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Among bisnaphthalimidopropyl (BNIP) derivatives, BNIPDaoct and BNIPDanon recently came forward with antileishmanial activities beyond the standard, commercialized antileishmanial therapies. However, high-level toxicity on macrophages plus poor aqueous solubility and poor bioavailability of the compounds limit their application in therapies. Addressing these limitations, the present study introduces BNIPDaoct- and BNIPDanon-loaded emulsomes as lipid-based nanocarrier systems. Accordingly, emulsome formulations were prepared with the presence of BNIP compounds. The average diameters of BNIPDaoct- and BNIPDanon-loaded emulsomes were found as 363.1 and 337.4 nm, respectively; while empty emulsomes differed with a smaller average particle diameter, i.e., 239.1 nm. All formulations exhibited a negative zeta potential value. The formulations achieved the encapsulation of BNIPDaoct and BNIPDanon at approximately 0.31 mg/ml (501 µM) and 0.24 mg/ml (387 µM), respectively. The delivery of BNIP within the emulsomes improved the antileishmanial activity of the compounds. BNIPDaoct-loaded emulsome with 50% inhibitory concentration (IC50) value of 0.59 ± 0.08 µM was in particular effective against Leishmania infantum promastigotes compared to free BNIPDaoct (0.84 ± 0.09 µM), free BNIPDanon (1.85 ± 0.01 µM), and BNIPDanon-loaded emulsome (1.73 ± 0.02 µM). Indicated by at least ≥ 2-fold higher 50% cytotoxic concentration (CC50) values, the incorporation of BNIP into emulsomes significantly reduced the toxicity of BNIPs against macrophages, corresponding to up to 16-fold improvement in selectivity index (CC50/IC50) for L. infantum promastigotes. The infection rates of macrophages were determined using dual-fluorescent flow cytometry as 68.6%. Both BNIP formulations at concentration of 1.87 µM reduced the parasitic load nearly to 40%, whereas BNIPDaoct-loaded emulosmes could further decrease the parasitic load below 20% at 7.5 µM and above. In conclusion, the incorporation of BNIPDaoct and BNIPDanon into emulsomes results in water-soluble dispersed emulsome formulations that do not only successfully facilitate the delivery of BNIP compounds into the parasites and the Leishmania-infected macrophages in vitro but also enhance antileishmanial efficacy as proven by the decline in IC50 values. The selectivity of the formulation for L. infantum parasites further contributes to the challenging safety profile of the compounds. The promising in vitro antileishmanial efficacy of BNIP-loaded emulsomes highlights the potential of the system for the future in vivo studies.
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HIGHLIGHTS

Emulsome is considered as a prominent drug delivery strategy to overcome the drug solubility and toxicity limitations of bisnapthalimidopropyl (BNIP) derivatives for their potential use in antileishmanial therapy.
Emulsomes loaded with BNIPDaoct and BNIPDanon with average diameters above 300 nm achieved concentrations as high as 0.31 mg/ml (501 µM) and 0.24 mg/ml (387 µM), respectively.
Emulsomes enhanced the antileishmanial activity of BNIPDaoct and BNIPDanon on both Leishmania infantum parasites and Leishmania-infected macrophages, thereby reducing their toxicities on macrophages.
BNIPDaoct-loaded emulsome with the IC50 value of 0.59 ± 0.08 µM was in particular effective against Leishmania infantum promastigotes compared to BNIPDaoct (0.84 ± 0.09 µM), BNIPDanon (1.85 ± 0.01 µM), and BNIPDanon-loaded emulsome (1.73 ± 0.02 µM).
Delivered within the emulsomes, the selectivity of the BNIP compounds has been improved up to 16-fold (CC50/IC50) for Leishmania infantum promastigotes.
1 INTRODUCTION
Leishmaniasis is a neglected tropical disease caused by the protozoan parasites of the genus Leishmania and affects numerous species including humans, where the infection begins with a bite of phlebotomine sandflies. There are over 20 species of Leishmania, which survive and replicate as either extracellular promastigotes in sandflies or intracellular amastigotes inside mammalian macrophages (Rodrigues et al., 2016). Leishmaniasis is endemic in 98 tropical and subtropical countries with more than 350,000 people at risk as it is estimated that 1.3 million new cases of leishmaniasis occur every year (World Health Organization, 2013). Clinical manifestations of leishmaniasis are divided into three clinical forms: cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral leishmaniasis (VL) known as “Kala Azar”, where the latter is fatal when left untreated.
The available treatment options of leishmaniasis rely on pentavalent antimonials—i.e., sodium stibogluconate (pentostan) and meglumine antimoniate (glucantim), pentamidine, conventional amphotericin B (AmpB) deoxycholate, miltefosine, paramomycin (aminosidine), micellar formulation of AmpB (fungizone), AmpB lipid complex (Abelcet), and liposomal AmpB (AmBisome) (Sundar et al., 2002a; Sundar et al., 2002b; Sundar et al., 2003; Köse et al., 2004; Sundar et al., 2004; Murray et al., 2005; Sundar and Chatterjee, 2006; Tiuman et al., 2011; Sundar and Chakravarty, 2013; Aronson, 2017). However, these therapies have certain drawbacks associated with 1) their limited efficacy on parasites (Gupta et al., 2013), 2) multiple adverse effects due to their low therapeutic index (Al-Natour, 2009), 3) requirement for careful and slow intravenous administration due to their toxicities (e.g., AmpB) (Freitas-Junior et al., 2012), and 4) drug resistance developed against the therapy (Sundar et al., 2002a, 2003; Ouellette et al., 2004; Murray et al., 2005; Croft et al., 2006; Sundar and Chatterjee, 2006; Gupta et al., 2007, 2013; Natera et al., 2007; Chakravarty and Sundar, 2010). Moreover, low water solubility and poor bioavailability are the other drawbacks limiting the use of current therapies and further increase the need for new medical therapies.
Therefore, the success in anti-leishmanial therapy largely lies on development of alternative chemotherapy strategies and discovery of new drug molecules with improved characteristics. Several studies reported novel drug candidates with promising efficacy against leishmaniasis (Smith et al., 2000; Kumari et al., 2008; Jain and Jain, 2013; Makala and Baban, 2014). Among these potential therapeutic agents, bisnapthalimidopropyl (BNIP) derivatives, formulated by two naphthalimide groups linked with a natural polyamine chain, recently came forward with antileishmanial activities that even surpass the standard, commercialized AmpB therapy (Tavares et al., 2012). BNIP derivatives act as NAD+ competitive silent regulator inhibitors, known as sirtuins, and display selectivity for Leishmania species by preferentially inhibiting the Leishmania infantum cytosolic SIR2-related protein 1 (LiSIR2RP1), i.e., the sirtuin of L. infantum (Tavares et al., 2010, 2012). Structural difference between the parasitic and human sirtuins is recognized as the reason for up to 17-fold selectivity (Tavares et al., 2010). BNIP derivatives displayed anti-proliferative effects on the life cycle of L. infantum and induced the death of promastigote forms by apoptosis (Tavares et al., 2005; Oliveira et al., 2007; Tavares et al., 2010). BNIP derivatives were found more effective than the standard AmpB in reducing the spleen parasite load under a short period of treatment (Tavares et al., 2012).
