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Amazonian flora includes several species with the potential to develop pharmaceutical and biotechnological products. The essential oils from Amazonian species possess some biological properties, such as antioxidant, antibacterial, and cytotoxic activities. The essential oil of red sacaca (RSO), Croton cajucara Benth., contains metabolites characterized by antioxidant and anti-inflammatory activities. Nanostructured lipid carriers (NLC) are an advantageous alternative for the effective delivery of drugs because they can solubilize lipophilic actives and reduce their cytotoxicity. This study aimed to optimize the synthesis of RSO-loaded nanostructured lipid carriers (NLC-RSO) using a 23 factorial design and investigate their antioxidant and cytotoxic effects. The red sacaca essential oil (RSO) metabolite profile was characterized using gas chromatography coupled with a mass spectrometer (GC-MS), identifying 33 metabolites, with linalool and 7-hydroxy-calamenene as the major ones, as reported in the literature. The optimized NLC-RSO formulation had a particle size less than 100 nm and a polydispersity index lower than 0.25. After characterizing NLC-RSO using Fourier-transform infrared spectroscopy, powder X-ray diffraction, zeta potential, moisture content, and wettability, in vitro cytotoxicity were performed in A549 and BEAS-2B cell lines using the resazurin metabolism assay. The data indicated a lower IC50 for RSO than for NLC-RSOs in both cell lines. Furthermore, low cytotoxicity of blank nanoparticles (blank NP) and medium chain triglycerides-loaded nanostructured lipid carriers (NLC-MCT) towards both pulmonary cell lines was noted. At a concentration of 50–100 μg/mL, free RSO exhibited higher cytotoxicity than NLC-RSO, demonstrating the protective effect of this lipid carrier in reducing cytotoxicity during metabolite delivery. Similarly, free RSO showed higher 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging than NLC-RSO, also indicating this protective effect. The 2′,7′-dichlorofluorescein diacetate (DCFH-DA) intracellular reactive oxygen species (ROS) level assay did not show differences between the treatments at higher but non-cytotoxic dosages. Taken together, our results suggest that NLC-RSOs are potential RSO delivery systems for applications related to cancer treatment.
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1 INTRODUCTION
The Amazon represents a large part of the Brazilian biome, whose biodiversity is mostly unknown, and drives the search for developing new drugs from plants. The Amazon has a vast plant diversity, from which it is possible to extract essential oils, which, from their secondary metabolites, produce derivative smells and flavors, in addition to presenting a diverse range of metabolites of pharmacological interest (Ferreira et al., 2022). One of the most prevalent Amazonian plant species that provides essential oils is Croton cajucara Benth. (Euphorbiaceae), a 6–10 m tall tree found in the central and eastern regions of the Amazon rainforest. Two morphotypes of this species have been described: the white sacaca with light green leaves, and the red sacaca, with dark green leaves (Chaves et al., 2006; Azevedo et al., 2021). Sacaca leaves and bark are routinely commercialized in open markets as oils, capsules, and pills for use as analgesics and hepatoprotective agents, as well as for the treatment of diabetes, diarrhea, stomachaches, fever, hepatitis, and malaria (Azevedo et al., 2021).
Phytochemical studies have indicated that terpenes are the main metabolites of red sacaca essential oil (RSO), including 7-hydroxy-calamenene (35.4%) and linalool (11.8%) (Chaves et al., 2006; Rodrigues et al., 2013; Azevedo et al., 2021; Subramaniyan et al., 2022). Some studies have shown the potential biological activities associated with RSO, including antileishmanial, antimicrobial, antiulcerogenic, anticancer, and antioxidant activities. Against Leishmania chagasi, RSO showed an in vitro minimum inhibitory concentration of 250 μg/mL, with no significant toxicity to mouse peritoneal macrophages (Rodrigues et al., 2013; Da Silva et al., 2018). High antimicrobial activity was observed from 7-hydroxy-calamenene-rich RSO against methicillin-resistant Staphylococcus aureus, Mycobacterium tuberculosis, Mycobacterium smegmatis, Rhizopusoryzae, and Mucor circinelloides. A 7-hydroxy-calamenene-rich RSO nanoemulsion proved to be effective against zygomycete strains, especially Mucor ramosissimus and Candida albicans (Azevedo et al., 2016; Azevedo et al., 2021). Antiulcerogenic and antineoplastic properties have also been attributed to sacaca, which are associated with trans-dehydrocrotonin, a norditerpene found in the bark (Freire et al., 2003; De Carvalho et al., 2022).
Although essential oils present strong potential for use in the pharmaceutical industry, they usually have some limiting characteristics, such as the susceptibility to oxidation and degradation under environmental conditions, low aqueous solubility, and low bioavailability at the site of action (Santos et al., 2017; Rodrigues et al., 2018; Lammari et al., 2020). Thus, the incorporation of oils and lipophilic compounds into lipid nanoparticles has been searched in the pharmaceutical industry to protect the bioactive compounds and overcome such limitations, while using nanostructured components with low risk of acute or chronic toxicity. Nanostructured lipid carriers (NLC) are lipid nanoparticles composed of solid lipids (such as long-chain triglycerides and fatty acids), liquid lipids (oils, such as RSO and other vegetable oils) and the surfactant system (Chu et al., 2017; Salgado et al., 2018; Zanetti et al., 2019). Optimal sized lipid nanoparticles can be obtained from the proper combination of these components, yielding improved properties for the incorporated bioactive, such as increased cellular uptake and potential for passive and active targeting to the regions of interest in the human organism (Bayón et al., 2019; Borges et al., 2020).
Therefore, the main goal of this study was to develop RSO-loaded lipid nanoparticles through a 23 factorial design to optimize its composition, in order to obtain nanoparticles of reduced size that can protect the biological actions of RSO, i.e., maintaining or improving its bioactive effectiveness, without increasing toxicity. It is expected that these novel RSO lipid nanoparticles can be a technological advancement in the rational use of this Amazonian oil, which may lead to increased bioavailability, whose effect may last longer after use.
2 MATERIALS AND METHODS
2.1 Materials
Red sacaca leaves were collected from the medicinal plants sector of Embrapa Amazônia Ocidental, (localization 03°06′23,04″S e 60°01′35,14″W) in Manaus, Amazonas, Brazil. The access to the botanical material was registered on the National System of Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN) under the number AD070A3. The red sacaca essential oil was obtained by hydrodistillation in a modified Clevenger apparatus (LCR Cientifica; Cosmopolis, Brasil) for 4 h, from plants collected between 08:00–09:00 a.m., as reported previously (Azevedo et al., 2016; Silva et al., 2022).
Compritol® 888 ATO was kindly supplied by Gattefossé (Lyon, France), Super refined Tween® 80 (polysorbate 80) was kindly provided by Croda Inc. (Edison, WI, United States), and soybean lecithin was obtained from Cargill (Krefeld, Germany). Butyl hydroxytoluene (BHT) was acquired from Sulfal (Belo Horizonte, Brazil). The reagents 2,2-diphenyl-1-picrylhydrazyl (DPPH∙), 7-hydroxy-3H-phenoxazin-3-one 10-oxide (resazurin) and 2ʹ,7ʹ-diclorofluorescein diacetate (DCFDA) were acquired from Sigma-Aldrich (St. Louis, MO, United States). All the other reagents were of analytical grade.
2.2 Experimental design
To develop this novel formulation of lipid nanoparticles with RSO, the first step was to identify the factors that could influence critical quality attributes. A 23 central composite rotational design was then performed with six repetitions at the central point for 20 experiments. The independent variables, the proportion of RSO in the oily phase (X1), total concentration of lipids in the dispersion (X2), and total concentration of surfactants in the dispersion (X3), were analyzed at three equidistant levels (coded as −1, 0, and +1), with two axial points (−1.68 and +1.68). Two response variables were measured: the particle size (Y1) and polydispersity index (Y2).
The experimental design and coded and real values of the independent variables are listed in Table 1. The ranges of the independent variables were defined in previous experiments. A second-order model was used to adjust the response variables.
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where Y is the dependent variable, Xi and Xj are the coded independent variables, β0 is the constant, βi is the linear coefficient, βi2 is the quadratic coefficient, and βij is the interaction coefficient.
TABLE 1 | Central composite design matrix and characterization of the obtained nanoparticles by particle size and PDI as the response variables.
