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Abstract: Baru nut oil (Dipteryx alata Vogel) is a lipidic extract from a species endemic to
the Cerrado biome, renowned for its antioxidant potential. This study aimed to develop
a nanoemulsion containing baru nut oil (BNON) using lecithin and polysorbate 80, and
to evaluate its antioxidant activity and cytotoxicity. The physicochemical properties of
BNON were characterized, and its cytotoxicity was assessed in human erythrocytes and
keratinocytes. Antioxidant activity was evaluated using the DPPH method and inhibition
of AAPH-induced hemolysis. BNON exhibited a droplet size of 530.1 ± 20.48 nm, a
polydispersity index of 0.496 ± 0.057, and a zeta potential of −35.7 ± 2.19 mV. Free baru
nut oil showed no cytotoxicity to keratinocytes or erythrocytes within the concentration
ranges tested (1.0–0.031 mg/mL and 0.8–0.006 mg/mL, respectively). In contrast, BNON
displayed cytotoxic effects on keratinocytes and erythrocytes only at the highest tested
concentration. Atomic force microscopy analysis of erythrocytes from the hemolysis
assay revealed normal morphology for cells treated with free oil at 0.8 mg/mL, whereas
cells treated with BNON at the same concentration exhibited a slightly widened concave
center. Free oil at 0.8 mg/mL significantly protected erythrocytes from AAPH-induced
hemolysis, while BNON did not. However, BNON (5 mg/mL) demonstrated free radical
scavenging activity, quantified at 0.0074 mg Trolox equivalents/mg via the DPPH assay.
These findings suggest that baru nut oil has potential as an antioxidant product, although
further optimization of the nanoformulation is required.

Keywords: biosafety; free radical scavenging; nanotechnology; natural products; oxidative stress

1. Introduction
Dipteryx alata Vogel, commonly known as Baru, is a species native to the Brazilian

Cerrado biome belonging to the Fabaceae family, popularly used as food or for medicinal
purposes, and it has garnered attention for its high economic exploitation potential [1–3].
From its nut, an oil-rich fraction is extracted, offering abundant therapeutic potential. This
oil is particularly rich in oleic acid, linoleic acid, α -tocopherol, and phenolic compounds
with antioxidant properties [3–6]. The search for natural products with antioxidant activity
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has become a priority, as disruptions in free radical production and regulation by en-
dogenous antioxidant systems—collectively termed oxidative stress—are implicated in the
pathogenesis of numerous diseases, including neurodegenerative disorders, cardiovascular
conditions, and diabetes. The antioxidant activity of baru nut oil may therefore have the
potential to mitigate oxidative stress and associated processes, including inflammatory and
metabolic disorders [6–9].

Baru oil’s low bioavailability, immiscibility in aqueous solutions, and susceptibility
to thermoxidation significantly limit its industrial application in pharmaceutical formula-
tions [4]. To overcome these limitations, nanocarriers such as nanoemulsions could be used
as effective delivery systems. These nanostructures enhance the solubility, bioavailability,
absorption, stability, and controlled release of lipophilic bioactive compounds, thereby
improving their functional potential [10]. In particular, a nanoemulsion is a thermodynami-
cally and kinetically stable drug delivery system formed by a mixture of immiscible liquids
that, with appropriate surfactant and cosurfactant, result in a homogeneous phase [10,11].
One of the main advantages of a nanoemulsion in comparison to other lipid-based nanofor-
mulations and polymeric nanoparticle formulations is the ease of preparation with simple
components and the effective delivery of bioactive lipophilic compounds [11,12]. Moreover,
spontaneous nanoemulsions stand out due to their ability to form without the need for
high-energy input methods such as sonication or high-pressure homogenization, making
them more cost-effective and scalable for industrial applications. Their small droplet size
also contributes to enhanced stability, improved solubility of poorly water-soluble drugs,
and better bioavailability compared to conventional systems. Additionally, the use of
biocompatible and biodegradable components in spontaneous nanoemulsions aligns with
the growing demand for sustainable and safe delivery systems. These features make them a
promising platform for applications in pharmaceutical, food, and cosmetic industries [13].

