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Abstract

:

The physicochemical and microbiological stability of a hyaluronic acid-based nanostructured topical delivery system containing P. pubescens fruit oil was evaluated, and the in vitro antileishmanial activity of the nanoemulsion against Leishmania amazonensis and the cytotoxicity on macrophages was investigated. The formulation stored at 5 ± 2 °C, compared with the formulation stored at 30 and 40 ± 2 °C, showed a higher chemical and physical stability during the period analyzed and in the accelerated physical stability study. The formulation stored at 40 °C presented a significant change in droplet diameter, polydispersity index, zeta potential, pH, active compound, and consistency index and was considered unstable. The microbiological stability of the formulations was confirmed. The leishmanicidal activity of the selected system against intracellular amastigotes was significantly superior to that observed for the free oil. However, further research is needed to explore the use of the hyaluronic acid-based nanostructured system containing P. pubescens fruit oil for the treatment of cutaneous leishmaniasis.
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1. Introduction


Leishmaniasis is one of the most important parasitic diseases, caused by the protozoa of the genus Leishmania, with a great impact on global public health [1,2]. This infection manifests itself in several clinical forms, mainly visceral, mucocutaneous, and cutaneous leishmaniasis (CL). The cutaneous form is worldwide the most prevalent clinical form of leishmaniasis, characterized by chronic lesions and permanent scars on the skin, with deformations in the infected areas [3,4,5]; it is caused by several species of Leishmania, including Leishmania tropica, Leishmania major, Leishmania amazonensis, and Leishmania braziliensis. The chemotherapy of leishmaniasis includes pentavalent antimonials, miltefosine, amphotericin B, and paromomycin [2]. However, the high cost, the side effects, and the development of resistance are the main disadvantages of these drugs that compromise the efficacy of the treatment [6]. Therefore, many efforts have been made to develop new drug therapies [7,8].



Recent studies focused on antileishmanial activities of medicinal plants showed their potential to inhibit the growth of several species of Leishmania [6,8,9]. Pterodon pubescens Benth. is a native plant of the central region of Brazil, popularly known as “sucupira branca”. The P. pubescens fruit oil is used in popular medicine to treat various diseases for its anti-rheumatic, analgesic, anti-inflammatory, and antileishmanial properties [10,11,12,13,14,15,16,17]. According to some studies, the fruit oil is rich in derivatives of geranylgeraniol and vouacapan diterpenes, which are related to the leishmanicidal activity of this plant [7,18,19].



Nanoemulsions have attracted great attention as vehicles for the delivery of hydrophobic active substances, due to the stability conferred by these systems and to the reduced droplet size, which provides a greater surface area and a high bioavailability of the active substance [20,21]. Targeted drug delivery systems have been considered an effective strategy for the prevention and treatment of leishmaniasis [22]. Since macrophages are the main phagocytic cells involved in leishmaniasis infection, drug delivery systems that can target the antileishmanial agent to these cells can represent a promising approach to increasing the therapeutic efficacy for this disease, and to reducing the toxic effects in the normal cells [2,23].



The potential of hyaluronic acid (HA) for use in drug delivery systems is related to its biological, rheological, and physicochemical properties, in addition to it being biocompatible, non-toxic, and completely biodegradable [24,25,26,27]. Macrophages are known to express CD44 receptors (HA receptors). HA is considered the main ligand of the CD44 receptor. The CD44-HA binding allows for the targeting of nanocarriers with HA to cells that contain this receptor. Furthermore, HA can cross the cell membrane, an extremely useful strategy for intracellular therapeutic delivery [28]. Thus, HA-based nanocarriers may be used for targeting active substances into macrophages, aiming to treat diseases associated with this cell [28,29,30].



In a previous study, we reported the development of HA-based nanoemulsion containing P. pubescens fruit oil [31]. In the present study, the physicochemical stability of the previously selected system was investigated under different storage conditions. In addition, considering the therapeutic properties of P. pubescens oil, the in vitro leishmanicidal activity of the nanoemulsion against the intracellular amastigotes forms of Leishmania amazonensis and its cytotoxicity in macrophages was also investigated.




