

  molecules-27-05887




molecules-27-05887







Molecules 2022, 27(18), 5887; doi:10.3390/molecules27185887




Article



Benzo[k,l]xanthene Lignan-Loaded Solid Lipid Nanoparticles for Topical Application: A Preliminary Study



Cristina Torrisi 1, Nunzio Cardullo 2[image: Orcid], Stefano Russo 1[image: Orcid], Alfonsina La Mantia 1, Rosaria Acquaviva 1, Vera Muccilli 2[image: Orcid], Francesco Castelli 1 and Maria Grazia Sarpietro 1,*[image: Orcid]





1



Department of Drug and Health Sciences, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy






2



Department of Chemical Sciences, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy









*



Correspondence: mg.sarpietro@unict.it







Academic Editor: Rita Cortesi



Received: 17 August 2022 / Accepted: 7 September 2022 / Published: 10 September 2022



Abstract

:

Skin is the first human barrier that is daily exposed to a broad spectrum of physical and chemical agents, which can increase reactive oxygen species (ROS) and lead to the formation of topical disorders. Antioxidant molecules, such as benzo[k,l]xanthene lignans (BXL), are ideal candidates to eliminate or minimize the effects of ROS. Herein, we aimed to formulate BXL-loaded solid lipid nanoparticles (SLN-BXL) to improve the bioavailability and interaction with the skin, and also to investigate the protective impact against intracellular ROS generation in HFF-1 in comparison with the drug-free situation. SLN-BXL were formulated using the PIT/ultrasonication method, and then were subjected to physicochemical characterizations, i.e., average size, zeta potential (ZP), polydispersity index (PDI), encapsulation efficiency (%EE), thermotropic behavior, and interaction with a biomembrane model. The results show a mean size around 200 nm, PDI of 0.2, and zeta potential of about −28 mV, with values almost unchanged over a period of three months, while the EE% is ≈70%. Moreover, SLN-BXL are able to deeply interact with the biomembrane model, and to achieve a double-action release in mildly hydrophobic matrices; the results of the in vitro experiments confirm that SLN-BXL are cell-safe and capable of attenuating the IL-2-induced high ROS levels. In conclusion, based on our findings, the formulation can be proposed as a candidate for a preventive remedy against skin disorders induced by increased levels of ROS.
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1. Introduction


Skin is the largest organ and covers the entire surface of the human body. Anatomically, it is composed of different layers—epidermis, dermis, and hypodermis—of which the outermost is the stratum corneum (SC). The latter represents the first protective human physical barrier: it prevents the loss of water and electrolytes, reduces the penetration of chemical substances, and protects against pathogenic microorganisms [1]. Skin has, historically, been used for the topical delivery of compounds since it reduces the risk of systemic side effects and allows the drug to remain concentrated in the targeted tissue. However, skin is composed of alternated hydrophobic and hydrophilic layers (ranging from the perspiratio insensibilis to the adipocytes), and the particular structure of SC is comparable to a brick wall made of these sheets, so it is not surprising that only a few substances, with an ideal n-octanol/water partition ratio (logP), are able to cross the skin [2]. A way to overcome this problem, and improve drug penetration and distribution, is the employment of lipid nanoparticles as carriers of active molecules [3]. Solid lipid nanoparticles (SLN) have been studied as alternative colloidal carriers to the traditional methods, especially for the delivery of lipophilic compounds. They are composed of a solid lipid matrix dispersed in aqueous medium and stabilized by various surfactants. Cutaneous use of SLN exhibits several advantages, such as biocompatibility (since they are composed of physiological and biodegradable lipids), protection of encapsulated compounds sensitive to light, oxidation and hydrolysis, and drug release control [4]. The strategic mechanism behind lipid nanoparticles for topical application is the formation of an occlusive film at the SC surface that prevents water loss and improves the skin lipid barrier, leading to corneocytes packing reduction and inter-corneocyte gaps enlargement, with a consequent increase in drug penetration [5,6,7]. It was also observed that a better SC occlusion and a greater interaction with skin is obtained with smaller lipid nanoparticles, generally around 200–300 nm [8]. Nowadays, skin is constantly exposed to environmental stresses (ultraviolet radiations, chemical substances, and pathogens) which leads to the formation of ROS species. The latter can activate proliferative and cell survival signals that can alter apoptotic pathways and lead to an extensive number of skin disorders. One way to eliminate or minimize the effects of ROS and/or their products, reducing oxidative damage to cellular constituents, is the use of antioxidant molecules [9].



In the present work, a bioinspired lignan (BXL, Scheme 1), belonging to the rare group of benzoxanthene lignans, was used to prepare SLN formulations that will be used in the preventive treatment of the skin conditions.



