stearate towards PEA. From a toxicological point of view, stearic acid and stearic ester of cholesterol represent natural components of the human body; they also proved to be bio-safe for parenteral administration and resulted in a high and prolonged cell survival upon incubation with various types of cells [41]. Span 85 and Pluronic F68 are surfactants of Generally Recognized As Safe (GRAS) status to formulate parenterally administered SLNs. Moreover, Pluronic F68 on the nanoparticle surface may also reduce the reticuloendothelial system clearance [42,43]. The lowest surfactant concentrations combined with the selection of the proper stirring conditions during SLNs preparation process provided the optimized SLNs in terms of size parameters in the pre-formulation study.




3.2. SLNs Characterization


The U-SLNs and PEA-SLNs samples were analyzed in terms of size, PDI, and Z-potential values (Table 1).



Indeed, these nanoparticle features are crucial parameters with regard to physical stability, suitability for parenteral administration, bio-distribution, drug release, and cellular uptake [44,45]. The size of SLNs was about 250 nm with a narrow distribution range, as highlighted by the low PDI values. Such a dimensional characteristic is known for being proper to avoid blood clotting and aggregation, including inside fine capillaries, following parenteral administration [43,46]. Similar sub-micron sized carriers were also pointed out for their ability to be taken up by myoblast cells, albeit in a small number of studies from the literature [7]. No substantial differences in size and PDI values were provided by PEA and Nile Red entrapment within the nanoparticles (p > 0.05).



The Z-potential values of both U-SLNs and PEA-SLNs evidenced a fairly high negative surface charge, without remarkable differences between the samples, owing to the presence of the lipid and surfactant components bearing negative charges. In general, charged surfaces (Z-potential > |20|) are known to prevent particle aggregation in combination with the same effect offered by the steric arrangement of Pluronic molecules at the surface. Furthermore, the negative surface charge is a favorable property since it provides lower cytotoxicity compared to positive or neutral particles and promotes a nanoparticle internalization process by non-phagocytic cells better than the uncharged surfaces [47,48,49,50]. Size, size distribution, and Z-potential values of SLNs did not change significantly for almost 6 months demonstrating the good physical stability of the nanocarrier during the storage (Figure 1).



The morphological analysis carried out on both U-SLNs and PEA-SLNs by AFM revealed distinct nanoparticles with spheroidal or almost elongated shape. In addition, SLNs appeared uniform in shape and size (around 200 nm) and no appreciable differences were detected between U-SLNs and PEA-SLNs (Figure 2).



In addition to appropriate physical properties, particulate carriers require sufficient drug payload to achieve the desired therapeutic effect. From this point of view, lipid matrices are the most suitable carrier structures for embedding highly lipophilic drugs such as PEA in order to favor its molecular dispersion in the perspective of PEA biological actions inside myoblasts. The SLNs’ drug loading level was 16.21 ± 0.3% (w/w) with an encapsulation efficiency of 91.9 ± 1.0%, regardless of the presence of Nile Red, indicating that PEA was successfully incorporated within SLNs with a poor leaching out from the lipid matrix during the preparation process.



Concerning the physical state of PEA and lipid components within SLNs, thermogram recorded for PEA-SLNs was compared with those obtained for physical mixtures at the same ratio as that of nanoparticles, i.e., stearic acid/PEA physical mixture, cholesteryl stearate/PEA physical mixture, and lipid blend/PEA physical mixture, and for each component in bulk (Figure 3).