2. Materials and Methods


2.1. Materials


Soybean phospholipids (Lipoid S100—soybean lecithin, ≥94% phosphatidylcholine) and polyethylene glycol hydrogenated castor oil/sorbitan oleate (PEG-40H) were kindly provided by Lipoid GMBH (Ludwigshaffen, Germany) and Oxiteno (São Paulo, Brazil), respectively. Hyaluronic acid (HA) was obtained from Via Farma (São Paulo, Brazil). Ultra-purified water was obtained using a Milli-Q Plus (Millipore Corporation, Billerica, MA, USA) system. All other chemicals and reagents were of analytical grade.




2.2. Oil Extraction of P. pubescens Fruit


The P. pubescens fruit was collected in the city of Nossa Senhora do Livramento, Mato Grosso state, Brazil (15°89′ S; longitude 56°41′ W). The taxonomic identification was performed, and voucher specimens were deposited at the herbarium of the Federal University of Mato Grosso (number 39551) and State University of Maringá (number 20502). The oil extraction from the P. pubescens fruit was performed as previously reported [32], by turbo extraction (Ultra-Turrax UTC115KT, IKA® Works, Wilmington, NC, USA).




2.3. Nanoemulsion Preparation


The oil phase consisting of the P. pubescens oil (3.0%, w/w) and the lipoid S100 surfactant (1.0%, w/w) was heated to 70 °C and added to the aqueous phase constituted of PEG-40H (10.0%, w/w) and water (at 70 °C) and under constant stirring, using an Ultra-Turrax T-25 (IKA® Works, Wilmington, NC, USA), at 18,000 rpm for 15 min. Afterward, HA (0.2%, w/w) was added to the formulation and stirred for 2 h at room temperature, using a magnetic stirrer. The formulation was kept at rest for 24 h at 25 ± 1 °C before further characterization [31].




2.4. Accelerated Physical Stability


The physical stability of the nanoemulsion was determined by centrifugal force using a multisampling analytical centrifuge (LUMiSizer®; LUM GmbH, Berlin, Germany). This study was performed 24 h after preparation of the formulations. Samples were placed in rectangular cuvettes with an optical path of 10.0 mm, and exposed to a rotational speed of 4000 rpm for 8 h, at temperatures of 5, 30, and 40 °C (the same temperatures tested during the stability study for 180 d). The physical stability of the formulations was analyzed by the transmission profiles and the instability index, calculated using the SepView 6.0 software (LUM, Berlin, Germany).




2.5. Physicochemical Stability Study


The study of the physicochemical properties of a nanostructured system can reveal valuable information about its stability [21]. This stability study was performed according to a guide for stability studies [33].



The nanoemulsion was added to glass containers (5 mL) with a bung and screw cap and incubated at different storage conditions: 5 ± 2 °C, 30 ± 2 °C, and 40 ± 2 °C (75% relative humidity). After pre-determined intervals (24 h and 30, 60, 90, and 180 d), the samples were evaluated with respect to macroscopic analysis, droplet diameter, PDI, zeta potential, pH, vouacapan content, and consistency index. Free P. pubescens oil samples were also kept under the same storage conditions, to compare the chemical stability of the free oil with the oil present in the nanoemulsion.



2.5.1. Macroscopic Analysis


The samples were visually evaluated in relation to color, appearance, and phase separation.




2.5.2. Droplet Diameter and Polydispersity Index (PDI)


The determination of average droplet diameter and PDI formulation were performed using a particle analyzer (NanoPlus-3 zeta/nano particle analyzer, Micromeritics Instrument Corporation, Norcross, GA, USA) by dynamic light scattering (DLS). All measurements were taken at a fixed angle of 90° and at a temperature of 25 ± 0.1 °C. The samples were diluted 1:10 in ultra-purified water before measurement, to avoid multiple scattering effects [34].