BXL and other analogues show an array of biological properties, including antioxidant, antifungal [10], antibacterial [11], anti-inflammatory [12], anti-proliferative, anti-angiogenic, DNA-binding [13], and proteasome-inhibiting activities [14,15]. However, these bioactive compounds are very lipophilic (BXL: capacity factor 3.24; calculated logP 3.71) [16] and their potential use in pharmacological studies is limited, due to the very low solubility in aqueous media (See Figure S1, Supplementary Material for the predicted physicochemical properties of BXL) [17,18]. The introduction of BXL into SLN produced promising results in terms of size, polydispersity index, zeta potential, stability, and entrapment efficiency, while retaining its antioxidant and anti-inflammatory activity [19].



The interest behind the possible applications of this uncommon family of molecules drove us into further research. In this study, we employ a new SLN formulation with and without BXL, aiming for better encapsulation and less cytotoxicity (compared to the previous formulation), which we tested and validated from the calorimetric, technological, and biochemical perspectives.




2. Results and Discussion


2.1. SLN Characterization


In order to characterize and evaluate the physiochemical stability of the produced solid lipid nanoparticles, mean particle size (Figure 1), polydispersity index (PDI) (Figure 2), and zeta potential (Figure 3) were analyzed over three months at 25 °C.



Empty SLN exhibit a mean particle size of 165 nm, remain unchanged over the period, while the association with the BXL causes an initial size increase at 300 nm, probably caused by the adsorption [20] of BXL onto the SLN surface, and/or a slow, gradual distribution of the compound into the nanoparticles matrix; after 3 days, the SLN-BXL z-average stabilizes at 220 nm. The mean particle size values are additionally confirmed by PDI values, which are initially high and then stabilize around 0.2.



Regarding zeta potential, during the first 15 days, both unloaded and loaded SLN show an increment of said absolute value up to −28 mV. Following that day, unloaded SLN undergoes a non-linear decrement of ZP whereas SLN-BXL remains almost unchanged, possibly indicating a balancing effect of BXL on the electrical behavior of SLN.



The results obtained suggest that the preparation is suitable for BXL encapsulation and delivery from a pharmaceutical technology standpoint, since mean size and PDI are nearly unaffected by the compound inclusion, retaining their ideal small values, while zeta potential is even positively influenced and brought to higher absolute values, causing a net negative charge-driven separation between nanoparticles and, thus, avoiding caking phenomena [21]—all in a time period as long as 3 months without usage of preservatives.




2.2. Encapsulation Efficiency


The previously developed methodology, described in [19], based on Sephadex LH20 column chromatography followed by high pressure liquid chromatography—UV quantitative analysis, allows the determination of the entrapment efficiency (EE%) of the SLN. The details are reported in the experimental section. The EE% can be calculated indirectly (see Equations) by quantification of free BXL eluted with acetone from Sephadex LH20, and directly by recovering the SLN-BXL from aqueous eluate. The results achieved with the two equations agree with each other, as the EE% values are between 69.4 and 74.2%. Of note, the formulation employed in this study leads to an increase in encapsulation efficiency (calculated with Equation (1)) compared to that observed in the previous work.



These higher, but not total, encapsulation values provide more control in BXL release over time when in contact with lipophilic matrices such as cellular membranes, diminishing, although not denying, a burst release imputable to free BXL. For a possible therapeutical application, optimal employment of this suspension should be as a whole, so that a rapid onset effect, along with slower long-lasting release, is obtained [22].




2.3. Drug Release


The in vitro release of BXL from SLN is achieved by dialysis method in citrate buffer (pH 5), TRIS buffer (pH 7.4), and H2O/EtOH (80:20). The BXL released within 24 h was assayed by HPLC–UV. The results are reported in Figure 4 as % of cumulative BXL released vs. time. As shown by the black line, the release in citrate buffer is slow, reaching only 3.7% at 24 h, and the release in TRIS buffer shows nearly the same trend. When BXL-SLN are dispersed in H2O/EtOH, the release is faster within 24 h, reaching up to 38.6%.



Since the whole formulation was used, these data suggest that in strongly hydrophilic environments, such as blood (pH 7.4) and acid urine (pH 5), both encapsulated and free BXL remain in and adsorbed onto nanoparticles, respectively (pointing to a possible higher half-life and slower excretion), whilst a broader, faster release over time is observed when SLN come in contact with slightly more lipophilic substrates, such as the proposed H2O/EtOH mixture model (needed for sufficient solubility conditions, since both SLN and BXL are not soluble solely in water) [23] or, as we will see successively, the water-suspended biomembrane model based on DMPC MLV.




2.4. Cell Viability


SLN-BXL treatment does not affect the viability of HFF-1 cells in any concentrations tested after 12 h and 24 h of exposure. BXL and empty SLN also show no toxicity in HFF-1 cells in the same experimental conditions (Figure 5). Since the administration of SLN-BXL, BXL, and empty SLN at 12 h and 24 h induce a similar effect, we have chosen to use 12 h as exposure time for ROS assay.