Studies exploring the potential of baru nut oil, free or in nanoformulations, are still rare
in the scientific literature [3]. Thus, research is important to establish methodologies for the
nanoformulation of this oil, aiming at the development of new products combining natural
compounds and nanotechnology. This could have the capacity for scaling, unlocking the
bioeconomic potential of the Brazilian Cerrado for uses in the food, cosmetic, or health
industries. This is the first report of the development of a nanoformulation containing
baru nut oil by the spontaneous emulsification method. In this study we describe the
development of a nanobiotechnological formulation of baru oil, evaluate its cytotoxic and
antioxidant activities, and assess its efficacy and safety for future applications.

2. Material and Methods
2.1. Baru Nut Oil

Baru vegetable oil was purchased from a commercial supplier, Mundo dos Óleos
(Brasilia, Brazil) located in Brasília, DF, Brazil. According to the technical data sheet
provided by the manufacturer for the batch used in this study (No. 056060110/22), the
oil was extracted through cold pressing and filtration. The technical data sheet specifies a
density of 0.920 g/mL and an acidity index of 0.056 g/100 g for this batch.

2.2. Baru Nut Oil Nanoemulsion (BNON)

The nanoemulsion encapsulating baru nut oil was prepared using the spontaneous
emulsification method, following a previously described protocol with modifications [14].
Baru nut oil (50 mg) was mixed with polysorbate 80 (Sigma-Aldrich) and soy lecithin
(Dinamica) in a 1:1:2 ratio (w:w:w), respectively, in a total volume of 10 mL phosphate-
buffered saline (PBS) solution (pH 7.1). The mixture was homogenized using a magnetic
stirrer for 10 min and then subjected to ultrasonic treatment (SSDu—SolidSteel) at 40 kHz for
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10 min, both performed at room temperature (25 ◦C). The resulting sample was transferred
to a plastic container with a lid and was stored at room temperature, protected from light.
For the subsequent experiments, the concentration of oil used in the nanoformulation was
considered in comparison with the free oil. For the following biological tests, BNO was
diluted in culture medium or PBS with 0.5% DMSO at the same common concentration as
the oil in the nanoemulsion immediately before use.

2.3. Physicochemical Characterization

The nanoemulsion was characterized using Dynamic Light Scattering (DLS) at a 90◦

angle to determine the droplet diameter (Z-average) and polydispersity index (PDI). Zeta
potential (ZP) was measured by the electrophoretic mobility method. All measurements
were performed using a polystyrene cuvette in a Zetasizer Nano-ZS90 (Malvern) after
diluting the formulation in ultrapure water (1:10, 1 mL) and equilibrating the sample to 25
◦C for 60 s. Results are expressed as mean ± standard deviation from three replicates of
each sample.

2.4. Cytotoxicity to Human Keratinocytes

Human keratinocytes (HaCat—code 0341) were obtained from the Rio de Janeiro
Cell Bank (BCRJ, BR). The cytotoxicity of the nanoemulsion was evaluated using the
MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide) reduction assay.
Cells (1 × 104 cells/well) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum in a 96-well plate and incubated at 37 ◦C,
5% CO2, in a humidified atmosphere for 24 h.

After incubation, BNON or BNO diluted in DMEM was added to the cells at concen-
trations ranging from 1.0 to 0.031 mg/mL. Controls included DMEM (viability control),
20% DMSO (cell death control), and 0.5% DMSO (vehicle control for baru oil). Following
a 24-h incubation under the same conditions, cell viability was assessed by measuring
the absorbance of purple formazan crystals produced by mitochondrial activity at 595 nm
using a microplate reader (SpectraMax® Plus 384, Molecular Devices, San Jose, CA, USA).
All experiments were performed as technical triplicates.

2.5. Hemolytic Activity Assay

The hemolytic activity assay was performed following the protocol described by
Vasconcelos et al. (2020) [15]. Blood was collected from a single human volunteer us-
ing EDTA (1.8 mg/mL) as an anticoagulant. The blood was centrifuged at 292× g for
10 min, and the erythrocytes were washed three times with 1× PBS at 37 ◦C. The ery-
throcyte suspension was then adjusted to achieve a 5% cell concentration in 1× PBS.
Subsequently, 80 µL of this erythrocyte suspension was mixed with 20 µL of BNON di-
luted in 1× PBS at concentrations ranging from 0.8 to 0.006 mg/mL. The mixture was
incubated for 1 h at 37 ◦C, followed by the addition of 200 µL of 1× PBS. The samples were
centrifuged at 1000× g for 10 min, and the absorbance of the supernatant was measured
at 550 nm using a SpectraMax® Plus 384 microplate reader (Molecular Devices, San Jose,
CA, USA). Negative and positive controls were included to represent the absence of hemolysis
(1× PBS) and complete hemolysis (Triton X-100), respectively. The experiment was performed
in triplicate, using samples stored for no longer than one month. The project was carried out
in accordance with the Ethics Committee for Research with Human Subjects (CEP number
69148723.6.0000.5558, Faculty of Medicine, University of Brasília, UnB, Brazil).