2.5.3. Zeta Potential


The zeta potential was determined by electrostatic mobility using a NanoPlus/zeta particle analyzer (Micromeritics Instrument Corporation, GA, USA) at 25 ± 0.1 °C. Before measurements, the samples were diluted 1:10 in ultra-purified water, pH 6.8.




2.5.4. pH


The pH of the samples was measured at 25 ± 1 °C, using a calibrated pH meter (TECNAL, São Paulo, Brazil).




2.5.5. Chemical Analysis of P. pubescens Oil by GC-MS


The chromatographic profiles of P. pubescens oil present in the formulation were obtained by gas chromatography coupled with mass spectrometry (GC-MS) (Thermo Electron Corporation DSQ II; TLC, Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with an HP-5 capillary column (30 m × 0.25 mm). The vouacapan, used as a marker, was quantified by the monitoring of selected ions using a single ion monitoring system [34]. Lyophilized aliquots of the formulation were resuspended in 1 mL of chloroform and injected for analysis. The percentage of recovery was calculated as the ratio of the experimental concentration of vouacapan present in the samples to the theoretical concentration multiplied by 100.




2.5.6. Consistency Index


The consistency index of the formulation was determined by continuous shear, using a MARS II (Haake®) controlled stress rheometer (Thermo Fisher Scientific Inc., Newington, Germany), inflow mode, at 25 ± 0.1 °C, with a controlled shear rate (CR), equipped with a cone-plate geometry of 35 mm and a 2° angle, separated by a fixed distance of 0.052 mm [31]. The Ostwald–de Waele equation (Power Law) was used to obtain the consistency index.





2.6. Microbiological Stability


The microbiological stability of nanoemulsion was determined according to the Brazilian Pharmacopoeia [35]. The test was carried out with fresh samples (after 24 h of preparation) and with the samples kept at 30 °C for 180 d. The analysis was performed using the pour plate technique for the following microorganisms: heterotrophic bacteria, fungi, and molds. Aliquots of nanoemulsion diluted in sterile saline were placed in Petri dishes containing 20 mL of a TSA medium (for heterotrophic bacteria) and Sabouraud dextrose agar (for fungi and molds), previously melted and stabilized at 45 °C. After homogenization and solidification of the medium, the samples were incubated in BOD incubators (Biogenic Oxygen Demand, TE-390 model, TECNAL, Piracicaba, Brazil) under the following conditions: 72 h at 35 °C to determine the presence of total heterotrophic bacteria, and 7 d at 28 °C to determine the presence of fungi and molds. After this period, the number of colony-forming units (CFU)/mL was determined. All analyses were performed in triplicate.




2.7. In Vitro Antileishmanial Activity


Peritoneal macrophages were obtained from BALB/c mice (age 3–8 weeks). Syringes were filled aseptically with 0.01 M cold phosphate buffer (PBS), and the content was injected into the peritoneal cavity of mice previously euthanized with lidocaine (10 mg/kg) and thiopental (200 mg/kg). The contents were then removed from the cavity, and maintained at 4 °C. This suspension was centrifuged for 10 min at 1500 rpm and 4 °C, promoting the formation of a cell pellet. This cell pellet was resuspended in an RPMI 1640 medium supplemented with 10% inactivated fetal bovine serum (FBS, Gibco), to form a suspension with a concentration of 5 × 105 macrophages/mL. These cells were added to glass coverslips in 24-well plates. The plates were incubated at 37 °C and 5% CO2 for 2 h, to promote the adhesion of macrophages to the coverslips. The cells that did not adhere were removed by rinsing the well with a culture medium. Afterward, macrophages were infected with L. amazonensis promastigotes cultured for 5–6 d at a 7:1 parasite/macrophage ratio, and then incubated at 34 °C and 5% CO2 for 4 h. The wells were again washed to remove non-internalized protozoa.