Thermogram of PEA-SLNs exhibited an endothermic event at 50.6 °C referable to the melting of stearic acid (Tm). The shift towards lower Tm value and the peak broadening compared with the fatty acid in bulk (Tm 57.9 °C) and in the lipid blend/PEA physical mixture (Tm 54.9 °C) may be attributed to a certain disorder in the crystal structure provided by the binary mixture with cholesteryl stearate [33,51]. Likewise, a less-ordered structure was also observed for cholesteryl stearate within the PEA-SLNs matrix, as demonstrated by Tm shift to a lower value (68.1 °C) than that of the lipid in bulk (Tm 80.0 °C) and in the physical mixture (Tm 78 °C). The slightly pronounced endotherm at 95.3 °C (ΔHm 0.88 J/g) recorded for PEA-SLNs and for lipid blend/PEA physical mixture (Tm 97.3 °C, ΔHm 1.26 J/g) can be attributed to PEA (Tm 99.8 °C) even if bulk PEA exhibited a significantly higher ΔH value (ΔHm 190.92 J/g) [31,52]. The relevant decrease of PEA melting enthalpy observed in both PEA-SLNs and lipid blend/PEA physical mixture with respect to bulk PEA indicates that PEA is essentially embedded inside the lipid matrix in an amorphous state. This finding is consistent with PEA solubility in the lipid blend containing stearic acid that acts as a solvent in its melted state during both SLNs preparation and DSC run. The molecular dispersion state of PEA attributed to stearic acid component was confirmed by the behavior of PEA mixed with each lipid component at the same ratio as that in SLNs. In fact, thermal events ascribable to PEA were not recorded in stearic acid/PEA physical mixture, indicating the formation of a solid solution. In contrast, a PEA thermal event with melting enthalpy similar to that of bulk PEA was observed in cholesteryl stearate/PEA physical mixture (ΔHm 161.19 J/g), thus evidencing both PEA crystalline state and non-solvent property of this lipid component.



The goal to reach muscle tissues by systemic administration of PEA-SLNs also implies the prediction of the drug leaching out from the nanoparticles before their internalization by myoblasts occurs. For this reason, in vitro release of PEA from SLNs was investigated in comparison with the dissolution of PEA in bulk (Figure 4).



The release pattern of PEA from PEA-SLNs exhibits a biphasic trend. The initial rapid release, 6% in 2 h, was followed by a gradual release reaching 9% of the drug loaded in 24 h. The initial release should be ascribed to the presence in the outermost part of the lipid matrix of amorphous drug that is more soluble relative to the practically insoluble crystalline PEA in bulk. Indeed, no dissolution of PEA in bulk was observed during 24 h in the adopted experimental conditions (p < 0.05). The second sustained release phase may be due to the extended leakage of the amorphous drug entrapped in the inner core of lipid matrix. It can be assumed that the considerable portion of residual drug into SLNs may be released by lipolytic processes that take place within the cells in vivo, i.e., fatty acid oxidation inside mitochondria and cholesteryl ester hydrolysis inside endosomes [53,54].



No Nile Red release was also observed from PEA-SLNs-NR in the same experimental conditions. In accordance with this result, firm and prolonged incorporation of Nile Red in several lipid structures, with minimal leakage effects even without covalent linkages, was also found by other authors and associated to the highly hydrophobic nature of this dye [55,56,57].




3.3. Cell Culture Assay


As regards the drug delivery through nanocarriers, it has been generally observed that nanoparticles taken up by myoblasts promoted the formation of myotubes that constitute the skeletal muscle by enhancing myoblast fusion [7]. This goal would imply that quite intact nanoparticles reach the targeted sites without an appreciable drug loading loss in physiological environment, i.e., before internalization by myoblast occurs. This latter feature was confirmed for PEA-SLNs from in vitro drug release data. Concerning the biodegradation of lipid-based vehicles in the blood stream, an increase of drug bioavailability was observed following intravenous administration owing to the prolonged systemic circulation of the lipid vehicles compared with the pure drug [58]. Biodegradation of SLNs, which occurs mainly by serum lipases, is not expected for the SLNs presented in this study thanks to their lipid composition and sterically hindering surfactant [59]. From plasma, SLNs have to enter into skeletal muscle myoblasts where lipids will be subjected to degradation by lipolytic processes, as mentioned above. Therefore, to optimize intracellular PEA release and activity, it is mandatory to investigate the interaction between SLNs and skeletal muscle cells in terms of cytotoxicity and internalization capacity. Studies involving the behavior of lipid-based nanocarriers upon contact with skeletal muscle cells has been poorly reported in the literature and mainly focused on liposomes [7,60,61].