[image: Table 1]Statistical analysis of the experimental data and response surface methodology were performed using Statistica 7.0 software (StatSoft Inc., Oklahoma, United States). The optimal values for the formulation composition were obtained by the desirability function, an analysis of multiple responses, as proposed by Derringer and Suich (1980).
To determine whether the fitted equations are significant, the R2 value must be equal or greater than 0.70 (Santos et al., 2021).
2.3 Preparation of nanoparticles
Red sacaca essential oil-loaded nanostructured lipid carriers (NLC-RSO) were prepared by hot-melt homogenization using an emulsification-ultrasound, as previously described by our group (Marcial et al., 2017; Silva et al., 2023). Briefly, lipids and surfactants were mixed and heated to 85°C for complete melting and homogenization. Subsequently, RSO was added to this mixture, homogenized, and dispersed in 10 mL of previously heated water at the same temperature by stirring for 2 min. The resulting emulsion was immediately homogenized using a high-intensity ultrasound probe (Q55 sonicator, Qsonica, Newton, United States) for 10 min at 40% amplitude. The hot emulsified mixture was then cooled to room temperature (near 25°C) for nanoparticle formation. Blank nanoparticles (blank NP) were prepared with all components, except for RSO, using the same procedure. Medium-chain triglycerides (MCT) were used in the same proportion as RSO to generate the nanostructured lipid carriers containing medium-chain triglycerides (NLC-MCT).
For the powder characterization, the water dispersion containing NLC-RSO was frozen in a nitrogen bath for 5 min and lyophilized in a Labconco FreeZone 4.5 L freeze-dryer (Kansas, EUA), with the condenser system operating at 50°C and vacuum pressure of 0.37 mbar for 24 h.
2.4 Determination of particle size and polydispersity index
The hydrodynamic diameter and the polydispersity index (PDI) were determined by dynamic light scattering (DLS) at 25°C and angle of 173°, with a Zetasizer Nano ZS (Malvern Instruments; Worcestershire, England). The formulations were ten-fold diluted in water before analysis, and all determinations were performed in triplicate.
2.5 Characterization of the NLC-RSO
2.5.1 Zeta potential
Zeta potential (ZP) was determined by DLS and electrophoretic mobility with a Zetasizer Nano ZS (Malvern Instruments; Worcestershire, England), at 25°C and detection at an angle of 173°. The formulations were ten-fold diluted in water before analysis and determinations were performed in triplicate.
2.5.2 Fourier-transform infrared spectroscopy (FTIR)
The FTIR spectra of the pure components and lyophilized nanoparticles (NLC-RSO and blank NP) were obtained using an FTIR Varian 640-IR spectrophotometer (Palo Alto, United States) equipped with an attenuated total reflectance mode accessory (ATR, Pike Technologies, model GladiATR). Measurements were performed between 650 and 4,000 cm−1, with resolution of 4 cm−1 and 32 scan accumulations. The thermal stability of RSO was also analyzed by FTIR after thermal treatment at 85°C for 10 min to verify the possible degradation during nanoparticle preparation.
2.5.3 Powder X-ray diffraction (XRD)
XRD data of lyophilized NLC-RSO and pure solid components were collected on the XRD-6000 diffractometer (Shimadzu, Kyoto, Japan) at room temperature, under 40 kV, 30 mA, using CuKa radiation (λ = 1.54056 Å). The sample was scanned over the angular range of 10°–50° (2θ) with a scan speed of 0.06° 2θ·s−1 (3.6°/minutes).
2.5.4 Color parameters
Color parameters were determined using a Konica Minolta CM-5 colorimeter with a CIE Standard Illuminant D65, a 10° observer, and specular reflectance, based on the CIE Lab color spaces (Barros et al., 2014; VIEIRA et al., 2019). The color parameters, lightness L*, and chromas a* and b*, were determined by direct analysis using a colorimeter. The total color difference (ΔE) was calculated using the equation:
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where L* is the luminosity coordinate, a* is the color coordinate between red and green, and b* is the coordinate between yellow and blue. Comparisons were performed using the values of L0*, a0*, and b0* as the chromatic coordinates for RSO and Compritol.
2.5.5 Moisture content and wettability
Moisture content was determined using a gravimetric method. The lyophilized NLC samples were heated at 105°C until reaching constant weight (AOAC, 2005).
Wettability was determined as the time necessary for the disappearance of 50 mg of sample powder (NLC-RSO) from the surface of 10 mL of distilled water at 25°C without stirring (Fuchs et al., 2006).
2.6 Characterization of RSO
2.6.1 RSO metabolites
The metabolites present in RSO were analyzed by gas chromatography coupled with mass spectrometry (GC-MS) according to a previously published report (Mar et al., 2018). A ShimadzuGCMS-QP2010 (Shimadzu Corporation, Kyoto, Japan) instrument with conditions of injector operation at 250°C and detector at 290°C was used in all analyses. Helium was used as carrier gas at a flow rate of 1.0 mL/min, the column was heated from 60°C to 250°C at a rate of 3°C/min, and the split ratio was 1:50. Identification of the isolated metabolites was established from their GC retention index using a C7–C30 n-alkanes homologous series, whose Arithmetic Index (AI) were calculated using the van Den Dool and Kratz (1963) equation.
2.6.2 Radical scavenging measurements
The radical scavenging (RS) measurements of RSO and NLC-RSO was evaluated by the discoloration of DPPH radicals in an acetone solution (Bhatnagar et al., 2009) at 515 nm. Briefly, test tubes were filled with 2 mL of the sample and 2 mL of 60 μM DPPH∙ solution, vortexed and incubated at 25°C protected from the light. After 30 min, the absorbance of the samples (As) or control (DPPH∙ solution; Ac) was determined on a UV-visible spectrophotometer (BEL photonics SP 2000 UV, Piracicaba, Brazil). The RSO concentration range analyzed was 0.78–25 mg/mL. Results were expressed as RS towards DPPH∙ radicals, calculated using the following equation:
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The BHT equivalent antioxidant capacity (mg/g of oil) was determined from an analytical curve for BHT in the concentration range of 7.32–50 μg/mL. For comparative analysis, the NLC-RSO samples were diluted to 6.25 mg/mL.
2.7 In vitro cytotoxicity studies
2.7.1 Cell cultures
The cell lines used were A549 (ATCC® CCL-185™), human lung carcinoma, and BEAS-2B (ATCC® CRL-9609™), normal lung epithelial cells. The cultures were maintained in Dulbecco’s Modified Eagle Medium: Nutrient Mixture 12 (DMEM/F12) supplemented with 1.2 g/L sodium bicarbonate, 10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, United States).
The culture medium was filtered through a 0.22 µm polyvinylidene difluoride membrane (Sigma-Aldrich) Cells were grown in flasks in a 37°C, 5% CO2 humidified incubator. The culture medium was replaced every 2 days. The cell subcultures were performed when the monolayers reached an approximate confluence of 70%–80%.
2.7.2 Cell viability studies
A resazurin reagent metabolization assay was used to evaluate cell viability and obtain the IC50 profile of NLC-RSO. Both cell lines were seeded at a cell density of 1 × 104 cells per well in a standard 96-well tissue culture plate. After 24 h, the cells were washed with phosphate-buffered saline, and different concentrations of NLC-RSO, blank NP, NLC-MCT, MCT, and RSO were applied. After the incubation of the cell cultures with the treatments for 24 h in the 96-well plates, 3 mM resazurin reagent was added to each well, and the plate was further incubated for 3 h under 5% CO2 at 37°C. The absorbance of each sample was measured at 570 and 590 nm using Chameleon multi-label plate reader (Hidex Personal Life Science, Hidex Oy, Finland). Results were expressed as percentage of viability compared to the untreated cells.
2.8 Quantification of cellular reactive oxygen species levels
For this study, A549 and BEAS-2B cells were plated at 1 × 104 and 2 × 104 cells/well, respectively, in 96-well plates. After the adherence period (24 h), the cell lines were treated with 25 μg/mL of each treatment for 24 h, then washed with 1X Hank’s balanced salt solution (HBSS). All groups received 25 µM of the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFDA) in 1X HBSS solution for 45 min. After this period, the probe was washed with 1X HBSS and a part of the groups was subjected to oxidative stress using 50 µM of hydrogen peroxide (H2O2) in 1 X HBSS solution, while the other group of cells received only the 1 X HBSS solution. Fluorescence readings (excitation at 488 nm and emission at 535 nm) were performed after 1 h. For this test, the antioxidant quercetin at a concentration of 200 µM was used as a positive control group (Tang et al., 2019). Results were expressed as percentage fluorescence (DCFDA) relative to control group (non-treated cells).
2.9 Statistical analyses