Afterwards, the free P. pubescens oil and the nanoemulsion, at different concentrations, were diluted in an RPMI medium supplemented with 10% FBS, and added to the wells. The plates were then incubated for 48 h at 34 °C and 5% CO2. At the end of this period, the supernatant was removed, and the coverslips were fixed with methanol for 10 min and stained with 10% Giemsa in 0.01 M PBS for 40 min. Slides were analyzed under an optical microscope by counting the total number of macrophages, the number of infected macrophages, and the number of amastigotes per cell. The concentration capable of inhibiting 50% of the parasite growth (IC50) was calculated by linear regression analysis. The results were compared with the results for positive (Miltefosine) and negative (culture medium alone) controls.




2.8. Cytotoxicity Assays


Macrophages (J774A1) were cultured in an RPMI 1640 medium (Sigma-Aldrich Corporation, St. Louis, MO, USA) at pH 7.6 supplemented with 10% FBS, penicillin (5000 U/mL), and streptomycin (5 mg/mL). Cytotoxic assays were performed in sterile 96-well plates, with an initial inoculum of 5 × 105 cells/mL in an RPMI 1640 medium incubated at 37 °C and 5% CO2 for 24 h. Afterwards, the free P. pubescens oil and the nanoemulsion were added to the cell monolayers and incubated for 48 h. The culture medium was then removed, the cells were washed with PBS, and 50 μL of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide formazan; 2 mg/mL in PBS) were added. The cells were incubated while protected from light for 4 h at 37 °C and 5% CO2. To solubilize the formazan crystals, 150 μL of dimethylsulfoxide DMSO were added to the plates. The absorbance of the resulting solutions was read at 570 nm in spectrophotometer plates (Bio-Tek—Power Wave XS) to measure cell metabolic viability [36]. The concentration capable of inhibiting 50% of the cell growth was expressed as the cytotoxic concentration (CC50). The selectivity index was determined by the ratio of cytotoxicity (CC50) on J774A1 cells to leishmanicidal activity (IC50) against L. amazonensis.




2.9. Statistical Analysis


All experiments were performed in triplicate, and were presented as mean ± standard deviation. ANOVA and a post hoc Tukey’s test were used for statistical comparison of the results. The results were considered statistically significant for values of p ≤ 0.05.





3. Results


3.1. Physical Stability Accelerated


The transmission profile result obtained at different temperatures is shown in Figure 1. Overlapped transmission profiles indicate a stable system, and the best result was found at 5 °C, indicating a greater stability of the formulation.



Table 1 shows the results of the instability indexes. It was observed that the instability index increased by around 65% when centrifuged at 40 °C, as compared with 30 °C, demonstrating the instability of the nanoemulsion at this temperature. Comparing the results obtained at 5 and 30 °C, the instability index was approximately 10% lower at 5 °C, suggesting that the formulation would be more stable when stored at this temperature.




3.2. Physicochemical Stability Study


This study was carried out to test the best storage conditions for the developed system. The formulation developed for the stability study was characterized 24 h after preparation. It was translucent, homogeneous, and without any signal of phase separation.



The pictures in Figure 2 reveal no change in the macroscopic aspects of the formulation stored for 180 d, at the different temperatures. The formulation presented no signal of phase separation, and had the same transparent and homogeneous appearance as the freshly prepared formulation.



The average droplet diameter of the formulation at temperatures of 5, 30, and 40 °C, at intervals of 24 h and 30, 60, 90, and 180 d, are presented in Table 2. When stored at 5 °C, there was an increase in diameter from 60 to 180 d, which was statistically significant (p < 0.05), in comparison with 24 h and 30 d.



At 30 °C, an increase in droplet diameter occurred at 90 d and remained constant until the end of the study period. Regarding the temperature of 40 °C, the droplet diameter did not change until 90 d, but a decrease was observed at 180 d.



In general, a slight increase in the PDI as a function of time was observed when stored at 5 and 30 °C. However, the formulation had a homogeneous droplet distribution, since the PDI of the samples remained at <0.3. The zeta potential values remained stable for the formulation stored at 5 °C and 30 °C until 180 d.