With two naphthalimide groups linked by a polyamine chain of different sizes and side groups, BNIP derivatives may display varieties in both molecular structure and antileishmanial activity. For instance, BNIP diaminooctane (BNIPDaoct) and BNIP diaminononane (BNIPDanon) with their eight- and nine-carbon chain polyamine chains, respectively (Figure 1), were shown to have 50% inhibitory concentration (IC50) values of 0.78 ± 0.05 µM and 0.78 ± 0.10 µM against L. infantum promastigotes, respectively (Oliveira et al., 2007). However, the bioactivity of the compound is not limited with Leishmania promastigotes and amastigotes. High bioactivity of the compounds leads also toxicity on macrophages. On the other hand, hydrophobic characteristics of the compounds result in low aqueous solubility and bioavailability. Furthermore, intracellular localization of the parasite within the macrophages is the other challenge restraining the antileishmanial effect of the therapy on the target site.
[image: Figure 1]FIGURE 1 | Scheme of BNIPDaoct and BNIPDanon.
Drug delivery systems together with nanoparticle technology is considered as a prominent strategy to overcome drug solubility problems and toxicity of antileishmanial agents such as AmpB (Ambisome™ and Fungizone™) (Gupta and Vyas, 2007; Adler-moore and Proffitt, 2008; Sundar and Jaya, 2010; Croft and Olliaro, 2011; Costa Lima et al., 2012a; Costa Lima et al., 2012b; Mohamed-Ahmed et al., 2012) and, hence, are also thought to be suitable for BNIP compounds. The delivery of BNIP derivatives within drug delivery systems may decrease side effects of the compounds on macrophages and improve the efficacy of the therapy. With this aim, polymeric nanoparticles including poly(lactic-co-glycolic acid) (PLGA) (Costa Lima et al., 2012a) and copolymer poly(lactic acid)-polyethylene glycol (PLA–PEG) (Costa Lima et al., 2012b) have been recently used to produce BNIP-loaded nanoparticular systems with improved characteristics. The incorporation of BNIP derivatives into the polymeric nanoparticles, indeed, increased the efficacy in the delivery of compounds into the macrophages, thereby decreasing the level of the interaction of the compounds with the macrophages’ membrane and reducing toxicity thereafter (Costa Lima et al., 2012a; Costa Lima et al., 2012b).
Likewise, our study introduces an alternative lipid-based drug delivery system, so-named emulsomes, for the delivery of BNIPDaoct and BNIPDanon compounds to L. infantum promastigotes and macrophages infected therewith. Because of the natural feature of lipids, lipid-based drug delivery systems are known to accumulate in the organs of the reticuloendothelial system (RES), instead of the kidney (Date et al., 2007). As parasites are also located in the organs of RES, use of emulsomes are expected to largely reduce toxicity and to improve the antileishmanial efficacy of the compounds in equal or higher extent than their polymeric alternatives.
Emulsomes are biocompatible lipoidal vesicular systems comprising of a solid fat core surrounded by phospholipid (PL) multi-layers (Ucisik et al., 2013a). Like liposomes, emulsomes are stabilized by PL (multi-)layers as outermost structure. Stabilizing the solid core, PLs eliminate the need for surfactants, thereby providing a high degree of biocompatibility (Ucisik et al., 2015a). The solid- or crystalline-state fat or triglyceride core brings emulsomes two major advantages including 1) high load capacity for lipophilic compounds, where the lipophilic cargo can be present in both the PL layers and the solid fat core, and 2) prolonged release of the cargo from the inner solid matrix (Ucisik et al., 2013a; Ucisik et al., 2013b; Bolat et al., 2020). These two features make emulsomes a better alternative to liposomes for delivery of lipophilic compounds such as BNIPDaoct and BNIPDanon.
As a natural feature shared by lipids, emulsomes are expected to achieve accumulation of the drug in the organs of the RES instead of the kidney, which may largely reduce toxicity of BNIP compounds and improve the antileishmanial efficacy of the treatment, as parasites are also located in the organs of RES. Previous studies have verified the capability of the emulsomes as a lipid-based and surfactant-free drug delivery system for a number of lipophilic compounds on various cancer cells (Paliwal et al., 2009; Ucisik et al., 2013a; Ucisik et al., 2013b; Alhakamy et al., 2020; Bolat et al., 2020; Kammath et al., 2020), neuron cells (El-Zaafarany et al., 2018; Yilmaz et al., 2020), parasites (Gupta et al., 2007; Gupta and Vyas, 2007; Gill et al., 2011; Pal et al., 2012), fungi (Kretschmar et al., 2001; Vyas et al., 2009), and viruses (Heiati et al., 1997; Lowell et al., 1997; Heiati et al., 1998; Vyas et al., 2006). These findings in the literature highlight the potential of emulsomes as prominent drug delivery system for poorly water-soluble therapeutic agents such as BNIPDaoct and BNIPDanon.
In this study, BNIPDanon- and BNIPDaoct-loaded emulsome formulations were developed to enhance delivery of the compounds to L. infantum parasites and infected macrophages and, by this means, to improve the efficacy of the therapy, thereby minimizing the hazardous effects on healthy macrophages. The anti-leishmanial efficacy of BNIP-loaded emulsomes was evaluated through analysis on cell viability of L. infantum parasites and infected macrophages, whereas the analysis on non-infected macrophages questioned the safety of the designed formulation in the in vitro model.
2 MATERIALS AND METHODS
2.1 Materials
Glyceryl tripalmitate (tripalmitin, purity ≥ 99%), 1,2-dipalmitoyl-rac-glycero-3-phosphocholine (DPPC, ∼99%), and cholesterol (≥99%) were purchased from Sigma-Aldrich, Germany. Chloroform (≥99.8%) was obtained from Fluka Chemika, Germany. All chemicals were used as received without further purification. 1,8-naphthalic anhydride, 1,3-diaminopropane, N,N-diisopropylethylamine (DIEA), and 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU) were purchased from Sigma-Aldrich (Germany). Solvents such as methanol, ethanol, and toluene were purchased as sure seal dry solvents from Sigma-Aldrich, Germany. Dimethyl sulfoxide (DMSO) was purchased from Fisher BioReagents, United States. Resazurin sodium salt (R7017 - 1G) for Alamar Blue Assay was purchased from Sigma-Aldrich, Germany. PKH67 Green Fluorescent Cell Linker Kits and PKH26 Red Fluorescent Cell Linker Kits were obtained from Sigma-Aldrich, Germany.
2.2 Synthesis of BNIP Derivatives
Synthesis of BNIP derivatives were accomplished as described by Keskin and others (Keskin et al., 2019). Accordingly, the synthesis involves two-step reactions. Reactions were conducted under an atmosphere of nitrogen, using pre-dried septa. The tips of cannulae were flame-dried under a stream of dry nitrogen gas prior to use. All oxygen- and moisture-sensitive reactions described herein were performed in glassware that was oven dried (110°C, 12 h) then flame dried (N2 stream) immediately prior to use.
In the first step, the substitution reaction between 1,8-naphthalic anhydride (198 mg, 1 mmol) and 1,3-diaminopropane (93 mg, 1.3 mmol) at 75°C in ethanol (30 ml) as solvent provided the intermediate compound, naphthalimidopropanamine ([2-(3-aminopropyl)-1H-benzo [de]isoquinoline-1,3(2H)-dione]), with 81% yield. In the second step, the intermediate compound (508 mg, 2 mmol) and 1,8-dibromoctane (272 mg, 1 mmol) were let into reaction in the presence of DBU base (152 mg, 1 mmol) in methanol to produce BNIPDaoct. The two-step BNIPDaoct synthesis was achieved overall with 48% yield (Keskin et al., 2019).