2.5. ROS Determination


Figure 6 shows that exposure of HFF-1 cells to IL-2β (3 μM) for 12 h increases ROS levels by approximately 50% relative to the control, as revealed by the intensity of the fluorescence; pre-treatment with SLN-BXL can induce, in a dose-dependent manner, a decrease in radical species compared to the cells treated with IL-2β and to the control. In particular, SLN-BXL is more effective than BXL alone, and, at a concentration of 29.2 μM, reduces ROS levels by about 50% compared to untreated cells.



These results may be due to a possible modification of the surface of SLN that allows a greater release of BXL. Furthermore, the data reported in Figure 6 indicate that empty SLN, while not altering cell viability, slightly increase ROS levels compared to control, unlike SLN-BXL. The SLN-BXL formulation, in fact, is able to block the ROS levels induced by IL-2β, and the encapsulation with SLN enhances the antioxidant effect of BXL.



Recently, it was reported that oxidative stress can induce skin damage due to a decrease in the levels of endogenous antioxidants [24,25,26]. Increased levels of ROS can, indeed, be responsible for an altered cellular redox state, DNA damage, and release of pro-inflammatory processes.



The results of the in vitro experiments confirm that the increased ROS levels due to IL-2β treatment in HFF-1 cells are neutralized by SLN-BXL, which sport a stronger antioxidant activity than BXL alone; SLN can then be used to improve the overall efficacy of the compound.




2.6. Empty SLN and SLN-BXL Calorimetric Analysis


The thermotropic behavior of the SLN was evaluated by DSC analysis (Figure 7). The calorimetric curve of empty SLN is characterized by a main peak at 54.40 °C and a shoulder on lower temperature. In the SLN-BXL calorimetric curve, as the temperature increases, a smaller shoulder, a secondary peak at 52.80 °C, and the primary peak at 54.60 °C are observed. The prominent differences among the empty and SLN-BXL calorimetric curves suggest that BXL is inside the SLN structure, affecting its response to heat and temperature-based transitions.




2.7. MLV/SLN Interaction Study


Differential scanning calorimetry was used to evaluate an eventual interaction between a biomembrane model made of DMPC MLV and empty SLN or SLN-BXL.



The interaction was assessed both at pH 5.0 (Figure 8 and Figure 9) and pH 7.4 (Figure 10 and Figure 11). The interaction between MLV and SLN is evidenced by the variation of the calorimetric peaks of MLV and/or SLN. The calorimetric curve of MLV shows a pre-transition peak at about 17 °C, related to the transition from the ordered gel phase to the ripple phase, and a main peak at about 25 °C, related to the transition from the ripple phase to the disordered liquid crystalline phase [27]. The contact of SLN with MLV induces several variations in the calorimetric peaks of MLV and SLN, in both pH conditions.



Regarding the experiment carried out with empty SLN and MLV, the pre-transition peak of MLV disappears and the main peak becomes smaller as the contact time increases; the calorimetric peaks of SLN vary significatively in terms of enthalpy and morphology. In the experiments carried out with SLN-BXL, the calorimetric curve of MLV loses the pre-transition peak, whereas the main peak becomes smaller; the calorimetric curve of SLN-BXL also undergoes evident variations.



Experimental results indicate a strong, pH-independent interaction between both SLN preparations and the MLV biomembrane model that can be supposed to be of penetrative nature, since changes in enthalpy and morphology are far more prominent than temperature-based ones [28]. Moreover, it can be observed, especially at pH 5, that on late scans the calorimetric morphology of both SLN specimens tested becomes gradually similar to practically superimposable, hinting at a complete redistribution of BXL in the MLV matrix and, thus, to a behavioral alignment of SLN-BXL back to empty SLN after the interaction.





3. Materials and Methods


3.1. Materials


Precirol® ATO 5 (Glyceryl Distearate) was kindly donated by Gattefossé (Saint-Pries, France). Tween® 80 (Polysorbate 80) was purchased from Sigma Aldrich Co. (St. Louis, MO, USA). Dimyristoylphosphatidylcholine (DMPC) was obtained from Genzyme (Liestal, Switzerland).



Caffeic acid, Mn(OAc)3* 2 H2O, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), Dulbecco’s modified Eagle’s medium, fetal bovine serum, glucose, penicillin–streptomycin, interleukin-2 (IL-2), and 2′,7′-dichlorofluorescein diacetate were purchased from Sigma Aldrich (Milan, Italy).



Human foreskin fibroblast (HFF-1) cells were obtained from ATCC® SCRC-1041 TM (ATCC, Manassas, VA, USA). Purified water from Millipore-Q® Gradient A10TM ultra-pure water system (Millipore, Guyancourt, France) was used throughout the study.



In the manuscript, the benzoxanthene lignan (diethyl-6,9,10-trihydroxybenzo[k,l]xanthene-1,2-dicarboxylate, indicated as BXL) employed in the formulations was obtained as described previously, and 1H NMR and HPLC–UV analyses established its purity [16].