On the other hand, the formulation stored at 40 °C showed a decrease in zeta potential, suggesting that this system may present less physical stability compared with the formulation stored at 5 and 30 °C. In the accelerated stability study, the instability index was higher for the formulation evaluated at 40 °C. Thus, both studies suggest that this temperature may decrease the stability of the formulation.



It is important to monitor the pH values of the formulation, since pH change indicates chemical reactions, and may compromise system quality. It was observed that the pH of the nanoemulsion at temperatures of 5 and 30 °C decreased during storage, but remained around 6.0 at the end of the study. However, when the formulation was stored at 40 °C, there was a more pronounced decrease in the pH at 180 d, with a value slightly above 4.0.



The total content of the P. pubescens oil was determined by the quantification of the derivatives of the vouacapans. Values close to 100% were found, demonstrating the efficacy of the method used to prepare the nanoemulsion. Figure 3 presents the percentage recovery of vouacapans (used as markers) from the nanoemulsion (Figure 3A) and from the free P. pubescens oil (Figure 3B), stored at temperatures at 5, 30, and 40 °C for 180 d.



The percentage of recovery of the oil present in the nanoemulsion showed a small, non-significant change during the analyzed period, when maintained at 5 °C. However, when stored at 30 °C, a small decrease occurred in the content of vouacapans from 90 d. For the free oil stored at temperatures of 5 and 30 °C, it can be seen that the content of the active compound was much lower, compared with the formulation.



The oil content in the nanoemulsion stored at 40 °C had a pronounced decrease from the second month of analysis (approximately 50%). For the free oil, at 40 °C, a marked reduction of the active compound was observed in the first month of analysis.



Figure 4 presents the chromatographic profile of the P. pubescens oil present in the nanoemulsion stored at 5 °C for 180 d. It is possible to observe the presence of characteristic peaks of the derivatives of geranylgeraniol (between 11 and 15 min) and vouacapan diterpenes (between 22 and 25 min) in the P. pubescens oil.



The consistency index obtained for the nanoemulsion during the stability study is presented in Figure 5.



The initial consistency index was 210.37 ± 1.34 mPa·s. At all temperatures analyzed, the consistency index decreased over time. However, comparing the formulation maintained at 5 and 30 °C, it was observed that the consistency index of the formulation maintained at 5 °C showed a less pronounced decrease (around 18%) than that of the formulation stored at 30 °C, which showed a decrease of approximately 50%.



For the formulation maintained at 40 °C, a marked decrease in the consistency index was observed in the first month of study, and this decrease was almost 100% until 180 d, demonstrating the physical instability of the system at this temperature. Thus, based on these results, it is suggested that the formulation is more stable when stored at 5 °C. These results are in agreement with the results obtained in the accelerated stability study using centrifugal force, in which the formulation evaluated at 5 °C was also more stable.




3.3. Microbiological Stability


The results showed that there was no growth of the microorganisms tested.




3.4. In Vitro Antileishmanial Activity and Cytotoxicity Assays


The leishmanicidal activity (IC50) for the free P. pubescens oil and the formulation is shown in Table 3. The IC50 values demonstrated an expressive leishmanicidal activity of the nanoemulsion, compared with the free P. pubescens oil, which represents a decrease in IC50 of approximately 95%, suggesting the great potential of the formulation in the treatment of CL. The assays of cytotoxicity showed that the free oil was cytotoxic to macrophages with CC50 values of approximately 36 µg/mL.





4. Discussion


The droplet diameter and the PDI are representative parameters that indicate the stability of nanoemulsions [37]. The small initial droplet diameter contributed to the transparency of the nanoemulsion [38]. Despite the increase in the diameter of the droplets for the system at 5 and 30 °C, there was no evidence of creaming or coalescence of the droplets during storage, since the diameters remained around 30 nm, contributing to the kinetic stability of the formulation [38].