For the synthesis of BNIPDanon, the intermediate compound (508 mg, 2 mmol) was let into reaction with DIEA (259 mg, 2 mmol), and 1,9-dibromononane (286 mg, 1 mmol) were added to in toluene/ethanol (1:1) (60 ml) and then were followed by reflux for 48 h. BNIPDanon synthesis was achieved overall with 50% yield (Keskin et al., 2019).
For the analysis of products, analytical thin-layer chromatography (TLC) was performed on glass-backed 250∼plates by visualizing with anisaldehyde and phosphomolybdic acid. 1H Spectra were recorded at 500 MHz and 13C spectra at 125 MHz, both on a Bruker AM 400 instrument (Bruker, Karlsruhe, Germany). Mass spectra were recorded on a Shimadzu mass spectrometry (MS) system equipped with electron spray ionization source operated in a positive mode (Kyoto, Japan). Mass spectra were recorded on a Shimadzu MS system. In all synthetic methods, appropriate reference methods were used. LC-MS and NMR data of the synthesis products and intermediate compounds are available in the previously published study of Keskin et al. (2019).
2.3 Preparation of Emulsome Loaded With Bisnaphthalimidopropyl Derivative Compounds
BNIPDaoct and BNIPDanon-loaded emulsomes have been separately synthesized applying the procedure described before with slight modifications (Ucisik et al., 2013b; Ucisik et al., 2015b). Briefly, the conventional rotary evaporation procedure was used where lipids (i.e., tripalmitin, dipalmitoylphosphatidylcholine, and cholesterol) together with BNIPDaoct/BNIPDanon were first dissolved in organic solvent (i.e., chloroform). Solvent was completely removed. The obtained dry lipid film was rehydrated with an aqueous solution. Ultrasonication was used to homogenize the emulsomes in terms of size and shape. BNIPDaoct- and BNIPDanon-loaded emulsome preparations were centrifuged at 16,100 g for 10 min to spin down unincorporated BNIPDaoct/BNIPDanon. The supernatant, i.e., emulsome suspension, was kept at 4°C for further characterization and cell culture studies. Empty emulsomes were prepared applying the same procedure without the addition of BNIPDaoct/BNIPDanon.
2.4 Characterization of Emulsome Formulations
2.4.1 Measurement of Size, Polydispersity, and Zeta Potential
The size distribution, polydispersity index (PDI), mean particle size, and mean zeta potential of the emulsome formulations were determined at 25°C by using a zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd., UK). Prior to the measurement, the emulsome suspensions were diluted with 1 mM KCl to suitable concentrations. All results were obtained as the average value of triplicate samplings and measurements for each formulation. The dispersity of the formulations in water was additionally investigated under confocal laser scanning microscopy (CLSM).
2.4.2 Morphological Analysis
Scanning electron microscope (SEM) (Zeiss EVO-HD-15) was used to analyze size, shape, and morphology of the prepared emulsome formulations. Before imaging, a short-term fixation procedure was applied, as previously described (Bolat et al., 2020). Briefly, emulsome formulations were placed into an aluminum holder and incubated overnight at 4°C. For the fixation, dried formulations were treated with phosphate-buffered saline (PBS) containing 2.5% glutaraldehyde for 15 min. Samples washed with distilled water three times in total 10 min. Following gold sputtering (EM ACE200, Leica), the samples were observed under SEM (Zeiss EVO-HD-15).
2.4.3 Quantification of BNIPDaoct and BNIPDanon Encapsulated in Emulsome Formulations
Both BNIPDaoct and BNIPDanon content within the emulsome formulations were quantified using the intrinsic fluorescent properties of the compounds, as described by Lima and the colleagues (Costa Lima et al., 2012b). Following excitation at 330 nm, the emitted fluorescence was read at 495 nm using UV-vis spectrophotometer (Spectramax i3 Multi-Mode Microplate Reader Detection Platform). BNIPDaoct and BNIPDanon stock solutions (1 mg/ml) were prepared in DMSO. Standard samples (0, 5, 10, 20, 50, and 100 μg/ml) were prepared from the stock solutions with successive dilutions in 96-well microplates (NEST Scientific, catalog no. 701001). Both BNIPDanon and BNIPDaoct emulsome formulations were diluted in 1:10 ratios with DMSO. A standard curve was prepared from the emitted fluorescence values of standards. BNIPDanon and BNIPDaoct concentrations in emulsomes were estimated by the read-out of the fluorescence intensity and its corresponding concentration value on the standard curve.
2.4.4 Encapsulation Efficiency
Encapsulation efficiency of BNIPDaoct and BNIPDanon emulsome formulations were calculated according to the following equation:
[image: image]
Wincorporated compound is the amount of BNIPDaoct/BNIPDanon in the emulsomes; Wtotal is the amount of BNIPDaoct/BNIPDanon used in the formulation.
2.5 Parasite and Macrophage Cell Culture
2.5.1 Parasite Culture
Leishmania infantum promastigotes (MHOM/MA/67/ITMAP-263) were kindly provided by Dr. Ana M. Tomás [Institute for Molecular and Cell Biology (IBMC), University of Porto (Portugal)]. Leishmania infantum promastigotes were cultured at 25°C in RPMI 1640 GlutaMAX (Gibco) supplemented with 10% (v/v) inactivated fetal bovine serum (iFBS), penicillin (50 U/ml), streptomycin (50 μg/ml), and 20 mM HEPES sodium salt (pH 7.4) (Sigma-Aldrich, Germany). Infective metacyclic promastigotes were obtained from stationary phase cultures of L. infantum for no longer than seven passages to maintain infectivity. Promastigotes were collected from the pellet by centrifugation at 3,000 g for 10 min (Gomes-Alves et al., 2018).
2.5.2 Macrophage Cell Culture
The murine macrophage cell line J774A.1 (TIB-67) was purchased from American Type Culture Collection (Rockville, MD). Cells were cultured as a monolayer at 37°C in a humidified atmosphere containing 5% CO2, in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 2 mM l-glutamine, penicillin (100 U/ml), and streptomycin (100 μg/ml) (Biological Industries, Beit Haemek, Israel). Cells were maintained in culture by sub-passaging every 3 days.
2.5.3 Cytotoxicity Assay on Leishmania infantum Promastigotes
Effects of BNIPDaoct, BNIPDanon, BNIPDaoct-loaded, and BNIPDanon-loaded emulsome formulations on viability of L. infantum promastigotes were tested using the standard resazurin assay. Accordingly, L. infantum promastigotes at exponential phase of growth were placed in 96-well plates at 3 × 105 cells per well in completed RPMI medium. L. infantum parasites were exposed to free forms and emulsome formulations of BNIPDaoct/BNIPDanon at different concentrations (0–10 µM) and further incubated for 72 h. Empty emulsome was used as control group to evaluate if emulsome alone result in any alteration on viability of L. infantum promastigotes. At the end of the treatment, 10% (v/v) of a 2.5 mM resazurin solution (Sigma)–Alamar Blue was added to each well and fluorescence measured (excitation at 560 nm; emission at 590 nm) using a UV-vis spectrophotometer (Spectramax i3 Multi-Mode Microplate Reader Detection Platform). Parasite viabilities were estimated as the percentages compared to the negative control group, where no treatment was applied. Data were analyzed with GraphPad Prism 6.1 software, and the IC50 values were determined (Oliveira et al., 2016).