3.2. SLN Preparation


SLN were prepared by combined PIT and ultrasonication methods, following the procedures reported elsewhere [29,30,31]. Briefly, lipid phase (consisting of 1.5% w/w Precirol® ATO 5 for empty SLN; 1.5% w/w Precirol® ATO 5 plus 0.06% w/w BXL for SLN-BXL) and aqueous phase (consisting of 0.5% w/w Tween® 80 in water) was separately heated at 75 °C on a magnetic heat plate, then the aqueous phase was added drop by drop, at constant temperature and under stirring (300–400 rpm), to the oil phase.



The obtained pre-emulsion was ultrasonicated using a UP400S (Ultra-Schallprozessor, Dr. Hielscher GmbH, Teltow, Germany) for 5 min at amplitude of 70%.




3.3. SLN Characterization


Mean particles size (Z-Average) and polydispersity index (PDI) of the prepared formulations (SLN and SLN-BXL) were determined by dynamic light scattering using a Zetasizer Nano-ZS90 (Malvern Instrument Ltd., Worcs, UK), equipped with a solid-state laser, with a nominal power of 4.5 mW with a maximum output of 5 mW at 670 nm.



Analyses were performed using a 90° scattering angle at 25 ± 0.2 °C. Zeta potential (ZP) was determined using the electrophoretic light scattering (ELS) technique, which measures the electrophoretic mobility of particles in a dispersed system, indicating its stability. For measurements, each sample were prepared diluting 100 µL of SLN suspension with 900 µL of distilled water. Each value was measured at least in triplicate.




3.4. Encapsulation Efficiency


SLN-BXL preparations (0.4 mL) were loaded onto a Sephadex LH20 column (1.0 × 10 cm) eluted in sequence with: water (15 mL), H2O:EtOH (50:50; 10 mL), EtOH (10 mL), and acetone (10 mL). In these conditions, the aqueous fraction contains the entrapped BXL, whereas the acetone fraction contains the unentrapped (free) BXL.



The entrapped and free BXL were quantified by HPLC–UV (Agilent, Series 1100) equipped with a diode array detector set at 280 and 390 nm. The chromatographic separation occurred in a Luna C-18 (Phenomenex; 5 μM, 250 mm × 4.60 mm) column employing the conditions previously adopted [19].



The entrapment efficiency % (EE%) was determined according to Equations (1) and (2):


EE% = [(mgBXLtot − mgBXLfree) ÷ mgBXLtot] × 100



(1)






EE% = (mgBXLentrapped ÷ mgBXLtot) × 100



(2)








3.5. BXL Release from SLN


The in vitro release study of BXL was performed employing dialysis tubes with a molecular weight cut-off of 3.5 kDa (Spectra/Pro, Spectrum Lab., Rancho Dominguez, CA, USA) Briefly, 1 mL of SLN-BXL formulations containing 0.6 mg/mL of BXL were placed into a dialysis tube and dispersed in a beaker containing 20 mL of 50 mM citrate buffer (pH 5), 20 mL of 50 mM TRIS buffer (pH 7.4), or 20 mL of H2O/EtOH 80:20 mixture.



The solution was stirred at 200 rpm at 37 ± 0.5 °C. At pre-determined intervals within 24 h, 1 mL of the release medium was withdrawn and replaced with an equal volume of the same fresh release medium. The samples were lyophilized and then analyzed by HPLC–UV with the same chromatographic conditions employed for the entrapment efficiency determination.




3.6. Cell Culture


HFF-1 were cultured in Dulbecco’s modified Eagle’s medium supplemented with 15% fetal bovine serum, 4.5 g/L glucose, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were seeded in 96-well microplates at a constant density (8 × 103 cells/well) to obtain identical experimental conditions in the different tests, and to achieve a high accuracy of the measurements. After 24 h of incubation in a humidified atmosphere of 5% CO2 at 37 °C to allow cell attachment, the cells were treated with different concentrations of SLN-BXL (7.3–14.6–29.2 μM) and/or with the corresponding amount of BLX and empty SLN (SLN 1:200; 1:100; 1:50) for 12 h and 24 h. Four replicates were performed for each sample. At the end of the treatment, the cells were scraped, washed with PBS, and immediately utilized for the analysis.




3.7. MTT Bioassay


The MTT assay was performed to assess the cells viability. After 24 h of incubation in humidified atmosphere of 5% CO2 at 37 °C to allow cell attachment, cells were treated with different concentrations of empty SLN (1:200; 1:100; 1:50), of BLX and SLN-BXL (7.3–14.6–29.2 μM). This assay measures the conversion of tetrazolium salt to yield colored formazan in the presence of metabolic activity. The amount of formazan is proportional to the number of living cells [32].



The optical density was measured with a microplate spectrophotometer reader (Titertek Multiskan, Flow Laboratories, Helsinki, Finland) at λ = 570 nm. Results are expressed as percentage cell viability with respect to control (untreated cells).




3.8. ROS Determination


The inhibitory effects of SLN on ROS production were investigated on untreated and treated cells using a fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) [33].