Data were obtained from at least three independent experiments and expressed as mean ± standard deviation. The optimal values for the formulation composition were obtained using the desirability function and analysis of multiple responses, as proposed by Derringer and Suich (1980), using Statistica 7.0 software (StatSoft Inc., Oklahoma, United States). Viability and antioxidant statistical analyses were performed using the GraphPad Prism 8 software (La Jolla, CA, United States). To obtain the IC50 values, a nonlinear regression analysis was performed. To evaluate the significance of the differences observed between the studied groups, a one-way analysis of variance (ANOVA) was conducted and, when applicable, the mean comparison test (Tukey’s test). All data obtained from the factorial experiments were subjected to statistical analysis at 90% confidence level for fitting to the second order polynomial equation.
3 RESULTS AND DISCUSSION
3.1 Influence of the formulation parameters on the particle size and PDI of NLC-RSO
After preparation, all NLC-RSO formulations in the experimental design were fluid and transparent, with a reddish appearance. Their average sizes ranged between 38 and 795 nm, indicating the formation of nanostructures in all composition combinations. The PDI values ranged between 0.20 and 1.00 (Table 1).
All data obtained from the factorial experiments were submitted to statistical analysis at 90% confidence level, for fitting to the second order polynomial equation. The ANOVA results, including the regression coefficients for the coded polynomial equation, the determination coefficients (R2) and p-values, are listed in Table 2.
TABLE 2 | Results for the regression coefficients and analysis of variance (ANOVA).
[image: Table 2]The ANOVA of the response variables resulted in R2 of for 0.94 and 0.50, respectively for average size (Y1) and PDI (Y2), indicating that the models were able to explain 94% and 50% of the variations observed in the experimental data. In addition, both p-values for Y1 and Y2 were lower than 0.1 (Table 2). Thus, this model was considered predictive of average size but not of the PDI values of the formulations with the selected components and under the studied conditions, as this property was only 50% explained by this model. The PDI is an index associated with the degree of homogeneity of a sample. The smaller the value, the greater the homogeneity of the particle diameter distribution in the system (Danaei et al., 2018).
Thus, the statistically significant regression coefficients (90% confidence level) were included in the equation used to analyze the behavior of the adjusted mathematical model for the variable particle size:
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where Y represents the dependent variables (Y1 = average size, Y2 = PDI) and X corresponds to the coded independent variables (X1 = proportion of oil, X2 = total lipids, X3 = total surfactants).
Through the equation, the notable influence of all independent variables on the average size can be discerned. Regarding the linear coefficient, the variable with the greatest impact was observed to be X2. As the total lipid concentration increased, particle size also increased. Conversely, variables X1 and X3 exhibited an inversely proportional relationship; higher proportions of oil and surfactant resulted in smaller particle sizes. Only the variable X3 (total surfactants) displayed a significant quadratic coefficient. In terms of the interaction coefficients, it is noteworthy that the interaction between total lipids and total surfactants (X2X3) was the most influential, confirming that both variables exert a more pronounced influence on the response variable.
Regarding the PDI variable (Y2), the equation displayed neither significance nor predictive power. From the equation, it is evident that only the linear variables X2 and X3 exert an influence on the response variable, leading to the omission of response surface plotting for PDI.
3.2 Effect of the NLC-RSO composition on the particle size
The particle size is usually the first quality parameter to be evaluated in nanoparticle-based products because the composition and preparation conditions directly influence this feature. In addition, the performance of the developed nanoparticles as nanocarrier systems is related to the particle size, shelf life, stability, encapsulation efficiency of the bioactive compound, release profile, biodistribution, and cellular uptake, among other biological properties (Danaei et al., 2018). Thus, the influence of three composition factors was assessed: oil proportion, total lipids, and total surfactants. The response surfaces resulting from the statistical analysis are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Response surfaces of particle size as a function of (A) total lipids and proportion of oil (total surfactants = 3% w/v); (B) RSO proportion and total surfactants (total lipids = 8% w/v); (C) total surfactants and total lipids (RSO proportion = 30% w/w).
The average size of the nanoparticles increased proportionally with an increase in total lipid concentration and a reduction in the proportion of RSO (Figure 1A). Therefore, to obtain smaller nanoparticles, it is important to reduce the total lipid concentration while increasing the proportion of oil to the limit of the desired bioactive content. When the concentration of solid lipids in the formulation increases, the viscosity of the colloidal dispersion also increases, which hampers the emulsification process and results in larger nanoparticles. However, the addition of liquid lipids such as RSO reduces the system viscosity and, consequently, contributes to the size reduction (Veni and Gupta, 2020; Ramadan et al., 2023).
A reduction in the surfactant concentration and oil proportion promoted a significant increase in particle size (Figure 1B). Surfactants are necessary to reduce the interfacial tension so that the molten lipid matrix can be more effectively homogenized with the aqueous phase during preparation, resulting in smaller nanoparticles. In addition, the surfactant layer in the lipid matrix can act as a barrier to the aggregation of nanoparticles in the dispersion, prolonging the long-term stability of the formulation (Zhang et al., 2013; Veni and Gupta, 2020). Finally, increasing the lipid content and reducing the surfactant concentration yielded nanoparticles with larger particle sizes (Figure 1C). Higher surfactant/lipid ratios are important for producing smaller nanoparticles because surfactants should cover the entire surface of the lipid nanoparticles to allow their dispersion in the aqueous phase during the emulsification process (Zhang et al., 2013).
3.3 NLC-RSO optimization using the desirability function
Critical quality attributes of the product (response variables) are generally affected by a combination of various input factors in the formulation composition and manufacturing process. Therefore, it is essential to select the best combination of input variable settings for a process such that all response variables can be optimized to reach the desired specifications. Then, the optimization of the NLC-RSO composition was performed using a multi-response method for desirability (Derringer and Suich, 1980; Pelissari et al., 2013; Pal and Gauri, 2018) for simultaneous optimization of the three composition variables. This method involves transforming each response variable (Yi) into an individual desirability function (di) ranging from 0 to 1. If the response was outside the pre-established acceptable region, it was defined as di = 0, whereas a fully desirable response (goal) was defined as di = 1 (Pelissari et al., 2013; Pal and Gauri, 2018).
This multi-response optimization of the predicted profiles for the response variables had a mathematical model considered valid for the particle size, as is shown in Figure 2 with its respective desirability function profiles for each of the investigated variables (total lipids, total surfactants, and RSO proportion). Thus, the maximum global desirability (1.00) would be obtained with the optimized composition of the NLC-RSO: oil proportion of 37.49% (w/w), total lipids of 5.15% (w/v), and total surfactant = 3.70% (w/v).
[image: Figure 2]FIGURE 2 | Simultaneous optimization of the NLC-RSO composition as a function of the composition variables, predicted response variables and desirability profiles.
Experimental validation was performed by preparing the optimized NLC-RSO formulations in triplicate. The expected particle size and experimental results were expressed as mean values, and the relative deviation was calculated (Table 3). Based on the relative deviation obtained (−7.6%), the optimization methodology was considered satisfactory. The experimental value obtained for the particle size was less than 100 nm, which favored the biopharmaceutical properties of the nanoparticles, such as absorption, cellular uptake, controlled release, and bioavailability of the encapsulated bioactive metabolite. In addition, nanoparticles smaller than 150 nm can enter or exit blood capillaries in the hepatic endothelium or even in a tumor microenvironment, while nanoparticles between 20–100 nm can be distributed to the bone marrow, spleen, and liver sinusoids, leaving the bloodstream through the capillaries (Danaei et al., 2018).
TABLE 3 | Experimental validation in the optimized composition conditions of the NLC-RSO.