2.5.4 Cell Viability Assay on Macrophages
J774A.1 murine macrophages were incubated in the presence of BNIPDaoct and BNIPDanon in both free forms and emulsome formulations. Cell viabilities were determined using the standard resazurin assay (Sigma-Aldrich, Germany). Briefly, J774A.1 cells were seeded in 96-well plates with a density of 10,000 cells per well. After 24 h of incubation, cells were treated with different concentrations of BNIPDaoct and BNIPDanon in free forms and with their emulsome formulations. Following the incubation with BNIPDaoct, BNIPDanon, BNIPDaoct-loaded, and BNIPDanon-loaded emulsomes for 24, 48, and 72 h, cells were incubated in 10% (v/v) of a 2.5 mM resazurin solution (Sigma) for 2 h. The fluorescence intensity was measured (excitation at 560 nm; emission at 590 nm) using a UV-vis spectrophotometer (Spectramax i3 Multi-Mode Microplate Reader Detection Platform). Cell viability was calculated as the percentage compared to negative control culture. Data were analyzed with GraphPad Prism 6.1 software and 50% cytotoxic concentration (CC50) values determined.
2.5.5 Staining of Macrophages and Parasites With Fluorescence Dyes
J774A.1 macrophages and L. infantum promastigotes were stained with PKH26 (Red Fluorescent Cell Linker Kit, Sigma-Aldrich) and PKH67 (Green Fluorescent Cell Linker Kit, Sigma-Aldrich), respectively, as described by Islek et al. (2021). Briefly, a total of 107 cells/ml were used as cell/parasite concentration. Prior to the infection, the promastigotes were examined by flow cytometry (BD FACSCalibur, United States) with a total of 100,000 events to ensure that all parasites are successfully stained with PKH67 dye and can be detected by flow cytometry.
2.5.6 Flow Cytometry for Cell Viability Analysis of Macrophages Infected With Leishmania infantum Promastigotes
PKH26-labeled J774A.1 cells were seeded on 12-well plates with a density of 180,000 cells per well and incubated at 37°C and 5% CO2. After 24 h of incubation, J774A.1 cells were infected with PKH67-labeled L. infantum promastigotes at a ratio of 1:10. Following 3 h of co-incubation, non-internalized parasites were removed by gently washing with PBS. After 24 h of incubation, infected cells were treated with different concentrations of BNIPDaoct, BNIPDanon, and their emulsome formulations for 24 and 48 h. Infection ratios of macrophages were detected by flow cytometry (BD FACSCalibur, United States) according to their relative fluorescence intensities, as previously described in Islek et al. (2021). Green fluorescence (FL1) filter was used for detection of PKH67-labeled parasites (excitation at 490 nm; emission at 502 nm), and red fluorescence (FL2) filter was used for PKH26-labeled macrophages (excitation at 551 nm; emission at 567 nm). Gates were set for each experiment to optimize the separation of infected cells. To increase the reliability of the statistical data, at least 100,000 cells were collected and read on flow cytometry. The data were confirmed by using microscopical detection and counting method.
2.6 Statistical Analysis
GraphPad Prism software (version 6.01) was used to perform statistical analysis. Error bars represent standard error of the mean. The data sets were compared using ordinary one-way ANOVA and two-way ANOVA followed by Tukey’s multiple-comparison test. Differences were considered statistically significant at (*) p ≤ 0.05, (**) p ≤ 0.01, (***) p ≤ 0.001, and (****) p ≤ 0.0001.
3 RESULTS
3.1 Characterization of Emulsome Formulations
3.1.1 Size, Polydispersity and Zeta Potential
At least five separate BNIPDaoct- and BNIPDanon-loaded emulsome formulations were analyzed for their size, PDI, and zeta potential characteristics. The average diameters of BNIPDaoct- and BNIPDanon-loaded emulsomes (Table 1) were found as 363.1 ± 51.7 nm (PDI: 0.375; conductivity: 0.029 ± 0.003 mS/cm) and 337.4 ± 50.8 nm (PDI: 0.350; conductivity: 0.021 ± 0.002 mS/cm), respectively; whereas empty emulsomes have a smaller average particle diameter: 239.12 ± 51.52 nm (PDI: 0.19; conductivity: 0.027 ± 0.002 mS/cm).
TABLE 1 | The average particle size, polydispersity index, and average zeta potential values for BNIPDaoct- and BNIPDanon-loaded emulsomes.
[image: Table 1]All formulations exhibited a negative zeta potential value (Table 1): empty emulsomes (−16.74 ± 4.56 mV), BNIPDaoct-loaded emulsomes (−4.77 ± 6.68 mV), and BNIPDanon-loaded emulsomes (−10.10 ± 9.76 mV). Although BNIPDaoct-loaded emulsomes were distinguished with a less negative zeta potential value close to neutral, no significant difference (p ≥ 0.05) was found among the average zeta potential values of empty and BNIP-loaded emulsomes. This finding indicates that the incorporation of BNIP derivatives into emulsomes statistically did not cause a significant change in the zeta potential of emulsomes.
3.1.2 Dispersity, Shape and Morphology
Incorporated into emulsomes, BNIPDaoct and BNIPDanon with their intrinsic autofluorescence properties emitted fluorescence signal from the solid tripalmitin core of the formulation. The samples displayed dispersed characteristics in aqueous environment as examined by CLSM (Figure 2A). Confirming the structural uniformity, no by-products such as liposomes or lipid aggregates were detected.
[image: Figure 2]FIGURE 2 | Dispersity, shape, and morphology analysis of emulsomes. (A) CLSM image of BNIPDaoct-loaded emulsomes. Scale bar corresponds to 20 µm. (B,C) SEM micrographs of BNIPDaoct- and BNIPDanon-loaded emulsomes, respectively. Scale bars correspond to 1 µm.
The SEM analysis revealed the spherical shape and smooth surface morphology of BNIP-loaded emulsome formulations. In parallel to the DLS analysis, the SEM analysis evidenced that the sizes of BNIP-loaded emulsomes largely vary between 100 and 500 nm (Figures 2B,C).
3.1.3 Quantification of BNIPDaoct and BNIPDanon Encapsulated in Emulsomes
BNIPDaoct and BNIPDanon concentrations in distinct emulsome formulations were estimated in average as 0.31 mg/ml (501 µM) and 0.24 mg/ml (387 µM), respectively.
3.1.4 Encapsulation Efficiency
The incorporation of BNIP derivatives into the emulsomes was achieved through the addition of the compounds to the lipid composition during the start of the emulsome preparations. To achieve highest amount of incorporation, both BNIP derivatives were added in excess amounts—ranging from 1:9 to 1:22 in weight ratio (1:7–1:18 in molar ratio)—relative to total lipid (TL) composition. After the removal of the unincorporated BNIP from the system via centrifugation, encapsulation efficiencies of the final emulsome products were found as 6.2% and 6.0% for BNIPDaoct- and BNIPDanon-loaded emulsomes, respectively.