2.6. Human Erythrocyte Morphology by Atomic Force Microscopy (AFM)

For erythrocyte morphology analysis, control and treated cells (0.8 mg/mL) were fixed
in a solution of 2.5% glutaraldehyde in 0.1 M cacodylate buffer (1:100) for 1 h. Morphologi-
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cal imaging was performed using an AFMWorkshop HR-AFM atomic force microscope
operating in vibrating mode (AC-AFM). Cantilevers with an approximate resonance fre-
quency of 300 kHz were used for image acquisition.

2.7. Free Radical Scavenging Activity

A working solution of DPPH was prepared in chromatographic-grade ethanol, and
its absorbance was adjusted to 0.7 at 517 nm (1 cm pathlength) using a spectrophotometer
(UV-1280, Shimadzu, Kyoto, Japan) after dilution. Nanoemulsion samples were tested at
concentrations of 5, 2.5, 1.25, and 0.625 mg/mL (25 µL), diluted in buffered saline solution,
and added to 225 µL of DPPH solution in microtubes. The microtubes were incubated
at room temperature in the dark for 30 min, followed by centrifugation (2k15, Sigma,
Kanagawa, Japan) at 5000× g for 5 min.

After centrifugation, 200 µL of the supernatant was transferred to a black, opaque,
flat-bottom 96-well plate (Corning, Corning, NY, USA) for spectrophotometric reading
at 517 nm using a microplate reader (SpectraMax Plus 384, Molecular Devices, San Jose,
CA, USA). The scavenging ability of BNON against the DPPH radical was compared to
Trolox, a water-soluble vitamin E analog, prepared in buffered saline solution. Results
were analyzed in technical triplicates and expressed in mg Trolox equivalents per milliliter
(mgEq/mL).

2.8. Activity of BNON Against AAPH-Induced Oxidative Stress

An erythrocyte suspension was prepared to achieve a 3% cell concentration in
1× PBS and distributed into a 96-well plate. To each well, 20 µL of BNON diluted in 1× PBS
(0.8–0.006 mg/mL) was added to 80µL of the erythrocyte suspension. The plate was incubated for
20 min at 37 ◦C, after which 100 µL of 120 mM AAPH (2,2′-azobis(2-methylpropionamidine) di-
hydrochloride), a free radical generator, was added to each well. The plate was incubated for
3 h at 37 ◦C, followed by centrifugation at 1000× g for 10 min. The absorbance of the supernatant was
measured at 550 nm using a SpectraMax® Plus 384 microplate reader (Molecular Devices, USA). Neg-
ative and positive controls were included to represent the absence (1× PBS) and complete hemolysis
(AAPH), respectively. The experiment was conducted in triplicate using samples stored for no longer
than one month.

2.9. Statistical Analysis

Statistical differences between groups in biological and antioxidant tests were analyzed
using one-way ANOVA followed by Bonferroni’s post hoc multiple comparisons test. For
physicochemical parameters of nanoemulsion, an unpaired t-test was used. All analyses
were conducted using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA,
USA). Differences were considered statistically significant at p < 0.05. Results are presented
as mean ± standard deviation (SD) or mean ± standard error of the mean (SEM) for
triplicate experiments.

3. Results
3.1. Characterization of Baru Nut Oil Nanoemulsion (BNON)

Macroscopically, BNON appeared as a homogeneous, opaque liquid with a milky
appearance and whitish color (Figure 1A), showing no phase separation initially. However,
a pellet formation was observed during storage, but the formulation regained homogeneity
upon gentle homogenization. Table 1 summarizes the physicochemical characterization
of BNON at two different time points. Over the storage period of 3 months at room
temperature, no statistically significant differences were observed in droplet size or zeta
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potential (ZP) parameters. However, a statistically significant increase in the polydispersity
index (t = 3.733, p < 0.05) was detected (Table 1).
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Figure 1. Photograph of the baru nut oil nanoemulsion (BNON, (A)). Effect of free baru nut oil
(BNO, (B)) and BNO in nanoemulsion (C) on human keratinocyte cells (HaCaT) viability after 24 h of
exposure. Values were expressed as means ± SEM. * p < 0.05 and ** p < 0.01 versus DMEM control
group (CTRL). **** p < 0.001.