[image: Table 3]Therefore, as the average size obtained with the optimized formulation was lower than 100 nm, the use of this NLC-RSO is promising to deliver this bioactive to the organism (Danaei et al., 2018). The PDI obtained (0.21 ± 0.01) was lower than 0.3, which indicates a monodisperse and stable system.
3.4 NLC-RSO characterization
3.4.1 Zeta potential
The ZP of the optimized formulation was highly negative (−33.03 ± 0.5 mV), which may be indicative of good electrostatic stabilization of the nanodispersion. The greater the absolute value of ZP, whether negative or positive, the greater the repulsion between particles with the same charge, circumventing the natural tendency of particle aggregation. Thus, the particles are expected to remain stable in the dispersion with a constant size and the same release profile as the encapsulated content over time (Abosabaa et al., 2021; Dhiman et al., 2021).
3.4.2 FTIR spectroscopy
FTIR spectra were obtained for each component and lyophilized NLC-RSO formulation (Figure 3). Since the preparation method of NLC-RSO involves heating up to 85°C in the emulsification step, the FTIR spectra of RSO were obtained before and after heating to this temperature. Both spectra were overlapped (Figure 3A), and the correlation coefficient (r = 0.997) obtained was high, indicating that heating did not change the oil characteristics, with no significant changes in the functional groups.
[image: Figure 3]FIGURE 3 | FTIR absorption spectra. (A) Overlapped absorption spectra of RSO before and after heating up to 85°C. (B) Absorption spectra of the isolated formulation components and NLC-RSO.
The isolated components showed their characteristic signals in their respective FTIR spectrum (Figure 3B). For Compritol, bands were observed at 2,919 cm−1 and 2,850 cm−1 (both C–H stretching vibrations), 1740 cm−1 (carboxylic acid C=O stretching associated with behenic acid), and between 1,070 and 1,150 cm−1 (C–O–C ether stretching), which are related to the ester bonds between the fatty acids and glycerol (Aburahma and Badr-Eldin, 2014). For Tween 80, bands at 2,929 cm−1, 2,850 cm−1 (both C-H stretching vibrations), and 1740 cm−1(C=O stretching of ester groups) (Joshi et al., 2016; Almeida et al., 2022). For soy lecithin, a large band was observed at 3,650–3,100 cm−1 (OH elongation) and the three phospholipid bands present in phosphatidylcholine were evidenced between 1,765 and 970 cm−1: 1,750–1,720 cm−1 (C=O vibration), 1,200–1,140 cm−1 (PO2 vibration) and 1,140–970 cm−1 (P-O-C bonds) (Kuligowski et al., 2008; Almeida et al., 2022).
In the FTIR spectrum of NLC-RSO, bands were observed at 2,920 cm−1 and 2,850 cm−1 (alkane C–H stretching vibrations), 1740 cm−1 (carboxylic acid C=O stretching vibrations), and near 1,470 cm−1 and 1,380 cm−1 (CH2 and CH3 vibrations in long hydrocarbon chains) (Hadjiivanov et al., 2021). The NLC-RSO spectrum was similar to that of the corresponding blank NP formulation, with the same absorption band profile. There were also no significant changes compared to Compritol, indicating the absence of incompatibility between the components of the nanoparticles and satisfactory encapsulation of the compounds in the lipid matrix (Filopoulou et al., 2021). This indicated that the oil was satisfactorily incorporated into the lipid matrix and that Compritol and the nanoparticles were different entities.
3.4.3 Powder X-ray diffraction
Powder XRD analysis indicated the crystal lattice arrangements of a solid compound based on the signals present in the resulting diffractograms. These measurements are also useful for determining the subcell parameters and polymorphic forms of glycerides, which are components of lipid nanoparticles. The XRD diffractograms obtained for Compritol, the main solid matrix component, the lyophilized blank NP and NLC-RSO formulations are shown in Figure 4. All diffractograms presented the characteristic short spacings of the β’ form at 21.2° (high intensity) and 23.4° 2θ (lower intensity), corresponding to 0.420 and 0.382 nm (Castro et al., 2008; Almeida et al., 2022). Blank NP (nanoparticles without RSO) showed a pattern similar to that of Compritol, but with slightly broader peaks and lower intensity.
[image: Figure 4]FIGURE 4 | Overlay of the XRD patterns of NLC-RSO, blank NP and Compritol, the main solid component of the lipid matrix.
However, NLC-RSO showed broader reflections than Compritol, which is indicative of a less organized lipid matrix. The absence of sharp peaks in this diffractogram indicates the amorphous nature of the NLC-RSO lipid matrix, owing to its composition of solid lipids, oils, and other amorphous substances such as soy lecithin (Shaveta et al., 2020; Chaudhari et al., 2021). The tendency to form a small shoulder at 19° (0.460 nm), observed in both formulations (blank NP and NLC-RSO), indicates the partial formation of the βi intermediate form and the formation of a crystalline lattice of less perfection in the nanoparticles, compared to the pure lipid (Compritol) (Castro et al., 2008; Almeida et al., 2022).
3.4.4 Color parameters
The CIE Lab is an international standard for color measurement developed by the Commission Internationale de l’Éclairage (CIE) in 1976, where the colors are described by parameters of lightness (L*), in the range of 0 (black) to 100 (white); the chroma a* (red content: +a*, green content: a*); and the chroma b* (content yellow: +b*, blue content: b*) (Andrade et al., 2023; Rezaei et al., 2023). From the color variation (ΔE*), it is possible to confirm whether or not there was an effective color change (Vieira et al., 2019; Andrade et al., 2023; Rezaei et al., 2023).
The L* value of the RSO sample was 4.39 ± 0.50, indicating a very close proximity to dark colors, while more lightness (56.62 ± 0.05) was observed for NLC-RSO (p < 0.05). The a* values for both RSO and NLC-RSO were observed in the range of green (−0.74 ± 0.05 and −0.86 ± 0.01, respectively), while the b* values were different between them, with blue evidenced for RSO (−0.20 ± 0.08) and yellow, for NLC-SO (5.66 ± 0.02).
The value of ΔE* value of NLC-RSO was higher (56.9) than that of RSO. In addition, this difference was lower, 11.6, and 7.7, compared to Compritol and blank NP (without RSO), respectively. Therefore, the NLC-RSO color was closer to Compritol and the blank formulation than the RSO original color, which was darker than the formulations. In fact, the color of both formulations was predominantly white owing to the presence of Compritol, a white solid lipid, in the matrix. White color or pastel tones are often required for pharmaceutical formulations or food supplements, as they are more acceptable to patients and users. Formulations with these colors are also more easily incorporated into a food matrix with negligible changes to the background color (Aburahma and Badr-Eldin, 2014; Mohana Priya et al., 2020).
3.4.5 Moisture content and wettability
Moisture content represents the total water content of the lyophilized powder. This is an important factor to predict the stability of dried powders, since high water content may cause particle agglomeration, accelerated microbial growth, enhanced lipid oxidation, and consequently, shorter shelf life (Ulloa-Saavedra et al., 2022; Andrade et al., 2023). The low moisture percent found in the lyophilized NLC-RSO powder (2.86% ± 0.00014%), indicates lack of susceptibility to microorganism growth and the effectiveness of the lyophilization process (Alp and Bulantekin, 2021; Xie et al., 2021).
Wettability is the ability of water to remain in contact with the solid surface of the samples and is a direct result of the intermolecular interactions in the solid-liquid interface while they are in contact. The wettability found for NLC-RSO was considered low (>60 min), which is due to the hydrophobic nature of the lipid matrix of the lipid nanoparticles, as in NLC formulations. Coating with surfactants is a mitigating factor; however, wettability is much slower than that observed in a hydrophilic matrix (Kubiak et al., 2011; Duta et al., 2015; Freire et al., 2017).
3.5 Characterization of the RSO
3.5.1 RSO metabolites
The chemical composition of RSO was determined by GC-MS and a total of 33 metabolites were identified (Table 4). Four major metabolites were identified in the characterization of RSO: the sesquiterpenoid 5-hydroxy-calamenene (7.84%), the two sesquiterpenes germacrene D (8.24%) and δ-cadinene (11.13%), and the monoterpene linalool (19.71%). 5-hydroxy-calamenene and linalool have already been reported as the most abundant metabolites in previous studies of Croton sp. essential oils (Chaves et al., 2006; Souza et al., 2006; Azevedo et al., 2021). 5-hydroxy-calamenene has antimicrobial and antioxidant activities (Azevedo et al., 2013) and linalool has anti-inflammatory, analgesic, hypotensive, vasorelaxant, antinociceptive, and antimicrobial activities (Guo et al., 2021). As σ-cadinene and germacrene D, others sesquiterpenes were identified in RSO: spathulenol (2.43%), γ-muurolene (1.75%) and germacrene B (0.95%), which were also present in the essential oil of Croton heliotropiifolius. The abundance of sesquiterpenes is a characteristic of the profile of Croton sp. essential oils (Araújo et al., 2017). Thus, such findings are in agreement with the literature, which particularly attributes the anti-inflammatory and antioxidant properties of this oil to linalool and 5-hydroxy-calamenene.