3.2 Cell Culture Studies
3.2.1 Antileishmanial Effect of the BNIP Compounds and BNIP-loaded Emulsomes on Growth of L. infantum Promastigotes
L. infantum promastigotes were treated with free BNIPDaoct, free BNIPDanon, BNIPDaoct-loaded, and BNIPDanon-loaded emulsomes for 72 h at concentrations ranging from 0.5 to 10 µM. As shown in Figure 3, all treatment groups inhibited proliferation of parasites in dose-dependent manner. BNIPDaoct concentration of 0.5 µM significantly decreased the viability of L. infantum promastigotes to exactly 50% (p ≤ 0.0001), which became nearly 20% (i.e., 22%) when the concentration was increased to 1 µM (p ≤ 0.0001) (Figure 3A). Interestingly, the increase in BNIPDaoct concentrations above 1 µM did not cause any significant further change in inhibition of promastigote proliferation (i.e., 19.2%). On the other hand, 2 µM free BNIPDanon concentration significantly decreased the viability of promastigotes sharp to approximately 30% (i.e., 29.7%) (p ≤ 0.0001) (Figure 3B). Similarly, at 5 µM BNIPDanon concentration, the viability of promastigotes was significantly decreased (p ≤ 0.0001) and became close to 15% (17.4%). Further increase in BNIPDanon concentration to 10 µM did not alter viability of L. infantum promastigotes significantly (i.e., 16.8%).
[image: Figure 3]FIGURE 3 | Effect of free BNIP derivatives and BNIP-loaded emulsomes on proliferation of L. infantum promastigotes. Viability of Leishmania infantum parasites after 72 h of treatment with (A) BNIPDaoct and BNIPDaoct-loaded emulsome and (B) BNIPDanon and BNIPDanon-loaded emulsomes. Data represents mean (n = 3) ± SD. Statistical significance was determined using two-way ANOVA with Tukey’s multiple-comparison test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).
Releasing the BNIP derivatives gradually into the cytoplasm, emulsome formulations of BNIPDaoct and BNIPDanon induced a gradual decrease in viability of L. infantum promastigotes. BNIPDaoct-loaded emulsome with compound concentration equal to 0.5 µM significantly decreased the viability of L. infantum promastigotes sharp to approximately 20.0%, which was reduced to approximately 15% (i.e., 15.5%) at 1 µM (p ≤ 0.0001) (Figure 3A). The increase in BNIPDaoct concentrations further from 1 µM did not significantly provide further inhibition in proliferation of the promastigote culture with a minimum parasite viability of 15.1%. On the other hand, 2 µM BNIPDanon-loaded emulsomes concentration was necessary to decrease the viability of promastigotes sharp to approximately 10% (i.e., 10.3%) (Figure 3B) (p ≤ 0.0001). The increase in concentration of BNIPDanon-loaded emulsomes from 2 to 10 µM did not lead to a significant improvement in inhibition of proliferation of promastigotes further (10.3% and 9.8%, respectively) (Figure 3B). Empty emulsomes did not show any effect on proliferation of L. infantum promastigotes for 72 h (data not shown).
IC50 values (72 h) for BNIPDaoct, BNIPDanon, BNIPDaoct-loaded, and BNIPDanon-loaded emulsomes were calculated as 0.84 ± 0.09 µM, 1.85 ± 0.01 µM, 0.59 ± 0.08 µM, and 1.73 ± 0.02 µM, respectively (Table 2). The results revealed that, with a lower IC50 value, BNIPDaoct-loaded emulsome is more effective against L. infantum promastigotes than the free forms of both BNIPDaoct and BNIPDanon, as well as BNIPDanon-loaded emulsomes. Furthermore, the IC50 value of BNIPDaoct on L. infantum promastigotes was found consistent with the value in the literature, i.e., 0.78 ± 0.05 µM (Oliveira et al., 2007). The incorporation of BNIPDaoct into emulsomes seems to increase the antileishmanial efficacy of the compound, as the improvement in the IC50 value of BNIPDaoct upon encapsulation (0.59 ± 0.08 µM) points at a statistical significance (p ≤ 0.01) (Table 2). Likewise, a decrease was observed in the IC50 value of BNIPDanon upon encapsulation into emulsomes; however, the alteration from 1.85 ± 0.01 µM to 1.73 ± 0.02 µM was found statistically insignificant (ns).
TABLE 2 | The half-maximal inhibitory concentration (IC50) of BNIPDaoct-loaded emulsome and BNIPDanon-loaded emulsome formulations as compared to the value of free forms of BNIPDaoct and BNIPDanon (IC50 values for 72 h of treatment of Leishmania infantum promastigotes).
[image: Table 2]3.2.2 Cytotoxicity of Free BNIP and BNIP-loaded Emulsomes on Macrophages
Following the in vitro evaluation of antileishmanial effect of free BNIP compounds and their emulsome formulations on L. infantum promastigotes, cytotoxicity of the compounds and the formulations was separately evaluated on non-infected murine J774A.1 macrophages (Figure 4). Cell viabilities were determined using Alamar Blue Assay for 24, 48, and 72 h.
[image: Figure 4]FIGURE 4 | Cytotoxicity of free BNIP and BNIP-loaded emulsomes on macrophages. Cell proliferation analysis of J774A.1 macrophages treated with (A) free BNIPDaoct (in DMSO), (B) BNIPDaoct-loaded emulsomes, (C) free BNIPDanon (in DMSO), and (D) BNIPDanon-loaded emulsomes were investigated at various concentrations (0.3–30 µM) for 24, 48, and 72 h compared to untreated negative control cells. Data represents mean (n = 3) ± SD. Statistical significance was determined using two-way ANOVA with Tukey’s multiple-comparison test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).
As shown in Figure 4, when treated with free BNIPDaoct at concentrations ≤1.25 µM, cell viability of non-infected J774A.1 macrophages remained above 95% for 24, 48, and 72 h. However, when the concentration was increased to ≥2.5 µM, the cell viability was reduced dramatically to 8% after 24 h and below 5% after both 48 and 72 h compared to the negative control group (p ≤ 0.0001) (Figure 4A). The incorporation of BNIPDaoct into emulsomes decreased toxicity of the compound on non-infected macrophages, as the data revealed that BNIPDaoct-loaded emulsomes with concentrations ≤15 µM did not cause any cytotoxicity on healthy macrophages for 48 and 72 h (Figure 4B). However, when treated with 30 µM BNIPDaoct-loaded emulsomes, the macrophage viability immediately dropped below 6% after 24, 48, and 72 h (p ≤ 0.0001). At the same concentrations, emulsomes lacking the BNIP did not cause any significant toxicity, as the cell viability remained always higher than 95% for 72 h.
When treated with free BNIPDanon at concentrations ≤2.5 µM, cell viability of healthy J774A.1 macrophages remained above 87.5% for 24, 48, and 72 h. However, when the concentration was increased to ≥5 μM, the cell viability was significantly reduced to below 30%, 6%, and 15% after 24, 48, and 72 h, respectively (p ≤ 0.0001) (Figure 4C). A slight recovery in macrophage viability was observed in between 48- and 72-h cell viability data (i.e., from 6% to 13% and from 3% to 9% for 5 and 10 µM BNIPDaoct concentrations, respectively). The incorporation of BNIPDanon into emulsomes decreased toxicity of the compound on healthy macrophages, as the data revealed that ≤3.75 µM BNIPDanon-loaded emulsomes did not cause significant toxicity on healthy macrophages for 72 h (Figure 4D). However, when treated with ≥7.5 µM BNIPDanon-loaded emulsomes the macrophage viability significantly decreased concentration-dependent manner below 25%, 14%, and 8% after 72 h, respectively (i.e., 7.5, 15, and 30 µM concentrations) (p ≤ 0.0001).