This probe, because of its chemical characteristics, diffuses into the cells: intracellular esterases hydrolyze the acetate groups and the resulting DCFH then reacts with intracellular oxidants resulting in the observed fluorescence. The intensity of fluorescence is proportional to the levels of intracellular oxidant species.



HFF1 cells, pre-treated with different concentrations of SLN (1.200; 1:100; 1:50), of BLX and SLN-BXL (7.3–14.6–29.2 μM) for 180 min, were stimulated with interleukin-2β (IL-2β) (3 μM) for 12 h. After treatments the culture medium was aspirated, the cells washed with PBS, treated with DCFH-DA (5 µM) and DAPI (5 µM) in PSB, and incubated for 15 min. After the time had elapsed, fluorescence was read with a microplate reader (Multiskan EX-Thermolab System) by selecting the following wavelengths: DCF (λ excitation = 493 nm; λ emission = 523 nm) and DAPI (λ excitation = 358 nm; λ emission = 461 nm).



The fluorescence of DCF referred to the amount of ROS normalized for the number of cells by calculating the ratio of DCF fluorescence/DAPI fluorescence, and then the results were expressed as a percentage compared to the untreated control.




3.9. Differential Scanning Calorimetry


Calorimetric analysis was performed using a Mettler Toledo STARe thermoanalytical system (Greifensee, Switzerland) equipped with a DSC822 calorimetric cell. A Mettler TA-STARe software (version 16.00) (Greifensee, Switzerland) was used to obtain and analyze data. The calorimeter was calibrated using Indium (99.95%), based on the setting of the instrument. The sensitivity was automatically chosen as the maximum possible by the calorimetric system. For this, 160 µL aluminum calorimetric pans were used. Enthalpy changes were calculated from the peak areas.




3.10. Empty SLN and SLN-BXL Analysis


To evaluate the thermotropic behavior of the SLN, the formulation was submitted to DSC analysis under N2 flow (70 mL/min) as follows: a heating scan from 5 to 85 °C, at 2 °C/min, and a cooling scan from 85 to 5 °C, at 4 °C/min, at least three times to confirm the reproducibility of data [34].




3.11. MLV/SLN Analysis


A total of 30 µL of MLV and 90 µL of SLN or SLN-BXL were placed in a 160 µL DSC aluminum pan, which was hermetically sealed and subjected to calorimetric analysis under N2 flow (70 mL/min) as follows: (1) a heating scan from 5 to 85 °C at the rate of 2 °C/min, (2) a cooling scan from 85 to 37 °C at the rate of 4 °C/min, (3) an isothermal period of one hour at 37 °C, and (4) a cooling scan from 37 to 5 °C (4 °C/min). This procedure was repeated eight times [35].





4. Conclusions


The aim of this research was to prepare solid lipid nanoparticles containing a benzo[k,l]xanthene lignan possessing antioxidant properties to be used for topical application. In a precedent study [19], we obtained a SLN preparation with promising results in terms of physicochemical properties, but which did not display an optimal cytotoxicity assessment; for this reason, a new formulation, based on the same solid lipid, was developed.



SLN-BXL show a mean size around 200 nm, PDI of 0.2, and zeta potential of about −28 mV over a period of three months, and an encapsulation efficiency of ≈70%. SLN-BXL are able to penetrate and release the encapsulated compound into a biomembrane model, and show relevant anti-oxidant activity in an in vitro cellular model, and also an optimal double-action release of BXL in the dialysis-bag experiment. Positively, the formulation does not influence the cellular viability, indicating its safety. In conclusion, based on these results, the formulation can be proposed as a candidate for preventive remedies against skin disorders induced by increased levels of ROS.



In future research, given these promising results, we will assess the insertion of the formulation in a secondary pharmaceutical vehicle for topical delivery: we have already conducted some bibliographic scavenging and preliminary experiments that indicate that hydrogel could be a punctual solution, since it has high biocompatibility with human skin, and it has already been used successfully to contain and release SLN suspensions. The hydrogel we will propose is based on a very water-soluble variant of the Carbopol polymer with the addition of MilliQ water, glycerol, and triethanolamine. These components, in adequate ratios and experimental conditions, form a dense, viscoelastic gel with a rich hydrophilic matrix suitable for the entrapment of the SLN suspension. Preliminary tests show how the product has stable rheological parameters, such as viscosity, complex module, and extrapolated yield point, comparable with other well-studied polymeric hydrogel formulations already employed in SLN delivery; these first promising results will be further deepened in a dedicated study.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27185887/s1, Figure S1: Predicted Physicochemical properties and ADME parameters of BXL.





Author Contributions


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




Funding


This research was funded by MIUR ITALY PRIN 2017 (Project No. 2017A95NCJ).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data were generated at the Department of Drug and Health Sciences and at the Department of Chemical Sciences, University of Catania. Data supporting the results of this study are available from the corresponding authors on request.




Acknowledgments


Authors thank Maria Grazia Saita and Danilo Aleo, Medivis srl, R&D Department, Italy, for rheological tests.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not applicable.