The PDI is a representation of the distribution of droplet diameter within a given sample, which can range from 0 to 1. PDI values < 0.2 indicate the existence of a homogeneous particle size, while values close to 1 indicate heterogeneity and physical instability [39,40]. In drug delivery applications using lipid-based carriers such as nanoemulsions, a PDI < 0.3 is considered acceptable [39,41,42], indicating a homogenous population of droplets and a high physical stability during 180 d of storage [43,44,45].



Additionally, the zeta potential may be an indicator, but it is not a unique criterion to predict the stability of a nanoemulsion [46]. Zeta potential values above 30 mV (absolute value) provide a high energy barrier that causes repulsion of the adjacent droplets, resulting in the formation of stabilized emulsions [47] and the high physical stability of the system [48]. The negative charge observed in this study is related to the anionic nature of HA, which is absorbed in the oil–water interface [47].



Furthermore, high temperatures can change the solubility of nonionic surfactant (PEG-40H), due to the breakdown of hydrogen bonds at the surfactant surface, facilitating aggregation and coalescence by reducing the mechanical barrier, and resulting in a loss of stability [45]. The formulation stored at 40 °C showed a decrease in zeta potential, compared with those stored at 5 and 30 °C, and in the accelerated stability study, the instability index was higher for the formulation evaluated at 40 °C; thus, it is suggested that this temperature may decrease the stability of the formulation, by a reduction of electrical and mechanical barrier energies [44,45].



The pH values close to 6.0 observed for the formulation stored at temperatures of 5 and 30 °C are acceptable, since these values are within the favorable pH range for an emulsified system that remains stable, and are safe values for topical application. On the other hand, the pH values close to 4.0 found for the formulation stored at 40 °C could be the reason for the decrease of zeta potential. pH change indicates the occurrence of chemical reactions that may compromise the quality of the final product [45]. A pH decrease may have occurred due to oxidation of the oil phase, leading to hydroperoxide formations, or due to hydrolysis of triglycerides with the formation of free fatty acids [49]. Additionally, the chromatographic profile of the P. pubescens oil present in the nanoemulsion stored at 40 °C for 180 d showed a high chemical degradation of the constituents of the oil present in the formulation, demonstrating the instability of the P. pubescens oil at this temperature.



However, when stored at 5 °C, the developed system presented a good recovery content. Comparing the formulation with the free oil, it was observed that the degradation of P. pubescens oil present in the nanoemulsion was lower than that of the free oil, indicating that the nanoemulsion protected the vegetable oil from degradation, mainly at temperatures of 5 and 30 °C. These results confirm the results obtained in the thermal analysis [31,50], which demonstrated the ability of the nanoemulsion to protect the P. pubescens oil from thermal degradation. According to Bajerski et al. [51], one of the advantages of using nanoemulsion to encapsulate vegetable oils is the ability of these systems to protect the vegetable oil from photo-, thermal, and volatilization instability, improving the chemical stability of the oil.



The viscosity of the system is of great importance for the formation and stability of emulsions. A decrease in the viscosity over time may indicate a kinetic instability of the system [52]. Instabilities arising from variation in droplet size, particle number, and emulsifier orientation or migration over time, can be detected by changes in the viscosity of the product [49].



In this study, we observed that the PDI increased during storage, which may be attributed, in part, to the reduction in consistency index [45]. The maintenance of the consistency index is an important factor to consider, since viscous emulsions are more stable compared with less viscous emulsions, due to the delay of the phenomena of physical instability. According to Ali et al. [52], the factors that govern creaming are the dispersed-phase globule size and the viscosity of the external phase. The viscosity reduction in a nanoemulsified system increases the probability of droplets moving freely and colliding with each other, favoring the phenomenon of coalescence. In addition, for a topical formulation, maintenance of the viscosity is necessary [49].