CC50 values were calculated for BNIPDaoct, BNIPDaoct-loaded emulsomes, BNIPDanon, and BNIPDanon-loaded emulsomes as 1.52 ± 0.02 µM, 17.73 ± 0.03 µM, 3.07 ± 0.87 µM, and 5.96 ± 0.83 µM, respectively (Table 3). These results indicated that the incorporation of BNIP derivatives into emulsomes significantly reduced their toxicities to macrophages, as demonstrated by higher CC50 values, i.e., >11-fold for BNIPDaoct (p ≤ 0.0001) and nearly 2-fold for BNIPDanon (p ≤ 0.001). In contrary to free BNIPDaoct, BNIPDaoct-loaded emulsomes showed no toxicity on macrophages at concentrations up to 15 μM for 24, 48, and 72 h. Moreover, BNIPDaoct-loaded emulsomes showed lower selectivity for macrophages, resulted in >16-fold increase in the selectivity index (CC50/IC50) for L. infantum promastigotes (p ≤ 0.0001) (Table 3). On the other hand, BNIPDanon-loaded emulsome indicated lower toxicity than its free form (Figure 4B), hence producing significant decrease (i.e., ∼2-fold) in the selectivity of non-infected macrophages (p ≤ 0.001). It is important to report that free emulsomes did not show any significant toxicity on macrophages, when applied with concentrations equivalent to 30 µM BNIP-loaded emulsomes (Figures 4B–D).
TABLE 3 | The 50% cytotoxic concentration (CC50) of free BNIPDaoct, BNIPDaoct-loaded emulsomes, free BNIPDanon, and BNIPDanon-loaded emulsomes on macrophages after 24, 48, and 72 h treatment.
[image: Table 3]The obtained results revealed that emulsome formulations improved the efficacy of free forms of BNIPDaoct and BNIPDanon by reducing their cellular toxicity on macrophages. Among effective concentrations on L. infantum promastigotes, BNIPDaoct- and BNIPDanon-loaded emulsomes indicated the highest potential to inhibit parasite proliferation within the range of 0.5–15 μM and 2–3.75 µM, respectively, without displaying any toxicity on macrophages (Figures 4B,D).
3.2.3 Antileishmanial Effect of BNIP-loaded Emulsomes on Macrophages Infected by L. infantum Promastigotes
Prior to the infection of macrophages with promastigotes, the parasites were stained with PKH67 to allow tracing by flow cytometry after the macrophage uptake.
Staining was applied on L. infantum promastigotes with PKH67 (green) and J774A.1 macrophages with PKH26 (red) dyes. Tracking the red, green, and yellow fluorescent signals in fluorescent microscopy images (Figure 5) and flow cytometry (Figure 6), it was possible to determine the populations of promastigotes, non-infected macrophages, and infected macrophages, respectively. Accordingly, Figure 5A displays the phase contrast images of J774A.1 macrophages infected by L. infantum promastigotes, where parasites inside and outside of the macrophages are visible. Figure 5B shows the fluorescent images of macrophages, where macrophages appear in red and promastigotes appear in green. The merged yellow color displays the macrophages infected by the parasites (Figure 5B).
[image: Figure 5]FIGURE 5 | Microscopy analysis of stained macrophage–promastigote co-culture (A) phase contrast and (B) fluorescence microscopy images of PKH26-stained macrophages (red) infected with PKH67-stained L. infantum promastigotes (green). The merged yellow color displays Leishmania-infected macrophages (magnification: ×63; size bars: 20 µm).
[image: Figure 6]FIGURE 6 | (A) PKH67 staining. Percentage of unstained and staining achieved by PKH67-staining protocol on promastigotes as determined by flow cytometry. (B,C) Infection rates (%) of macrophages with L. infantum promastigotes upon treatment with free BNIP and BNIP-loaded emulsomes as determined by flow cytometry (B) dot-plot data representation (for 48 h) and (C) graphical demonstration (24–48 h) for negative control, free BNIPDaoct, free BNIPDanon, BNIPDaoct-loaded, and BNIPDanon-loaded emulsome treatment groups. Data represents mean (n = 3) ± SD. Statistical significance was determined using two-way ANOVA with Tukey’s multiple-comparison test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).
Stained parasites were analyzed using flow cytometry analysis with a total of 100,000 events. Unstained parasites were determined as high as 99.87%, where a negligible part of the population remained unstained (Figure 6A). As illustrated in Figure 6A, staining was successfully achieved for 99.48% of the promastigote population, leaving negligible number of promastigotes unstained. Similarly, macrophages were completely stained with PKH26 red fluorescence dyes (data not shown). These results suggest that the applied protocol and the concentration ratios for staining are effective for labeling the parasites and macrophages.
Flow cytometry analysis enabled the quantitative determination of the infection rates of macrophages. Antileishmanial activity of BNIPDaoct and BNIPDanon were studied on macrophage–promastigote co-culture for concentrations of 0.625, 1.25, 2.5, 5, and 10 µM (Figures 6B,C). BNIPDaoct- and BNIPDanon-loaded emulsomes were tested on macrophage–promastigote co-culture for concentrations of 1.87, 3.75, 7.5, 15, and 30 µM BNIP derivatives. For instance, when macrophages were incubated with L. infantum promastigotes, 68.6% of the macrophages become infected (Figure 6B). The treatment of Leishmania-infected macrophages with empty emulsomes (where the amount is equivalent to 30 µM BNIPDaoct-loaded emulsome treatment group) for 48 h did not alter the infection rate (68.9%). Treatment with 10 µM BNIPDaoct and BNIPDanon for 48 h reduced the infection of macrophages to 12.8% and 32.3%, respectively (Figure 6B). Likewise, treatment with 30 µM BNIPDaoct- and BNIPDanon-loaded emulsomes for 48 h significantly decreased the infection rates of macrophages to 11.9% (p ≤ 0.0001) and 29.1% (p ≤ 0.0001), respectively.
Twenty-four hours of treatment with BNIPDaoct-loaded emulsome resulted in a significant reduction of the parasitic load at concentrations of 15 µM (46.2%) and 7.5 µM (45.6%) compared to both free BNIPDaoct (p ≤ 0.001) and control groups (p ≤ 0.0001) (Figure 6C). Forty-eight hours of treatment with BNIPDaoct-loaded emulsome maintained reduction in the number of intracellular parasites at concentrations of 15 µM (76.7%) and 7.5 µM (73.4%) when compared to free BNIPDaoct and untreated macrophages. In contrary, treatment of infected macrophages with BNIPDanon-loaded emulsomes did not lead to a concentration- and time-dependent decrease in macrophage infection rate. Parasitic load decreased to 42.2% at 1.87 µM BNIPDanon-loaded emulsome concentration at 24 h and remained almost stable regardless of further increase in both concentration and treatment time (Figure 6C).