The commonly used C2C12 muscle cell line was employed for the assessment of both cytotoxicity and cell internalization. As regards cytotoxicity, Figure 5 shows MTT results obtained for U-SLNs and PEA-SLNs samples in comparison with untreated control cells, expressed as cell viability in function of dose. Considering that nanoparticle cytotoxicity is related to cell internalization also requiring several hours in the case of myoblasts [62], C2C12 cells were exposed to SLNs sample for 24 h.



Cell incubation with U-SLNs maintained viability levels above 90%, regardless of the dose (p > 0.05). We noticed a positive effect of PEA since cytotoxicity of PEA-SLNs has a tendency to decrease with the increase of SLNs dose from 50 µg/mL to 100 µg/mL and cell viability for PEA-SLNs doses of both 100 and 200 µg/mL is higher compared to unloaded SLNs. This finding may indicate, on one side, the non-toxic effect of PEA, and on the other, PEA ability to restore the cell susceptibility. This event, which also induces cell activation, was observed by other authors on neuronal cells and attributed to PEA antioxidant properties [63].



The investigation of SLNs’ internalization by C2C12 cell line was performed on U-SLNs-NR and PEA-SLNs-NR by means of flow cytometry and confocal microscopy. The cells were exposed to a SLNs dose of 200 µg/mL, regardless of the sample. SLNs labeling was related to the firm entrapment of Nile Red, recognized to be an excellent fluorescent lipid marker, within the lipid matrix. This assumption arises from the in vitro release studies that demonstrated Nile Red inability to be released from SLNs into PBS [55,56].



The results of the flow cytometric analysis at different incubation times, expressed as the mean cell fluorescence percentage, are shown in Figure 6.



The cells incubated with unlabeled PEA-SLNs exhibited negligible fluorescence emission, regardless of the incubation time, comparable to that from the control (untreated cells) (from 0.1 to 0.2% fluorescence), which indicates the absence of auto-fluorescence phenomena. Both the labeled samples provided a significant time-dependent increase of the mean cell fluorescence percentage (p < 0.02 or 0.01), reaching values between 85 and 94% at 14 h incubation.



As a matter of fact, the fluorescence measured by flow cytometry could be due to the presence of SLNs both at the surface and inside the cytoplasm; therefore, further analysis by confocal microscopy was performed. Confocal microscopy images of cells subjected to fluorescently labeled U-SLNs-NR and PEA-SLNs-NR (200 µg/mL) were used to provide visual confirmation of cell internalization of both SLNs. Similar results were obtained for the two formulations and only images related to PEA-SLNs-NR after 14 h incubation are presented in Figure 7. DAPI was used as nucleus stain (blue) to provide a visual location of cells (Figure 7a).



Marked red spots were observed in the cytoplasmatic perinuclear region upon cell exposure to PEA-SLNs-NR. The red punctuated staining is reasonably related to the intracellular presence of nanoparticles also in the form of aggregates or stored in subcellular locations [54]. This finding, complementing the results from the flow cytometric analysis, demonstrates the capacity of SLNs to be internalized by murine C2C12 myoblast cells. Myoblast capacity to take up nanoparticles was demonstrated by few authors and was found to be related to the nanoparticle type. It was described as an endocytic process, which lasts several hours after cell exposure, involving mainly mechanisms of macropinocyte and clathrin-mediated pathway [7]. As can be observed in the image obtained without staining the nucleus (Figure 7b), no trace of fluorescence is visible in the nucleus or in the nucleoli. This finding demonstrates, on one hand, that the red fluorescence is attributable unequivocally to the uptake of labeled nanoparticles and not to the passive diffusion of the marker; indeed, if a non-specific diffusion of the Nile Red had occurred, this would be observed not only in the cytoplasm but also in the nucleus. On the other hand, the presence of red spots only in the cytoplasm demonstrates that SLNs are unable to cross the nuclear membrane. However, considering the subsequent intracellular biodegradation of the lipid matrix, the leaching out of PEA from SLNs can be envisaged as well as its gaining cytoplasmatic and nuclear receptors as PPAR-α, thus exerting its pharmacological activity inside myoblasts.