TABLE 4 | Percentage composition of RSO determined by GC-MS.
[image: Table 4]3.5.2 Radical scavenging measurements
Although not used in the context of pharmacological assays (Heinrich et al., 2022), RS measurements were also performed as an indirect method to verify the ability of nanoparticles to protect bioactive metabolites. RSO showed considerable DPPH-radical scavenging (Figure 5A) with a dose-dependent response, and the DPPH scavenging varied proportionally with the concentration of RSO used (r = 0.9917). The linear regression analysis to obtain the standard curve for the determination of BHT equivalent showed a high correlation (r = 0.9975), allowing the determination of the BHT-equivalent DPPH scavenging, 7.35 ± 0.28 mg BHT equivalent/g of RSO.
[image: Figure 5]FIGURE 5 | Antioxidant profile of RSO and in vitro cell activity (A) Comparative DPPH radical scavenging (RS) for RSO and NLC-RSO. (B) Intracellular ROS levels measured by DCFDA fluorescence intensity compared to non-treated BEAS-2B cells (control group). The cells were treated with 25 μg/mL NLC-RSO, blank NP, NLC-MCT, RSO or MCT, for 24 h. Quercetin (200 µM), applied for 1 h, was used as positive control. Oxidative stress was induced by using hydrogen peroxide (H2O2) 50 µM for 1 h (n = 4). Data were expressed as mean ± standard deviation (n = 4) (*p < 0.05 **p = 0.0096 ****p < 0.0001).
The NLC-RSO were compared with the free oil in the range of 0.78–6.25 mg/mL, and a reduction in DPPH-radical scavenging was observed after the encapsulation in this concentration range. For instance, at 0.78 mg/mL, the DPPH-radical scavenging was reduced from 13.7% (free RSO) to 3.6% (NLC-RSO), indicating bioactive protection after the encapsulation in NLC-RSO. NLC-RSO could not be tested at concentrations above 6.25 mg/mL due to the opacity limitations of the method. Therefore, the lipid nanoparticles partially protected the bioactive oil from direct contact degradation.
3.6 Cytotoxicity profile of free RSO and NLC-RSO
The effects of RSO and NLC-RSO on the metabolic activities of A549 and BEAS-2B cells were assessed by measuring resazurin reduction. A549 is a non-small cell lung cancer cell line, considered the principal model used in vitro for the study of lung carcinogenesis (Hillyer et al., 2018; Subramaniyan et al., 2022), and BEAS-2B is an immortalized and non-cancerous strain established from normal human bronchial epithelium, used to evaluate the in vitro cytotoxicity and potential pulmonary toxicity of drugs and biological agents (Han et al., 2020).
NLC-MCT and blank NP were used as controls to evaluate oil delivery by the nanocarriers. A549 cells (Figure 6A) showed IC50 values of 99.59 ± 27.71 μg/mL for NLC-RSO, 59.84 ± 29.30 μg/mL for RSO, and 557.1 ± 21.50 μg/mL for the blank NLC (Table 5). Cell viability was not affected by NLC-MCT and MCT treatments. For BEAS-2B cells (Figure 6B), the IC50 was 83.87 ± 14.73 μg/mL for NLC-RSO, 18.91 ± 13.48 μg/mL for RSO, 250 ± 12.20 μg/mL for blank NP, 3,507 ± 12.88 μg/mL for NLC-MCT and 1756 ± 17.35 μg/mL for MCT (Table 5).
[image: Figure 6]FIGURE 6 | Effect of NLC-RSO, blank NP, NLC-MCT, RSO and MCT on cell viability after 24 h contact. Dose-response curves in (A) A549 and (B) BEAS-2B cells. (C) Comparative effect of RSO and NLC-RSO on decreasing viability in BEAS-2B cells. (D) Comparative profile of A549 and BEAS-2B cell viability upon NLC-RSO treatment. Data were expressed as mean ± standard deviation (n = 4) (****p < 0.0001, ***p = 0.0003 and **p = 0.0013).
TABLE 5 | Determination of IC50 values of NLC-RSO, blank NP and NLC-MCT in different cell lines by resazurin metabolization assay. All values are reported as mean ± standard deviation, in µg/mL. (n = 4).
[image: Table 5]NLC-MCT did not affect the A549 cells viability, while BEAS-2B cells showed a reduction in the viability in higher concentrations. The NLC-MCT treatment was used as a control for oil delivery, confirming the effectiveness of NLCs as delivery systems and that the cytotoxic effect from NLC-RSO treatment was only due to the RSO metabolites in the nanoparticles and not from the nanocarrier itself. The same viability profile was observed when the A549 and BEAS-2B cell lines were treated with blank NPs. The cytotoxicity induced by NLC-RSO was similar to that observed for free RSO up to the concentration of 25 μg/mL. However, at the range of 50–100 μg/mL, the free RSO showed higher cytotoxicity than NLC-RSO (Figure 6C). BEAS-2B cells were more susceptible to the cytotoxic effect of NLC-RSO than A549 cells (Figure 6D) at the concentration of 100 μg/mL (p = 0.0003). The same profile was observed in the absence of serum supplementation, in which BEAS-2B cells were also more susceptible than A549 cells for NLC-RSO treatment (25 μg/mL) (data not shown). Therefore, the effective delivery of NLC containing the bioactive oil was observed after 24 h when compared to the NLC without bioactives and this process can lead to a reduction in the cellular toxicity (Poovi and Damodharan, 2020; Moura et al., 2021).
3.7 Quantification of cellular reactive oxygen species levels
The assessment of a preliminary in vitro antioxidant activity of NLC-RSO and RSO was performed by quantifying the levels of reactive oxygen species (ROS) in the BEAS-2B cell line subjected to stress with H2O2 or not, which were previously treated in a non-cytotoxic concentration of NLC-RSO, blank NP, NLC-MCT, free RSO and free MCT (Figure 5B). At a high but a non-cytotoxic concentration, the nanoparticle- and oil-treated cells did not show alterations in intracellular ROS levels.
Despite RSO have showed DPPH-radical scavenging at concentrations as high as 0.78 mg/mL, when performing the intracellular ROS detection in lower concentrations such as 0.025 mg/mL, there was no decrease in cellular ROS production. Considering the analysis of plant-derived metabolites, it is necessary to use several techniques to assess the antioxidant potential (Ververis et al., 2020). Although the DPPH reaction positively indicated for RSO metabolites able to scavenge the DPPH radical, these concentrations were markedly cytotoxic, whereas a non-cytotoxic dose could not reduce cellular ROS levels. Other substances can act as antioxidants under certain conditions and also have cytotoxic and pro-oxidant effects in other contexts (Thá et al., 2021). For instance, while the essential oil of Origanum onites and carvacrol exhibit free radical scavenging, the reduction in intracellular ROS generation was not statistically significant following the application of the essential oil and p-cymene in HCT116 and HepG2 cells (Becer et al., 2022).
4 CONCLUSION
The optimized NLC-RSO formulation was produced through a 23 factorial design and its characterization showed that RSO was efficiently loaded into NLC with a reduced size to deliver its bioactive metabolites to cells. Zeta potential was highly negative and electrostatically stable nanoparticles were produced. FTIR and DRX indicated the formation of RSO-loaded nanoparticles. The color parameter, moisture content and wettability were considered suitable for the intended applications. The major metabolites found in RSO were the sesquiterpenoid 5-hydroxy-calamenene, the two sesquiterpenes germacrene D and δ-cadinene, and the monoterpene linalool. These metabolites are associated with the antioxidant potential and low cellular cytotoxicity of RSO. NLC-RSO were slightly less cytotoxic than free RSO in both evaluated human cell lines. The more aggressive cell line (A549) was more resistant to RSO than BEAS-2B, indicating a possible resistance mechanism in these cells. RSO was observed to have low cellular antioxidant effect and loading the oil into the nanoparticle matrix was important to protect its properties and to perform its cell delivery. The optimized formulation of NLC-RSO offers a promising approach as a potential RSO delivery system that may overcome the limitations of the administration of the free vegetable oil for applications related to cancer treatment, including lung cancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
SC and KM carried out experiments and wrote the original manuscript; AL, FP, and JD participated in the data interpretation and discussion; JB collaborated with the GC-MS. FC provided the RSO. AR participated in the antioxidant experiments. JF and GC directed the project, writing-review and editing. All authors contributed to the article and approved the submitted version.
FUNDING
This work was funded by Fundação de Amparo à Pesquisa do Estado do Amazonas (FAPEAM) POSGRAD Program [#005/2022, #002/2023] and Universal Amazonas Program (#06/2019), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), and Fundação de Amparo à Pesquisa do Estado de Minas Gerais (Fapemig). KM have fellowships from CAPES (MSc students). SC received fellowship from CNPq (Scientific Initiation student).
ACKNOWLEDGMENTS