Overall, the results obtained in the cell culture analysis demonstrated that the encapsulation of BNIPDaoct into emulsomes led to an increase in the efficacy of the compound to inhibit the growth of L. infantum parasites inside the macrophages. Morever, even at low doses, 7.5 µM BNIPDaoct-loaded emulsome and 1.87 µM BNIPDanon-loaded emulsome had a significant anti-leishmanial effect on Leishmania-infected macrophages (p ≤ 0.0001).
4 DISCUSSION
In the present study, BNIPDanon- and BNIPDaoct-loaded emulsomes were investigated for their ability to deliver the water-insoluble antileishmanial compounds to L. infantum parasites and the macrophages infected therewith. Emulsomes were selected as the drug delivery system in particular for their suitability for high loading capacity for hydrophobic substances such as BNIP compounds, high biocompatibility, controlled drug release profile, and accumulation preference in the organs of RES instead of the kidney, which largely reduces toxicity and is expected to contribute to the antileishmaniasis efficacy of the compounds. Characterization studies analyzed the physicochemical properties and the stability of the formulations, whereas the cell culture studies further explored the efficacy on both L. infantum and infected macrophages, as well as the safety of the formulation on non-infected macrophages.
SEM images displayed that BNIPDaoct- and BNIPDanon-loaded emulsomes are spherical in shape with a smooth PL outermost surface (Figures 2B,C). The presence of BNIPDaoct and BNIPDanon—in the inner solid tripalmitin core of emulsomes and within the lipid bilayers surrounding the emulsomes—was demonstrated by confocal images, where incorporated BNIP derivatives with their autofluorescence property confirmed the encapsulation (Figure 2A).
The average diameters were determined as 363.1 ± 51.7 nm and 337.4 ± 50.8 nm for BNIPDaoct- and BNIPDanon-loaded emulsomes, respectively, where the plus-minus signs indicate the margin of average diameters. Comparing these values with the average particle size of empty emulsomes, i.e., 239.1 ± 51.5 nm, one can deduce that the encapsulation of BNIP derivatives within the emulsomes has significantly increased average particle size of the formulation (Table 1). This observation is parallel with the previous findings, suggesting that the incorporation of lipophilic compounds such as curcumin and piperine into emulsomes influences the average size of the lipid nanoparticles at a certain extent (Ucisik et al., 2013b; Ucisik et al., 2015b; Bolat et al., 2020). The alteration in particle size upon the incorporation of BNIP compounds may be attributed to the structural and physicochemical properties of BNIP compounds packed within the PLs and solid lipid core of the formulation. While the spatial arrangement of BNIP molecules inside the lipid composition may be considered as the main reason behind the increase in average size of emulsomes, BNIP compounds with two charged oxygen atoms may be generating additive electrostatic forces that also influence the spatial arrangement of the molecules in the composition (Pavlov et al., 2001). In contrast, Pal et al. observed in a previous study that the average size of AmpB-loaded emulsomes increases, when the AmpB concentration in the formulation is decreased (Pal et al., 2012). This controversial behavior was attributed to the association of AmpB molecules with cholesterol inside the PL bilayers (Vyas et al., 2000; Pal et al., 2012). Likewise, the interaction of BNIP compounds with cholesterol or DPPC may have contributed to the alteration in size of emulsomes upon encapsulation, but, in this instance, leading to an increase in average size.
Average zeta potential of BNIPDaoct- and BNIPDanon-loaded emulsomes (−4.77 ± 6.68 mV and −10.1 ± 9.76 mV, respectively) were observed to be less negative compared to empty emulsomes (−16.74 ± 4.56 mV) (Table 1). Despite confirming the shift in zeta potential upon encapsulation toward a neutral charge, the statistical analysis indicated that the difference between the average values is not significant (p ≥ 0.05). In our opinion, a zeta potential value close to neutral might be considered as a reason or the outcome of increased particle size after encapsulation. For instance, the inverse correlation between the average size and the average zeta potential of nanoparticles was observed and reported previously (du Plessis et al., 1994).
The particle size requirements for drug delivery systems vary according to the route of administration (Shekunov et al., 2007). Among the various administration routes, transdermal drug delivery can be suitable for emulsomes having a particle size within the range of 150–300 nm. Previous studies suggested that 50- and 500-nm nanoparticles that are negatively charged allow a high charge density of contact with the skin because the particle sizes between 50 and 500 nm are able to enhance permeation of the epidermis through the stratum corneum (Kohli and Alpar, 2004). du Plessis et al. (1994) demonstrated that the intermediate particle size of 300 nm resulted in both the highest reservoir in the deeper skin layers and the highest drug concentration in the reservoir, confirming that the topical drug delivery is influenced by the size of liposomes (du Plessis et al., 1994; Verma et al., 2003). Beside transdermal route, in the intravenous administration, nanocarriers in the range of 150–200 nm can be accumulated easily by the RES, especially by the Kupffer cells in the liver, which largely reduces systemic toxicity of the antileishmanial therapy and improves the efficacy of the antileishmanial compounds (Chaubey et al., 2014). Size larger than 300 nm should be avoided due to problems such as thrombosis and rapid elimination through the liver and spleen. Accordingly, an optimum delivery system with a size ranging from 30 to 300 nm should be precisely adjusted regarding to the route of administration under consideration (Ferrari et al., 2018). In light of this information, BNIP-loaded emulsomes with average sizes above 300 nm were regarded to be suitable for the in vitro cell culture study to evaluate the efficacy of the prepared formulation on L. infantum promastigotes and macrophages infected therewith. It is also important to emphasize that the size of emulsomes can be further tuned by the PL-to-TL ratio, as it was previously reported that each decrease in the PL:TL ratio between 0.14 and 0.4 yields formation of emulsomes with smaller sizes (Heiati et al., 1996; Vyas et al., 2006; Ucisik et al., 2013a; Ucisik et al., 2013b; Ucisik et al., 2015a).
In the study, emulsomes were selected as the nanocarrier system for their high loading capacity for lipophilic compounds (Ucisik et al., 2015a; Amselem et al., 2018). The IC50 values of the compounds were previously reported as 0.78 ± 0.05 µM for BNIPDaoct and 0.78 ± 0.10 µM for BNIPDanon against L. infantum promastigotes (Oliveira et al., 2007). In the current study, the encapsulation of the compounds within emulsomes yielded highest (0.31 mg/ml; 0.5 mM) BNIPDaoct and (0.24 mg/ml; 0.38 mM) BNIPDanon concentrations, where both values are considered as sufficient to achieve effective concentrations in both L. infantum parasites and infected macrophages.
The incorporation of BNIPDaoct and BNIPDanon into emulsomes improved the efficacy of the compound against L. infantum promastigotes. For instance, while 0.5 µM BNIPDaoct achieved a decrease in the viability of L. infantum promastigotes to approximately 50%, when provided within emulsome, the cell viability became approximately 20.0%. Likewise, 2 µM BNIPDanon decreased the viability of L. infantum promastigotes to approximately 30%, whereas BNIPDanon-loaded emulsome at the same concentration reduced the viability to approximately 10% (Figures 3A,B). Empty emulsomes did not show any effect on proliferation of L. infantum promastigotes for 72 h, indicating that the observed antileismanial activity of the formulations directly stems from the BNIP compounds carried by the emulsomes.