Although our data are encouraging, it is important to consider that in vivo adult muscle is made up of multinucleated cells which are embedded within a complex three-dimensional scaffold and the skeletal muscle extracellular matrix might limit the ability of nanoparticles to deliver PEA; therefore, the next step will be to test absorption in vivo in an animal mouse model. Moreover, a further goal is to clarify whether the administration of PEA via nanoparticles is able to counteract the negative effects of TNF- α on C2C12 terminal differentiation. These studies are essential to begin the path towards the commercial availability of a safe therapy for sarcopenia which can represent a tool without side effects in clinical practice.





4. Conclusions


Aging of skeletal muscle as a target of therapeutic strategies is particularly attractive due to both the high incidence of related dysfunctions and to the limited literature available. In this scenario, the present investigation, focused on PEA use and interactions of SLNs embedding PEA with skeletal muscle cells, has provided novel data. Our findings on PEA-SLNs confirm the absence of cytotoxicity and the ability to be taken up by myoblast cell line and suggest the potentiality provided by the lipid nanocarrier in sarcopenia treatment which can represent a safe tool without side effects in clinical practice.
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Figure 1. Physical stability of U-SLNs and PEA-SLNs determined by monitoring size (a), PDI (b), and Z-potential (c) values over time. 
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Figure 2. AFM topographic image 5 × 5 µm of U-SLNs (a) and PEA-SLNs (b). 
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Figure 3. DSC thermograms of stearic acid/PEA physical mixture (a), cholesteryl stearate/PEA physical mixture (b), PEA-SLNs (c), lipid blend/PEA physical mixture (d), stearic acid in bulk (e), cholesteryl stearate in bulk (f), and PEA in bulk (g). 
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Figure 4. Release of PEA from PEA-SLNs and dissolution of PEA in bulk using PBS as medium. Results are presented as the average ± SD (n = 3). 
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Figure 5. Cytotoxicity of U-SLNs and PEA-SLNs at the concentrations of 50, 100, and 200 µg/mL on C2C12 cell line at 24 h incubation, expressed as cell viability percentage (dotted line as the control). 
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Figure 6. Flow cytometric analysis of C2C12 cells after 2, 6, and 14 h incubation with PEA-SLNs-NR and U-SLNs-NR in comparison with untreated cells (control). For the points at 2 h, error lines do not exceed bar size. Statistical significance levels are indicated as: ** (p < 0.02); *** (p < 0.01). 






Figure 6. Flow cytometric analysis of C2C12 cells after 2, 6, and 14 h incubation with PEA-SLNs-NR and U-SLNs-NR in comparison with untreated cells (control). For the points at 2 h, error lines do not exceed bar size. Statistical significance levels are indicated as: ** (p < 0.02); *** (p < 0.01).



[image: Pharmaceutics 14 00648 g006]







[image: Pharmaceutics 14 00648 g007 550] 





Figure 7. Representative confocal fluorescence images of C2C12 cells exposed to PEA-SLNs-NR (red) during 14 h. SLNs (red channel) and nucleus (blue channel) were stained with Nile Red and DAPI, respectively (a); image obtained with no nuclear stain (b). 
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Table 1. Size, PDI, and Z-potential values of U-SLNs and PEA-SLNs. Mean values ± SD.
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	Sample
	Size (nm)
	PDI
	Z Potential (mV)





	U-SLNs
	214 ± 19
	0.244 ± 0.050
	−32.3 ± 2.5



	PEA-SLNs
	253 ± 15
	0.185 ± 0.100
	−39.5 ± 2.1



	PEA-SLNs-NR
	258 ± 12
	0.197 ± 0.080
	−40.2 ± 2.4
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