We would like to thank Julio Nino de Souza Neto from CAM—Centro de Apoio Multidisciplinar for the support. We also wish to thank the support from LMMA sponsored by FAPEMIG (CEX-112-10), SECTES/MG and RQ-MG (FAPEMIG: CEX-RED-00010-14).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abosabaa, S. A., ElMeshad, A. N., and Arafa, M. G. (2021). “Chitosan Nanocarrier Entrapping Hydrophilic Drugs as Advanced Polymeric System for Dual Pharmaceutical and Cosmeceutical Application: A Comprehensive Analysis Using Box-Behnken Design.”. Polymers 13 (5), 677. doi:10.3390/polym13050677
 Aburahma, M. H., and Badr-Eldin, S. M. (2014). “Compritol 888 ATO: A Multifunctional Lipid Excipient in Drug Delivery Systems and Nanopharmaceuticals.”. Expert Opin. Drug Deliv. 11 (12), 1865–1883. doi:10.1517/17425247.2014.935335
 Almeida, O. P., Marques, M. B. F., Oliveira, J. P., da Costa, J. M. G., Rodrigues, A. P., Yoshida, M. I., et al. (2022). “Encapsulation of safflower oil in nanostructured lipid carriers for food application.”. J. Food Sci. Technol. 59, 805–814. doi:10.1007/s13197-021-05078-5
 Alp, D., and Bulantekin, Ö. (2021). “The microbiological quality of various foods dried by applying different drying methods: a review.”. Eur. Food Res. Technol. 247 (6), 1333–1343. doi:10.1007/s00217-021-03731-z
 Andrade, R. A. M. S., da Silva, D. C., de Souza, M. M. B., Oliveira, R. L., Maciel, M. I. S., Porto, A. L. F., et al. (2023). “Microencapsulation of phenolic compounds from cashew apple (Anacardium occidentale L.) agro-food waste: Physicochemical characterization, antioxidant activity, biodisponibility and stability.”. Food Chem. advan. 3, 100364. doi:10.1016/j.focha.2023.100364
 Araújo, F. M., Dantas, M. C. S. M., Silva, L. S., Aona, L. Y. S., Tavares, I. F., and Souza-Neta, L. C. (2017). “Antibacterial Activi,ty and Chemical Composition of the Essential Oil of Croton Heliotropiifolius Kunth from Amargosa, Bahia, Brazil.”. Ind. Crops Prod. 105, 203–206. doi:10.1016/j.indcrop.2017.05.016
 Association of Oficial Analytical Chemists (AOAC) (2005). Official methods of analysis of the association of official analytical chemists. 18th edition. Gaithersburg.
 Azevedo, M. M. B., Almeida, C. A., Chaves, F. C. M., Júnior, E. R., Garcia, A. R., Rodrigues, I. A., et al. (2021). “Croton Cajucara Essential Oil Nanoemulsion and Its Antifungal Activities.”. Processes 9 (11), 1872. doi:10.3390/pr9111872
 Azevedo, M. M. B., Almeida, C. A., Chaves, F. C. M., Rodrigues, I. A., Bizzo, H. R., Alviano, C. S., et al. (2016). “7-hydroxycalamenene Effects on Secreted Aspartic Proteases Activity and Biofilm Formation of Candida spp Spp.”. Pharmacogn. Mag. 12 (45), 36–40. doi:10.4103/0973-1296.176022
 Azevedo, M. M. B., Chaves, F. C. M., Almeida, C. A., Bizzo, H. R., Duarte, R. S., Campos-Takaki, G. M., et al. (2013). “Antioxidant and Antimicrobial Activities of 7-Hydroxycalamenene-Rich Essential Oils from Croton Cajucara Benth.”. Molecules 18 (1), 1128–1137. doi:10.3390/molecules18011128
 Barros, S. V. D. S., Muniz, G. I. B. D., and Matos, J. L. M. D. (2014). Caracterização colorimétrica das madeiras de três espécies florestais da amazônia. Cerne 20, 337–342. doi:10.1590/01047760201420031421
 Bayón, L. C., Alkorta, I., and Arana, L. (2019). “Application of Solid Lipid Nanoparticles to Improve the Efficiency of Anticancer Drugs.”. J. Nanomater. 9 (3), 474. doi:10.3390/nano9030474
 Becer, E., Altundag, E. M., Başer, K. H. C., and Vatansever, H. C. (2022). “Cytotoxic activity and antioxidant effects of Origanum onites essential oil and its two major contents, carvacrol and p-cymene on human colorectal (HCT116) and hepatocelluler carcinoma (HepG2) cell lines.”. J. Essent. Oil Res. 34 (6), 514–523. doi:10.1080/10412905.2022.2107101
 Bhatnagar, A. S., Kumar, P. K. P., Hemavathy, J., and Krishna, A. G. G. (2009). “Fatty Acid Composition, Oxidative Stability, and Radical Scavenging Activity of Vegetable Oil Blends with Coconut Oil.”. J. Am. Oil Chem. Soc. 86 (10), 991–999. doi:10.1007/s11746-009-1435-y
 Borges, A., de Freitas, V., Mateus, N., Fernandes, I., and Oliveira, J. (2020). “Solid Lipid Nanoparticles as Carriers of Natural Phenolic Compounds.”. Antioxid. Act. 9 (10), 998. doi:10.3390/antiox9100998
 Castro, G. A., Ferreira, L. A. M., Oréfice, R. L., and Buono, V. T. L. (2008). “Characterization of a New Solid Lipid Nanoparticle Formulation Containing Retinoic Acid for Topical Treatment of Acne.”. Powder Diffr. 23 (S1), S30–S35. doi:10.1154/1.2903515
 Chaudhari, V. S., Murty, U. S., and Banerjee, S. (2021). “Nanostructured lipid carriers as a strategy for encapsulation of active plant constituents: Formulation and in vitro physicochemical characterizations.”. Chem. Phys. Lipids. 235, 105037. doi:10.1016/j.chemphyslip.2020.105037
 Chaves, F. C. M., Bizzo, H. R., Angela, P. C. S., Xavier, J. J. B. N., and Sá Sobrinho, A. F. (2006). “Rendimento e Composição Química Do Óleo Essencial de Folhas de Dois Morfotipos de Sacaca (Croton Cajucara Benth.)”. Rev. Bras. Pi. Med. 8 (4), 117–119. 
 Chu, Z., Zhao, T., Li, L., Fan, J., and Qin, Y. (2017). “Characterization of Antimicrobial Poly (Lactic Acid)/Nano-Composite Films with Silver and Zinc Oxide Nanoparticles.”. J. Mater. 10 (6), 659. doi:10.3390/ma10060659
 Da Silva, B. J. M., Hage, A. A. P., Silva, E. O., and Rodrigues, A. P. D. (2018). “Medicinal plants from the Brazilian Amazonian region and their antileishmanial activity: a review.”. J. Integr. Med. 16 (4), 211–222. doi:10.1016/j.joim.2018.04.004
 Danaei, M., Dehghankhold, M., Ataei, S., Hasanzadeh Davarani, F., Javanmard, R., Dokhani, A., et al. (2018). “Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems.”. Int. J. Pharm. 10 (2), 57. doi:10.3390/pharmaceutics10020057
 De Carvalho, V. S., Lima, K. M. M., Azevedo, L. F. C., das Neves, P. A. P. F. G., Borges, R. D. S., Nagamachi, C. Y., et al. (2022). “New derivative of trans-dehydrocrotonin isolated from Croton cajucara shows reduced cytotoxic and genotoxic effects in hepatocellular carcinoma (HepG2) cell line.”. Toxicon 220, 106940. doi:10.1016/j.toxicon.2022.106940
 Derringer, G., and Suich, R. (1980). “Simultaneous Optimization of Several Response Variables.”. J. Qual. Technol. 12 (4), 214–219. doi:10.1080/00224065.1980.11980968
 Dhiman, N., Awasthi, R., Sharma, B., Kharkwal, H., and Kulkarni, G. T. (2021). “Lipid Nanoparticles as Carriers for Bioactive Delivery.”. Front. Chem. 9, 580118. doi:10.3389/fchem.2021.580118
 Duta, L., Popescu, A. C., Zgura, I., Preda, N., and Mihailescu, I. N. (2015). ““Wettability of Nanostructured Surfaces.”,” in Wetting and wettability ( InTech). doi:10.5772/60808
 Ferreira, O. O., Cruz, J. N., Moraes, A. A. B., Franco, C. J. P., Lima, R. R., Anjos, T., et al. (2022). “Essential Oil of the Plants Growing in the Brazilian Amazon: Chemical Composition, Antioxidants, and Biological Applications.”. Molecules 27 (14), 4373. doi:10.3390/molecules27144373
 Filopoulou, A., Vlachou, S., and Boyatzism, S. C. (2021). “Fatty Acids and Their Metal Salts: A Review of Their Infrared Spectra in Light of Their Presence in Cultural Heritage.”. Molecules 26 (19), 6005. doi:10.3390/molecules26196005
 Freire, A. C. G., Melo, P. S., Aoyama, H., Haun, M., Durán, N., and Ferreira, C. V. (2003). “Cytotoxic Effect of the Diterpene Lactone Dehydrocrotonin from Croton Cajucara on Human Promyelocytic Leukemia Cells.”. Planta Med. 69 (1), 67–69. doi:10.1055/s-2003-37036
 Freire, M. C. L. C., Alexandrino, F., Marcelino, H. R., Picciani, P. H. S., Silva, K. G. H., Genre, J., et al. (2017). “Understanding Drug Release Data through Thermodynamic Analysis.”. J. Mater. 10 (6), 651. doi:10.3390/ma10060651
 Fuchs, M., Turchiuli, C., Bohin, M., Cuvelier, M. E., Ordonnaud, C., Peyrat-Maillard, M. N., et al. (2006). “Encapsulation of Oil in Powder Using Spray Drying and Fluidised Bed Agglomeration.”. J. Food Eng. 75 (1), 27–35. doi:10.1016/j.jfoodeng.2005.03.047
 Guo, F., Liang, Q., Zhang, M., Chen, W., Chen, H., Yun, Y., et al. (2021). Antibacterial Activity and Mechanism of Linalool against Shewanella putrefaciens. Molecules 26 (1), 245. doi:10.3390/molecules26010245
 Hadjiivanov, K. I., Panayotov, D. A., Mihaylov, M. Y., Ivanova, E. Z., Chakarova, K. K., Andonova, S. M., et al. (2021). “Power of Infrared and Raman Spectroscopies to Characterize MetalOrganic Frameworks and Investigate Their Interaction with Guest Molecules.”. Chem. Rev. 121 (3), 1286–1424. doi:10.1021/acs.chemrev.0c00487
 Han, X., Na, T., Wu, T., and Yuan, B. Z. (2020). “Human Lung Epithelial BEAS-2B Cells Exhibit Characteristics of Mesenchymal Stem Cells.”. PLoS One 15 (1), e0227174. doi:10.1371/journal.pone.0227174
 Heinrich, M., Jalil, B., Abdel-Tawab, M., Echeverria, J., Kulić, Ž., McGaw, L. J., et al. (2022). “Best Practice in the chemical characterisation of extracts used in pharmacological and toxicological research—The ConPhyMP—Guidelines”. Front. Pharmacol. 13, 953205. doi:10.3389/fphar.2022.953205
 Hillyer, P., Shepard, R., Uehling, M., Krenz, M., Sheikh, F., Thayer, K. R., et al. (2018). “Differential Responses by Human Respiratory Epithelial Cell Lines to Respiratory Syncytial Virus Reflect Distinct Patterns of Infection Control.”. J. Virol. 92 (15), e02202–e02221. doi:10.1128/JVI.02202-17