The potency of the BNIP-loaded emulsomes in inhibiting the proliferation of L. infantum promastigote was investigated via the estimated IC50 values. Accordingly, the incorporation of the BNIPDaoct on emulsomes led to a significant improvement (p ≤ 0.01) on the IC50 value (0.84 ± 0.09 µM) for the promastigotes compared to the free compound (0.59 ± 0.08 µM), whereas no significant change was shown between the IC50 value of BNIPDanon (1.85 ± 0.01 µM) and BNIPDanon-loaded emulsomes (1.73 ± 0.02 µM) (Table 2). In the literature, the IC50 value for BNIPDaoct molecule—as tested on L. infantum promastigotes—was given as 0.78 ± 0.05 µM (Oliveira et al., 2007), which was found to be comparable with the value realized in our study, i.e., 0.84 ± 0.09 µM (Table 2). In contrast, the IC50 value for BNIPDanon (1.85 ± 0.01 µM) was found different than the value in the literature, i.e., 0.78 ± 0.10 µM (Oliveira et al., 2007). The higher IC50 value of the BNIPDanon compound synthesized and studied in our study might be attributed to the differences in the synthesis methodology of the compound. For instance, in their study, Oliveira et al. have adjusted the salt ratio (i.e., di- or trihydrobromide salts) in the buffer to enhance the aqueous solubility of active ingredients (Oliveira et al., 2007), whereas the synthesis of both BNIPDaoct and BNIPDanon in our study did not require the addition of salt for this purpose. In a previous study on naphthalimides and bis-naphthalimidesare classes of compounds including BNIPs demonstrated that the antileishmanial activity is dependent on a second naphthilimide group in the molecule (Silva et al., 2016). The optimal distance between the two naphthalimidopropylamine groups that results in the most potent inhibitory activity toward LiSIR2RP1 was observed with the linker group, which contains nine methylene units, i.e., BNIDanon (Tavares et al., 2010).
Cell viability studies on macrophages revealed that emulsomes do not expose any toxicity to the macrophages. When delivered within the emulsomes, both BNIP compounds displayed reduced toxicities (Figure 4). The delivery of the compounds within the emulsomes increased the selectivity of BNIPDaoct and BNIPDanon for L. infantum promastigotes as the ratio of CC50/IC50 by > 16- and ∼2-fold, respectively. The most striking result to emerge from the data was the approximately 30.1-fold increase in selectivity of BNIPDaoct-loaded emulsomes for L. infantum against macrophages (Table 3).
These results have further strengthened the hypothesis that emulsomes in the lack of any surfactants but the presence of their lipid composition have the potential to contribute to the safety of the BNIP compounds on healthy macrophages. Moreover, it is foremost important to highlight that free emulsomes did not show any significant toxicity on macrophages even at concentrations equivalent to 30 µM BNIPDaoct-loaded emulsome treatment, distinguishing emulsomes once again as a safe and biocompatible drug delivery system.
Infection of macrophages by L. infantum promastigotes were evaluated through both fluorescence microscopy and dual-fluorescent flow cytometry analysis as described previously (Islek et al., 2021). The use of flow cytometry for accurate quantification of the infection rates on macrophages was previously reported (Di Giorgio et al., 2000; Islek et al., 2021). This applied methodology brought the advantage of rapid analysis of high cell numbers compared to the alternative microscopic approaches. Likewise, PKH67 green and PKH26 red fluorescence dyes were used in our study to label L. infantum promastigotes and J774 A.1 macrophages, respectively, and infection rates of macrophages were then estimated as percentage of number of promastigotes per macrophages. High success rate in selective staining of the promastigotes and macrophages (99.48%) verified the reliability of the applied methodology (Figure 6).
Flow cytometry analysis verified that emulsomes do not interfere with the Leishmania infection of the macrophages. In contrast, BNIPDaoct-loaded emulsomes led to a significant reduction in the parasitic load at concentrations above 7.5 µM compared to the negative control group (p ≤ 0.0001) (Figure 6C). However, BNIPDanon-loaded emulsomes did not cause any evident decrease in macrophage infection rates in concentration- and time-dependent manner. Instead, at 1.87 µM BNIPDanon-loaded emulsome concentration for 24 h, the infection rate first decreased to nearly 40% and did not alter significantly despite the increase in both concentration level and treatment duration (Figure 6C). These results suggest that the incorporation of BNIPDaoct and BNIPDanon into emulsomes enhanced the efficacy and selectivity of the compounds for L. infantum intracellular parasites inside the macrophages. The data provided have further strengthened our hypothesis that emulsomes with their lipid characteristics and safety feature have the potential to contribute to BNIP compounds in their inherited toxicity against macrophages.
As this study presented, emulsomes have the ability to overcome the solubility limitation of the compounds and to improve the safety on macrophages. Among the two emulsome formulations, BNIPDaoct-loaded emulsomes showed better activity against both extracellular and intracellular L. infantum parasites and increased selectivity for L. infantum promastigotes compared to macrophages. Composed of a solid tripalmitin core and PL outermost surface, emulsomes were successful in providing high efficacy in treatment.
5 CONCLUSION
BNIPDaoct and BNIPDanon are bis-naphthalimidesare molecules that recently came forward with antileishmanial activities beyond the standard, commercialized AmpB therapy (Costa Lima et al., 2012b; Tavares et al., 2012). However, the exposed high-level toxicity on macrophages and the hydrophobic characteristics, leading to low water solubility and bioavailability, necessitate the use of drug delivery systems, where otherwise medical use remains limited. The presented study introduced BNIPDaoct- and BNIPDanon-loaded emulsomes as promising lipid-based drug delivery systems to address these limitations.
In summary, the incorporation of BNIP compounds into emulsomes results in a stable drug delivery system that achieves the delivery of BNIPDaoct and BNIPDanon into L. infantum parasites and macrophages. The promising antileishmanial efficacy of BNIP-loaded emulsomes on in vitro model highlights the potential of the antileishmanial therapy in future in vivo and clinical studies. It is important to emphasize that this study is the first report revealing emulsomes as the nanocarrier system capable to enhance the antileishmanial therapy with BNIPDaoct and BNIPDanon on both L. infantum parasites and Leishmania-infected macrophages. Moreover, the safety feature of BNIP-loaded emulsomes can be further enhanced by surface modifications for active targeting to further improve the antileishmanial activity and the selectivity of the formulation.
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AmpB, amphotericin B; BNIP, bisnapthalimidopropyl; BNIPDaoct, BNIP diaminooctane; BNIPDanon, BNIP diaminononane; CC50, half maximal cytotoxic concentration; CL, cutaneous leishmaniasis; CLSM, confocal laser scanning microscopy; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DMSO, dimethyl sulfoxide; DIEA, 1,8-naphthalic anhydride, 1,3-diaminopropane, N,N-diisopropylethylamine; FBS, fetal bovine serum; PBS, phosphate-buffered saline; IC50, half maximal inhibitory concentration; iFBS, inactivated fetal bovine serum; L. infantum, Leishmania infantum; LiSIR2RP1, Leishmania infantum cytosolic SIR2-related protein one; MCL, mucocutaneous leishmaniasis; PDI, polydispersity index; PLA–PEG, poly(lactic acid)-polyethylene glycol; VL, visceral leishmaniasis; PLGA, poly(lactic-co-glycolic acid); RES, reticuloendothelial system; SEM, scanning electron microscope; SI, selectivity index.
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