References


	



Khavkin, J.; Ellis, D.A.F. Aging Skin: Histology, Physiology, and Pathology. Facial Plast. Surg. Clin. 2011, 19, 229–234. [Google Scholar] [CrossRef] [PubMed]

	



Prow, T.W.; Grice, J.E.; Lin, L.L.; Faye, R.; Butler, M.; Becker, W.; Wurm, E.M.T.; Yoong, C.; Robertson, T.A.; Soyer, H.P.; et al. Nanoparticles and Microparticles for Skin Drug Delivery. Adv. Drug Deliv. Rev. 2011, 63, 470–491. [Google Scholar] [CrossRef] [PubMed]

	



Garcês, A.; Amaral, M.H.; Sousa Lobo, J.M.; Silva, A.C. Formulations Based on Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) for Cutaneous Use: A Review. Eur. J. Pharm. Sci. 2018, 112, 159–167. [Google Scholar] [CrossRef]

	



Sala, M.; Diab, R.; Elaissari, A.; Fessi, H. Lipid Nanocarriers as Skin Drug Delivery Systems: Properties, Mechanisms of Skin Interactions and Medical Applications. Int. J. Pharm. 2018, 535, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Müller, R.H.; Radtke, M.; Wissing, S.A. Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) in Cosmetic and Dermatological Preparations. Adv. Drug Deliv. Rev. 2002, 54 (Suppl. 1), S131–S155. [Google Scholar] [CrossRef]

	



Pardeike, J.; Hommoss, A.; Müller, R.H. Lipid Nanoparticles (SLN, NLC) in Cosmetic and Pharmaceutical Dermal Products. Int. J. Pharm. 2009, 366, 170–184. [Google Scholar] [CrossRef]

	



Desai, P.; Patlolla, R.R.; Singh, M. Interaction of Nanoparticles and Cell-Penetrating Peptides with Skin for Transdermal Drug Delivery. Mol. Membr. Biol. 2010, 27, 247–259. [Google Scholar] [CrossRef] [PubMed]

	



Mardhiah Adib, Z.; Ghanbarzadeh, S.; Kouhsoltani, M.; Yari Khosroshahi, A.; Hamishehkar, H. The Effect of Particle Size on the Deposition of Solid Lipid Nanoparticles in Different Skin Layers: A Histological Study. Adv. Pharm. Bull. 2016, 6, 31–36. [Google Scholar] [CrossRef]

	



Bickers, D.R.; Athar, M. Oxidative Stress in the Pathogenesis of Skin Disease. J. Investig. Dermatol. 2006, 126, 2565–2575. [Google Scholar] [CrossRef] [PubMed]

	



Genovese, C.; Pulvirenti, L.; Cardullo, N.; Muccilli, V.; Tempera, G.; Nicolosi, D.; Tringali, C. Bioinspired Benzoxanthene Lignans as a New Class of Antimycotic Agents: Synthesis and Candida Spp. Growth Inhibition. Nat. Prod. Res. 2020, 34, 1653–1662. [Google Scholar] [CrossRef]

	



Tumir, L.-M.; Zonjić, I.; Žuna, K.; Brkanac, S.R.; Jukić, M.; Huđek, A.; Durgo, K.; Crnolatac, I.; Glavaš-Obrovac, L.; Cardullo, N.; et al. Synthesis, DNA/RNA-Interaction and Biological Activity of Benzo[k,l]Xanthene Lignans. Bioorg. Chem. 2020, 104, 104190. [Google Scholar] [CrossRef]

	



Gerstmeier, J.; Kretzer, C.; Di Micco, S.; Miek, L.; Butschek, H.; Cantone, V.; Bilancia, R.; Rizza, R.; Troisi, F.; Cardullo, N.; et al. Novel Benzoxanthene Lignans That Favorably Modulate Lipid Mediator Biosynthesis: A Promising Pharmacological Strategy for Anti-Inflammatory Therapy. Biochem. Pharmacol. 2019, 165, 263–274. [Google Scholar] [CrossRef]

	



Vijayakurup, V.; Carmela, S.; Carmelo, D.; Corrado, T.; Srinivas, P.; Gopala, S. Phenethyl Caffeate Benzo [Kl] Xanthene Lignan with DNA Interacting Properties Induces DNA Damage and Apoptosis in Colon Cancer Cells. Life Sci. 2012, 91, 1336–1344. [Google Scholar] [CrossRef] [PubMed]

	



Capolupo, A.; Tosco, A.; Mozzicafreddo, M.; Tringali, C.; Cardullo, N.; Monti, M.C.; Casapullo, A. Proteasome as a New Target for Bio-Inspired Benzo[k,l]Xanthene Lignans. Chem. Weinh. Bergstr. Ger. 2017, 23, 8371–8374. [Google Scholar] [CrossRef] [PubMed]

	