 Joshi, A. S., Gahane, A., and Thakur, A. K. (2016). “Deciphering the Mechanism and Structural Features of Polysorbate 80 during Adsorption on PLGA Nanoparticles by Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy.”. RSC Adv. 6 (110), 108545–108557. doi:10.1039/c6ra07699h
 Kubiak, K. J., Wilson, M. C. T., Mathia, T. G., and Carval, Ph. (2011). “Wettability versus Roughness of Engineering Surfaces.”. Wear 271 (3–4), 523–528. doi:10.1016/j.wear.2010.03.029
 Kuligowski, J., Quintás, G., Garrigues, S., and de la Guardia, M. (2008). “Determination of Lecithin and Soybean Oil in Dietary Supplements Using Partial Least Squares-Fourier Transform Infrared Spectroscopy.”. Talanta 77 (1), 229–234. doi:10.1016/j.talanta.2008.06.029
 Lammari, N., Louaer, O., Meniai, A. H., and Elaissari, A. (2020). “Encapsulation of Essential Oils via Nanoprecipitation Process: Overview, Progress, Challenges and Prospects.”. Pharmaceutics 12 (5), 431. doi:10.3390/pharmaceutics12050431
 Mar, J. M., Silva, L. S., Azevedo, S. G., França, L. P., Goes, A. F. F., Santos, A. L., et al. (2018). “Lippia Origanoides Essential Oil: An Efficient Alternative to Control Aedes Aegypti, Tetranychus Urticae and Cerataphis Lataniae.”. Ind. Crops Prod. 111, 292–297. doi:10.1016/j.indcrop.2017.10.033
 Marcial, S. P. S., Carneiro, G., and Leite, E. A. (2017). “Lipid-based nanoparticles as drug delivery system for paclitaxel in breast cancer treatment”. J. Nanopart. Res. 19, 340. doi:10.1007/s11051-017-4042-0
 Mohana Priya, M., Chidambara Rajan., P., and Lavanya, M. (2020). “Use of Natural Pigments as colorants in cosmetics - A review.”. JETIR March. 7 (3), 907–917. 
 Moura, L. D., Ribeiro, L. N. M., Carvalho, F. V., Silva, G. H. R., Fernandes, P. C. L., Brunetto, S. Q., et al. (2021). “Docetaxel and Lidocaine Co-Loaded (Nlc-in-Hydrogel) Hybrid System Designed for the Treatment of Melanoma.”. Pharmaceutics 13 (10), 1552. doi:10.3390/pharmaceutics13101552
 Pal, S., and Gauri, S. K. (2018). “A Desirability Functions-Based Approach for Simultaneous Optimization of Quantitative and Ordinal Response Variables in Industrial Processes.”. Int. J. Eng. Sci. Technol. 10 (1), 76–87. doi:10.4314/ijest.v10i1.6
 Pelissari, F. M., Mahecha, M. M. A., Sobral, P. J. A., and Menegalli, F. C. (2013). “Optimization of Process Conditions for the Production of Films Based on the Flour from Plantain Bananas (Musa Paradisiaca).”. LWT - Food Sci. Technol. 52 (1), 1–11. doi:10.1016/j.lwt.2013.01.011
 Poovi, G., and Damodharan, N. (2020). “Development of Tamoxifen-Loaded Surfacemodified Nanostructured Lipid Carrier Using Experimental Design: In Vitro and Ex Vivo Characterisation.”. IET Nanobiotechnol 14 (4), 261–274. doi:10.1049/iet-nbt.2019.0276
 Ramadan, S. E., El-Gizawy, S. A., Osman, M. A., and Arafa, M. F. (2023). “Application of Design of Experiment in the Optimization of Apixaban-Loaded Solid Lipid Nanoparticles: In Vitro and In Vivo Evaluation.”. AAPS PharmSciTech 24 (6), 167. doi:10.1208/s12249-023-02628-2
 Rezaei, F., Hosseinzadeh, S., Basiri, S., Golmakani, M., Gholamhosseini, A., and Shekarforoush, S. S. (2023). “The effects of Shirazi thyme (Zataria multiflora) oil nanoemulsion on the quality of shrimp (Litopenaeus vannamei) during refrigerated storage.”. J. Food Sci. Technol. 60, 710–719. doi:10.1007/s13197-022-05657-0
 Rodrigues, I. A., Azevedo, M. M. B., Chaves, F. C. M., Bizzo, H. R., Corte-Real, S., Alviano, D. S., et al. (2013). “In Vitro Cytocidal Effects of the Essential Oil from Croton Cajucara (Red Sacaca) and Its Major Constituent 7- Hydroxycalamenene against Leishmania Chagasi.”. BMC Complement. Altern. Med. 13, 249. doi:10.1186/1472-6882-13-249
 Rodrigues, I. A., Ramos, A. S., Falcão, D. Q., Ferreira, J. L. P., Basso, S. L., Silva, J. R. D. A., et al. (2018). “Development of Nanoemulsions to Enhance the Antileishmanial Activity of Copaifera Paupera Oleoresins.”. Biomed. Res. Int. 2018, 9781724. doi:10.1155/2018/9781724
 Salgado, P. R., di Giorgio, L., Musso, Y. S., and Mauri, A. N. (2018). ““Bioactive Packaging: Combining Nanotechnologies With Packaging for Improved Food Functionality.”,” in Nanomaterials for food applications ( Elsevier), 233–270. doi:10.1016/B978-0-12-814130-4.00009-9
 Santos, F. H., Siqueira, L. E., Cardoso, G. P., Molina, G., and Pelissari, F. M. (2021). “Antioxidant packaging development and optimization using agroindustrial wastes.”. J. Appl. Polym. Sci. 138 (35), e50887. doi:10.1002/app.50887
 Santos, R. R., Andrade, M., and Silva, A. S. (2017). “Application of Encapsulated Essential Oils as Antimicrobial Agents in Food Packaging.”. Curr. Opin. Food Sci. 14, 78–84. doi:10.1016/j.cofs.2017.01.012
 Shaveta, S., Singh, J., Afzal, M., Kaur, R., Imam, S. S., Alruwaili, N. K., et al. (2020). “Development of Solid Lipid Nanoparticle as Carrier of Pioglitazone for Amplification of Oral Efficacy: Formulation Design Optimization, in-Vitro Characterization and in-Vivo Biological Evaluation.”. J. Drug Deliv. Sci. Technol. 57, 101674. doi:10.1016/j.jddst.2020.101674
 Silva, A. M. S., Chagas, E. C., Chaves, F. C. M., and Sebastião, F. A. (2022). Prospecting of essential oils in combination with florfenicol against motile Aeromonas isolated from tambaqui (Colossoma macropomum). Arch. Microbiol. 204 (2022), 392. doi:10.1007/s00203-022-03015-4
 Silva, F. L. O., Marques, M. B. F., Yoshida, M. I., Mussel, W. N., Silveira, J. V. W., Barroso, P. R., et al. (2023). “Encapsulation of benznidazole in nanostructured lipid carriers and increased trypanocidal activity in a resistant Trypanosoma cruzi strain.”. Braz. J. Pharm. Sci. 59, e22111. doi:10.1590/s2175-97902023e22111
 Souza, A. M., Souza, A., Souza, S. R., Veiga, V. F., Cortez, J. K. P. C., Leal, R. S., et al. (2006). “Composição Química Do Óleo Fixo de Croton Cajucara e Determinação Das Suas Propriedades Fungicidas.”. Braz. J. Pharm. Sci. 16, 559–610. doi:10.1590/S0102-695X2006000500004
 Subramaniyan, V., Fuloria, S., Gupta, G., Kumar, D. H., Sekar, M., Sathasivam, K. V., et al. (2022). “A review on epidermal growth factor receptor's role in breast and non-small cell lung cancer.”. Chem. Biol. Interact. 351, 109735. doi:10.1016/j.cbi.2021.109735
 Tang, J., Diao, P., Shu, X., Li, L., and Xiong, L. (2019). “Quercetin and Quercitrin Attenuates the Inflammatory Response and Oxidative Stress in LPS-Induced RAW264.7 Cells: In Vitro Assessment and a Theoretical Model.”. Res. Int. 28, 7039802. doi:10.1155/2019/7039802
 Thá, E. L., Matos, M., Avelino, F., Lomonaco, D., Rodrigues-Souza, I., Gagosian, V. S. C., et al. (2021). “Safety Aspects of Kraft Lignin Fractions: Discussions on the in Chemico Antioxidant Activity and the Induction of Oxidative Stress on a Cell-Based in Vitro Model.”. Int. J. Biol. Macromol. 182, 977–986. doi:10.1016/j.ijbiomac.2021.04.103
 Ulloa-Saavedra, A., García-Betanzos, C., Zambrano-Zaragoza, M., Quintanar-Guerrero, D., Mendoza-Elvira, S., and Velasco-Bejarano, B. (2022). “Recent Developments and Applications of Nanosystems in the Preservation of Meat and Meat Products.”. Foods (Basel, Switz. 11 (14), 2150. doi:10.3390/foods11142150
 Van Den Dool, H., and Kratz, P. D. (1963). “A generalization of the retention index system including linear temperature programmed gas—liquid partition chromatography”. J. Chromatogr. A 11, 463–471. doi:10.1016/S0021-9673(01)80947-X
 Veni, D. K., and Gupta, N. V. (2020). “Development and evaluation of Eudragit coated environmental sensitive solid lipid nanoparticles using central composite design module for enhancement of oral bioavailability of linagliptin.”. Int. J. Polym. Mater 69 (7), 407–418. doi:10.1080/00914037.2019.1570513
 Ververis, A., Savvidou, G., Ioannou, K., Nicolaou, P., Christodoulou, K., and Plioukas, M. (2020). “Greek Sage Exhibits Neuroprotective Activity against Amyloid Beta-Induced Toxicity.”. Altern. Med. 2020, 2975284. doi:10.1155/2020/2975284
 Vieira, L. M., Marinho, L. M. G., Rocha, J. C. G., Barros, F. A. R., and Stringheta, P. C. (2019). “Chromatic Analysis for Predicting Anthocyanin Content in Fruits and Vegetables.”. Food Sci. Technol. Braz. 39 (2), 415–422. doi:10.1590/fst.32517
 Xie, Y., Xu, J., Yang, R., Alshammari, J., Zhu, M., Sablani, S., et al. (2021). Moisture content of bacterial cells determines thermal resistance of Salmonella enterica serotype enteritidis PT 30. Appl. Environ. Microbiol. 87 (3), e02194-20. doi:10.1128/AEM.02194-20
 Zanetti, M., Mazon, L. R., Meneses, A. C., Silva, L. L., Araújo, P. H. H., Fiori, M. A., et al. (2019). “Encapsulation of Geranyl Cinnamate in Polycaprolactone Nanoparticles.”. Mater. Sci. Eng. C 97, 198–207. doi:10.1016/j.msec.2018.12.005
 Zhang, C., Gu, C., Peng, F., Liu, W., Wan, J., Xu, H., et al. (2013). “Preparation and Optimization of Triptolide-Loaded Solid Lipid Nanoparticles for Oral Delivery with Reduced Gastric Irritation.”. Molecules 18 (11), 13340–13356. doi:10.3390/molecules181113340
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Chura, Memória, Lopes, Pelissari, Da Silveira, Bezerra, Chaves, Rodrigues, Faria and Carneiro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Red sacaca essential oil-loaded nanostructured lipid carriers optimized by factorial design: cytotoxicity and cellular reactive oxygen species levels		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Experimental design