The stability of the nanoemulsion is associated with physical integrity, chemical stability, and protection against microbial contamination [53]. Direct sources of contamination (raw materials, packaging, and production environment) and indirect sources (resulting from cleaning equipment and/or training operators) can affect the microbial quality of the formulation [54]. Microbial contamination is associated with the loss of therapeutic efficacy due to the chemical degradation of the constituents of the oil or changes in chemical and physical parameters [45]. The microbiological stability showed that there was no growth of the microorganisms tested. According to some studies [11,55], P. pubescens extracts present antimicrobial activity, which may favor the maintenance of the microbiological stability of the developed system.



The results obtained in the biological assay against the intracellular amastigotes of L. amazonensis indicate that the nanoscale droplets (≈25 nm) and the presence of HA in the formulation may have contributed to the internalization of P. pubescens oil in the infected macrophages, increasing leishmanicidal activity in approximately 95%, compared with the free oil. Typically, delivery using nanocarriers to the target cell increases the bioavailability of active components and decreases toxicity in normal cells [2].



These results suggest that the P. pubescens oil was successfully internalized in the infected macrophages using the formulation, suggesting that a site-specific drug delivery system is promising for the treatment of CL. However, further investigations regarding the internalization of the P. pubescens oil present in the nanoemulsion by HA receptors, are necessary.



An important aspect of active compounds with potential therapeutic application is the absence of toxic effects on the host cells, which can be evaluated via the selectivity index. This index reveals whether the compounds act preferentially on the parasite or on the host defense cells. The greater the selectivity index, the more selective the formulation is in inhibiting the parasite [56].



Evaluation of the formulation showed that the CC50 value decreased, but the selectivity index was approximately double that of the free P. pubescens oil, demonstrating the potential of the nanoemulsion to improve the selectivity of the active substance over cells containing the parasite. According to the literature, furanoditerpenes with a vouacapan skeleton are the main compounds in Pterodon species capable of causing cytotoxicity in cancer cells [57,58]. Considering the potential of P. pubescens oil in the treatment of leishmaniasis [18,19], and the results obtained in this study, the development of a drug release system capable of increasing the therapeutic efficacy of P. pubescens oil is encouraged; however, additional studies on the compound responsible for its cytotoxicity are needed.




5. Conclusions


The HA-based nanoemulsion containing P. pubescens oil was more stable when stored at 5 °C, in which the parameters evaluated remained practically the same during the study period. The degradation of the P. pubescens oil present in the nanoemulsion was lower than that of the free oil, showing that the chemical stability of the oil increased when it was encapsulated in the nanoemulsion. The microbiological stability test confirmed the absence of bacteria or fungi in the formulation.



The biological assay against the intracellular amastigotes of L. amazonensis indicates that the P. pubescens oil was successfully internalized in the infected macrophages using the formulation, suggesting that a site-specific drug delivery system is promising for the treatment of CL. The development of a drug release system capable of increasing the therapeutic efficacy of P. pubescens oil is encouraged, but further investigations on the internalization of the oil present in the nanoemulsion by HA receptors, and on the increase in selectivity index, together with in vivo studies, are needed.
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Figure 1. Evolution of the transmission profiles of the HA-based nanoemulsion containing P. pubescens oil at (A) 5 °C, (B) 30 °C, and (C) 40 °C. 
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Figure 2. Pictures of the HA-based nanoemulsion containing P. pubescens oil stored for 180 d at temperatures of 5, 30, and 40 °C. 
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Figure 3. Percentage of recovery of vouacapans of the nanoemulsion (A) and free P. pubescens oil (B), stored at temperatures of 5, 30, and 40 °C for 180 d. Mean ± SD (n = 3). One-way ANOVA followed by post hoc Tukey’s test; different specimens (*, **, and ***) are considered statistically different at p < 0.05. 
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Figure 4. Chromatographic profile of P. pubescens oil present in the nanoemulsion stored at 5 °C for 180 d. 
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Figure 5. Consistency index of HA-based nanoemulsion containing P. pubescens oil stored at temperatures of 5, 30, and 40 °C for 180 d. Mean ± SD (n = 3). One-way ANOVA followed by post hoc Tukey’s test; different specimens (*, **, ***, and ****) are considered statistically different at p < 0.05. 
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Table 1. Instability index of HA-based nanoemulsion containing P. pubescens oil at temperatures of 5, 30, and 40 °C.
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Temperature