Di Micco, S.; Mazué, F.; Daquino, C.; Spatafora, C.; Delmas, D.; Latruffe, N.; Tringali, C.; Riccio, R.; Bifulco, G. Structural Basis for the Potential Antitumour Activity of DNA-Interacting Benzo [Kl] Xanthene Lignans. Org. Biomol. Chem. 2011, 9, 701–710. [Google Scholar] [CrossRef] [PubMed]

	



Spatafora, C.; Barresi, V.; Bhusainahalli (Vedamurthy BM), V.; Micco, S.; Musso, N.; Riccio, R.; Bifulco, G.; Condorelli, D.; Tringali, C. Bio-Inspired Benzo[k,l]Xanthene Lignans: Synthesis, DNA-Interaction and Antiproliferative Properties. Org. Biomol. Chem. 2014, 12, 2686–2701. [Google Scholar] [CrossRef] [PubMed]

	



Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [Google Scholar] [CrossRef]

	



Daina, A.; Michielin, O.; Zoete, V. ILOGP: A Simple, Robust, and Efficient Description of n-Octanol/Water Partition Coefficient for Drug Design Using the GB/SA Approach. J. Chem. Inf. Model. 2014, 54, 3284–3301. [Google Scholar] [CrossRef]

	



Torrisi, C.; Cardullo, N.; Muccilli, V.; Tringali, C.; Castelli, F.; Sarpietro, M.G. Characterization and Interaction with Biomembrane Model of Benzo[k,l]Xanthene Lignan Loaded Solid Lipid Nanoparticles. Membranes 2022, 12, 615. [Google Scholar] [CrossRef]

	



Gaspar, D.P.; Serra, C.; Lino, P.R.; Gonçalves, L.; Taboada, P.; Remuñán-López, C.; Almeida, A.J. Microencapsulated SLN: An Innovative Strategy for Pulmonary Protein Delivery. Int. J. Pharm. 2017, 516, 231–246. [Google Scholar] [CrossRef]

	



Shnoudeh, A.J.; Hamad, I.; Abdo, R.W.; Qadumii, L.; Jaber, A.Y.; Surchi, H.S.; Alkelany, S.Z. Chapter 15—Synthesis, Characterization, and Applications of Metal Nanoparticles. In Biomaterials and Bionanotechnology; Tekade, R.K., Ed.; Advances in Pharmaceutical Product Development and Research; Academic Press: Cambridge, MA, USA, 2019; pp. 527–612. ISBN 978-0-12-814427-5. [Google Scholar]

	



Barbosa, R.D.M.; Ribeiro, L.N.M.; Casadei, B.R.; da Silva, C.M.G.; Queiróz, V.A.; Duran, N.; de Araújo, D.R.; Severino, P.; de Paula, E. Solid Lipid Nanoparticles for Dibucaine Sustained Release. Pharmaceutics 2018, 10, 231. [Google Scholar] [CrossRef] [PubMed]

	



Çankaya, G.; Akyol, S.; Genç, C.O.; Arslan, B.Ö.; Gökalp, M.U. A Novel and an Alternative in Vitro Release Test for Hydrophobic Diflorasone Diacetate Ointment with Dialysis Method by Using Reciprocating Cylinder, USP Apparatus 3. Glob. J. Pharm. Pharm. Sci. 2021, 8, 1–5. [Google Scholar] [CrossRef]

	



Tomasello, B.; Malfa, G.A.; Acquaviva, R.; La Mantia, A.; Di Giacomo, C. Phytocomplex of a Standardized Extract from Red Orange (Citrus sinensis L. Osbeck) against Photoaging. Cells 2022, 11, 1447. [Google Scholar] [CrossRef]

	



Cao, C.; Xiao, Z.; Wu, Y.; Ge, C. Diet and Skin Aging-From the Perspective of Food Nutrition. Nutrients 2020, 12, 870. [Google Scholar] [CrossRef]

	



Bissett, D.L.; Chatterjee, R.; Hannon, D.P. Photoprotective Effect of Superoxide-Scavenging Antioxidants against Ultraviolet Radiation-Induced Chronic Skin Damage in the Hairless Mouse. Photodermatol. Photoimmunol. Photomed. 1990, 7, 56–62. [Google Scholar] [PubMed]

	



Walde, P. Preparation of Vesicles (Liposomes). In Encyclopedia of Nanoscience and Nanotechnology; American Scientific Publishers: Stevenson Ranch, CA, USA, 2004; Volume 8, pp. 43–79. ISBN 1-58883-001-2. [Google Scholar]

	



Pignatello, R.; Intravaia, V.D.; Puglisi, G. A Calorimetric Evaluation of the Interaction of Amphiphilic Prodrugs of Idebenone with a Biomembrane Model. J. Colloid Interface Sci. 2006, 299, 626–635. [Google Scholar] [CrossRef] [PubMed]

	



Sarpietro, M.G.; Accolla, M.L.; Puglisi, G.; Castelli, F.; Montenegro, L. Idebenone Loaded Solid Lipid Nanoparticles: Calorimetric Studies on Surfactant and Drug Loading Effects. Int. J. Pharm. 2014, 471, 69–74. [Google Scholar] [CrossRef] [PubMed]