		2.3 Preparation of nanoparticles

		2.4 Determination of particle size and polydispersity index

		2.5 Characterization of the NLC-RSO

		2.6 Characterization of RSO

		2.7 In vitro cytotoxicity studies

		2.8 Quantification of cellular reactive oxygen species levels

		2.9 Statistical analyses





		3 Results and discussion		3.1 Influence of the formulation parameters on the particle size and PDI of NLC-RSO

		3.2 Effect of the NLC-RSO composition on the particle size

		3.3 NLC-RSO optimization using the desirability function

		3.4 NLC-RSO characterization

		3.5 Characterization of the RSO

		3.6 Cytotoxicity profile of free RSO and NLC-RSO

		3.7 Quantification of cellular reactive oxygen species levels





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/math_qu1.gif





OPS/images/math_qu4.gif
Yy = 195.69 - 42.47X, + 139.74X; - 119.10X; + 60.57 X
6138, Xs + 45,38 X Xs — 7238 XaXs





OPS/images/math_qu3.gif
%100





OPS/images/fphar-14-1176629-t005.jpg
Treatments ug/mL)
BEAS-2B
NLC-RSO 99.59 + 27.71 8387 + 14.73
Blank NP 557.1 % 2150 250 £ 1220
NLC-MCT Unstable 3,507 + 12.88
RSO 59.84 + 29.30 1891 + 13.48
mcT Unstable 1756 £ 17.35

ICs,, inhibitory concentration 50%.





OPS/images/fphar-14-1176629-t004.jpg
Metabolites Al
a-thujene 924 020
a-pinene 931 138
Sabinene 970 377
p-pinene 977 050
l o-cymene 1023 045
D-limonene 1027 049
eucalyptol 1,030 034
cis--ocimene 1043 036
Linalool 1,100 1971
4-terpineol 1178 081
a-cubebene 1344 036
cyclosativene 1364 129
a-copaene 1372 459
p-bourbonene 1379 192
p-elemene 1386 030
B-caryophyllene 1415 654
p-copaene 1425 098
ahumulene 1450 241
alloaromadendrene 1455 409
y-muurolene 1470 175
germacrene D 1476 824
trans-muurola-4 (14),5-diene 1,490 1.97
a-muurolene 1494 129
y-cadinene 1510 145
-cadinene 1514 1113
germacrene B 1552 095
E-nerolidol 1,557 037
spathulenol 1570 243
caryophyllene oxide 1575 106
globulol 1,587 116
I-epi-cubenol 1621 088
-cadinol 1636 081
-muurolol 1,649 056
5-hydroxycalamenene 7.84
Total 9238

AL arithmetic index.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-14-1176629-g005.gif





OPS/images/fphar-14-1176629-g006.gif
ST






OPS/images/fphar-14-1176629-g003.gif
[t——






OPS/images/fphar-14-1176629-g004.gif





OPS/images/fphar-14-1176629-t003.jpg
Property Predicted valu Experimental value Relative deviation (%)

Size (nm) 96.0 | 892 76

*Relative deviation = [(experimental value - predicted value)/experimental value] x 100.





OPS/images/fphar-14-1176629-t001.jpg
Independent variables

Particle size (nm)

Xz
1 ~1.00 (18.1) -1.00 (3.8) ~1.00 (1.8) 1311 025 £ 0,01
2 -1.00 (18.1) -100 (3.8) 100 (4.2) 69%1 020 £ 0.00
3 ~1.00 (18.1) 100 (122) ~1.00 (1.8) 795 + 46 0.66 + 0.03
| 4 ~1.00 (18.1) 100 (122) 100 (4.2) 265+ 8 037 £ 0.05
5 1.00 (41.9) -1.00 (3.8) ~1.00 (1.8) 12712 023 £ 001
6 100 (41.9) -100 (3.8) 100 (42) 68+ 1 023 £ 0.01
7 1.00 (41.9) 100 (122) ~1.00 (1.8) 367+ 19 038 = 0.06
8 1.00 (41,9) 1.00 (12.2) 1.00 (4.2) 197 2 0.25 £ 0.01
9 168 (10) 0.00 (8) 0.00 (3) 197+8 040 £ 0,01
10 168 (50) 0.00 (8) 0.00 (3) 150 + 1 022 £ 0.01
1 0.00 (30) ~1.68 (1) 0.00 (3) 3821 025 £ 0,01
| 12 0,00 (30) 168 (15) 0.00 (3) 442%39 086 + 0.03
13 0.00 (30) 0.00 (8) -168 (1) 612% 59 100  0.00
14 0,00 (30) 0.00 (8) 168 (5) 13356 026 £ 0.05
15 0.00 (30) 0.00 (8) 0.00 (3) 186 + 17 035 £ 0.08
16 0.00 (30) 0.00 (8) 0.00 (3) 193 %20 035 = 0.08
| 17 0.00 (30) 0.00 (8) 0.00 (3) 2186 041 £ 001
18 0.00 (30) 0.00 (8) 0.00 (3) 181%4 030 £ 0.05
19 0,00 (30) 0.00 (8) 0.00 (3) 186+ 6 031 0.04
20 0.00 (30) 0.00 (8) 0.00 (3) 186 + 2 027 £ 001
X = Bropostion oL BS0. i -y uliase (6 ik 1o = Tobl concentiation of Tiads 00 Wik . = ot conieatiation of ickacants (8 wivh






OPS/images/fphar-14-1176629-t002.jpg
Parameter Coefficient Particle size

p-value
Linear Bo 19569 0000000 038 0.000000
X B —4247 0017310 - —
X, [ 139.74 0000001 013 0.007874
X Bs -119.10 [ 0000005 ‘ -0.13 0011642
Quadratic |
X B’ = - - —
X, (S — - = -
Xa i [ 60.57 0.001530 - -
Interaction | I
7 XXy Biz -61.38 | 0.010057 - =
XiXs Bis 4538 0.043526 — —
XXs. B s -72.38 0.003657 - —
p-value 172084 x 107 - 000272667 -
R | [ 0.94 - 050 -

*X, = Proportion of RSO, in the oily phase; X, = total concentration of lipids; X, = total concentration of surfactants; R2 = coefficient of determination.
O ilpraficant wiliies wies indaded.






OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Red sacaca essential oil-loaded
nanostructured lipid carriers
optimized by factorial design:
cytotoxicity and cellular reactive
oxygen species levels





OPS/images/fphar-14-1176629-g001.gif
»
-

FRTTLIINEY





OPS/images/fphar-14-1176629-g002.gif





OPS/images/math_qu5.gif