	

	
5 °C

	
30 °C

	
40 °C






	
Instability index

	
0.13 ± 0.06 b

	
0.15 ± 0.00 b

	
0.42 ± 0.12 a








Notes: The instability index was calculated using the SepView 6.0 software (LUM, Berlin, Germany). Different letters are considered to be statistically different (p < 0.05).
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Table 2. Droplet diameter, PDI, zeta potential, and pH of the HA-based nanoemulsion containing P. pubescens oil stored at temperatures of 5, 30, and 40 °C for 180 d.
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Time




	
24 h

	
30 d

	
60 d

	
90 d

	
180 d






	
Droplet diameter (nm)

	
5 °C

	
24.86 ± 0.64 b

	
24.66 ± 0.85 b

	
29.50 ± 1.20 a

	
31.33 ± 1.50 a

	
32.36 ± 1.45 a




	
30 °C

	
24.86 ± 0.64 b

	
24.83 ± 0.68 b

	
25.06 ± 0.49 b

	
27.30 ± 0.46 a

	
27.13 ± 1.10 a




	
40 °C

	
24.86 ± 0.64 a

	
23.70 ± 0.75 a

	
23.90 ± 0.11 a

	
23.66 ± 0.75 a

	
18.83 ± 0.64 b




	

	
5 °C

	
0.24 ± 0.04 c

	
0.26 ± 0.07 b

	
0.26 ± 0.09 b

	
0.26 ± 0.01 b

	
0.29 ± 0.06 a




	
PDI

	
30 °C

	
0.24 ± 0.04 c

	
0.24 ± 0.04 cd

	
0.23 ± 0.03 d

	
0.29 ± 0.09 b

	
0.30 ± 0.04 a




	

	
40 °C

	
0.24 ± 0.04 a

	
0.23 ± 0.05 b

	
0.23 ± 0.02 b

	
0.22 ± 0.06 c

	
0.19 ± 0.03 d




	
Zeta potential (mV)

	
5 °C

	
−31.45 ± 0.26 a

	
ND

	
ND

	
ND

	
−32.44 ± 0.20 a




	
30 °C

	
−31.45 ± 0.26 a

	
ND

	
ND

	
ND

	
−29.67 ± 0.09 a




	
40 °C

	
−31.45 ± 0.26 a

	
ND

	
ND

	
ND

	
−18.47 ± 1.50 b




	
pH

	
5 °C

	
6.80 ± 0.03 a

	
6.70 ± 0.05 b

	
6.56 ± 0.03 ab

	
6.33 ± 0.05 bc

	
6.00 ± 0.01 c




	
30 °C

	
6.80 ± 0.03 a

	
6.50 ± 0.01 b

	
6.47 ± 0.04 b

	
6.15 ± 0.07 c

	
6.09 ± 0.14 c




	
40 °C

	
6.80 ± 0.03 a

	
5.22 ± 0.07 b

	
4.79 ± 0.04 c

	
4.55 ± 0.01 d

	
4.22 ± 0.00 e








Notes: Non-determined (ND). Mean ± SD (n = 3). One-way ANOVA followed by post hoc Tukey’s test; different letters (a to e) are statistically different (p < 0.05).
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Table 3. Leishmanicidal activity (IC50), cytotoxicity (CC50) and selectivity index.
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	Samples
	IC50 (µg/mL)
	CC50 (µg/mL)
	Selectivity Index





	Nanoemulsion
	2.00 ± 0.04
	3.50 ± 1.00
	1.75



	Free P. pubescens oil
	41.50 ± 3.50
	36.00 ± 1.40
	0.87



	Miltefosine
	0.70 ± 0.02
	22.40 ± 0.80
	32.00







Notes: IC50: concentration capable of inhibiting 50% of the parasite growth; CC50: concentration capable of inhibiting 50% of the cell growth.
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