	



Ricci, M.; Puglia, C.; Bonina, F.; Di Giovanni, C.; Giovagnoli, S.; Rossi, C. Evaluation of Indomethacin Percutaneous Absorption from Nanostructured Lipid Carriers (NLC): In Vitro and in Vivo Studies. J. Pharm. Sci. 2005, 94, 1149–1159. [Google Scholar] [CrossRef] [PubMed]

	



Daré, R.G.; Costa, A.; Nakamura, C.V.; Truiti, M.C.T.; Ximenes, V.F.; Lautenschlager, S.O.S.; Sarmento, B. Evaluation of Lipid Nanoparticles for Topical Delivery of Protocatechuic Acid and Ethyl Protocatechuate as a New Photoprotection Strategy. Int. J. Pharm. 2020, 582, 119336. [Google Scholar] [CrossRef]

	



Acquaviva, R.; Tomasello, B.; Di Giacomo, C.; Santangelo, R.; La Mantia, A.; Naletova, I.; Sarpietro, M.G.; Castelli, F.; Malfa, G.A. Protocatechuic Acid, a Simple Plant Secondary Metabolite, Induced Apoptosis by Promoting Oxidative Stress through HO-1 Downregulation and P21 Upregulation in Colon Cancer Cells. Biomolecules 2021, 11, 1485. [Google Scholar] [CrossRef] [PubMed]

	



Tomasello, B.; Di Mauro, M.D.; Malfa, G.A.; Acquaviva, R.; Sinatra, F.; Spampinato, G.; Laudani, S.; Villaggio, G.; Bielak-Zmijewska, A.; Grabowska, W.; et al. Rapha Myr®, a Blend of Sulforaphane and Myrosinase, Exerts Antitumor and Anoikis-Sensitizing Effects on Human Astrocytoma Cells Modulating Sirtuins and DNA Methylation. Int. J. Mol. Sci. 2020, 21, 5328. [Google Scholar] [CrossRef] [PubMed]

	



Torrisi, C.; Di Guardia, M.; Castelli, F.; Sarpietro, M.G. Naringenin Release to Biomembrane Models by Incorporation into Nanoparticles. Experimental Evidence Using Differential Scanning Calorimetry. Surfaces 2021, 4, 295–305. [Google Scholar] [CrossRef]

	



Torrisi, C.; Morgante, A.; Malfa, G.; Acquaviva, R.; Castelli, F.; Pignatello, R.; Sarpietro, M.G. Sinapic Acid Release at the Cell Level by Incorporation into Nanoparticles: Experimental Evidence Using Biomembrane Models. Micro 2021, 1, 120–128. [Google Scholar] [CrossRef]








[image: Molecules 27 05887 sch001 550] 





Scheme 1. BXL structure. 
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Figure 1. SLN mean particle size. The results are shown as mean ± standard deviation. Confidence intervals calculated by two-way ANOVA: **** = p < 0.0001. 
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Figure 2. SLN polydispersity index (PDI). The results are shown as mean ± standard deviation. Confidence intervals calculated by two-way ANOVA: ns = not significant; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
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Figure 3. SLN zeta potential. The results are shown as mean ± standard deviation. Confidence intervals calculated by two-way ANOVA: ns = not significant; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
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Figure 4. In vitro BXL release profile in citrate buffer (pH 5; black line) and in H2O:EtOH 80:20 mixture (red line). The data plotted are means (n = 3) ± SD. 
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Figure 5. Cell viability in HFF-1 untreated (Ctr) and treated with empty SLN, BXL, and SLN-BXL at different concentrations. Values are expressed as mean ± S.D. of four experiments in triplicate. 
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Figure 6. ROS levels in HFF-1 cells untreated (Ctr), treated with IL-2β (3 µM), and pre-treated with SLN, BXL, and SLN-BXL at different concentrations. Values are expressed as mean ± S.D. of four experiments in triplicate. + Significant vs. untreated control cells p < 0.001; ** significant vs. IL-2β-treated cells: p < 0.001. 
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Figure 7. Calorimetric curves, in heating mode, of SLN and SLN-BXL. 
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Figure 8. Calorimetric curves, in heating mode, of MLV put in contact with empty SLN, at pH 5, at increasing incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the samples before contact. 
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Figure 9. Calorimetric curves, in heating mode, of MLV put in contact with SLN-BXL at pH 5, at increasing incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the samples before contact. 
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Figure 10. Calorimetric curves, in heating mode, of MLV put in contact with empty SLN, at pH 7.4, at increasing incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the samples before contact. 
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Figure 11. Calorimetric curves, in heating mode, of MLV put in contact with SLN-BXL, at pH 7.4, at increasing incubation time. The numbers on the right side of the curves refer to the calorimetric scans. The curves 0 refer to the samples before contact. 
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