Table 1. Physicochemical characteristics of BNON on the day of synthesis and after 3 months of storage.

Month Size (nm) PDI ZP (mV)

0 530.1 ± 20.48 0.496 ± 0.057 −35.7 ± 2.19
3 467.1 ± 38.08 0.726 ± 0.235 * −33.5 ± 1.99

PDI: Polydispersity Index. ZP: Zeta Potential. * p < 0.05.

3.2. Cytotoxicity on Human Keratinocytes

The viability of human keratinocytes (HaCaT cell line), assessed using the MTT assay,
demonstrated that the nanoemulsion (BNON) was not cytotoxic at concentrations up to
0.25 mg/mL (Figure 1C). However, a significant reduction in cell viability was observed at
higher concentrations of 1.0 mg/mL (38.20 ± 0.09%) and 0.5 mg/mL (31.70 ± 0.07%) of
BNON (Figure 1C). In contrast, free baru nut oil (BNO) showed no cytotoxicity across the
tested concentration range (Figure 1B).

3.3. Hemolytic Activity and Erythrocyte Morphology

The free baru oil did not exhibit any hemolytic effect at the tested concentrations (Figure 2A),
while BNON showed statistically significant cytotoxicity at the highest tested concentration
(0.8 mg/mL), resulting in a reduction in erythrocyte viability by 9.816 ± 0.167% (Figure 2B).
Furthermore, AFM analysis revealed no morphological changes in red blood cells treated with
the free oil, which maintained their classic biconcave disc shape (Figure 2C). In contrast, red
blood cells treated with 0.8 mg/mL of BNON displayed a slightly wider concave center, poten-
tially indicative of lower cytoplasmic hemoglobin content (Figure 2D). However, no quantitative
measurements were performed to confirm this observation. The erythrocytes treated by BNON
also display an amorphous halo around the cells, perhaps indicating association of the emulsion
with the cells. These findings align with the hemolytic activity observed for BNON.
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erythrocytes viability. Atomic force microscopy micrographs of erythrocytes treated with BNO (C)
and BNON 0.8 mg/mL (D). The values are expressed as mean ± SEM. * p < 0.05. Scale bar = 4 µm.

3.4. Antioxidant Activity

The antioxidant activity of BNON was evaluated using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) free radical assay, a widely used method for measuring the free radical
scavenging ability of antioxidants. DPPH is a stable, hydrophobic free radical that read-
ily reacts with antioxidant compounds, making it particularly suitable for assessing the
activity of hydrophobic substances such as baru nut oil. The in vitro antioxidant activity
assay demonstrated that BNON at a concentration of 5 mg/mL exhibited DPPH radical
scavenging activity, equivalent to 0.0074 mg Trolox equivalents per milligram of BNON
(Figure 3).
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Figure 3. Antioxidant activity of BNON by the DPPH radical scavenging assay compared to Trolox.
Data expressed as mean ± SD.

In the antioxidant activity assay against AAPH-induced oxidative stress, free baru oil
at a concentration of 0.8 mg/mL significantly (p < 0.05) protected erythrocytes from the
hemolytic effects of AAPH, with a hemolysis inhibition rate of 43.18 ± 0.003% (Figure 4A).
In contrast, BNON not only failed to inhibit the hemolytic activity of AAPH but also
induced a statistically significant (p < 0.05) increase in hemolysis compared to AAPH alone
(Figure 4B), consistent with the hemolytic activity results reported previously.
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Figure 4. Antioxidant effect of free baru nut oil (BNO, (A)) and baru nut oil in nanoemulsion (B) on
human erythrocytes in a model of hemolysis induced by oxidative stress using AAPH (2,2′-azobis(2-
methylpropionamidine) dihydrochloride). Data expressed as mean ± SEM. * p < 0.05. **** p < 0.001.

4. Discussion
The nanoformulation of baru nut oil reported here represents an oil-in-water (O/W)

dispersion system stabilized using lecithin and polysorbate 80 as surfactant and co-
surfactant, respectively. Nanoemulsion production involves mixing two immiscible phases,
such as oil and water, to form nanodroplets. The application of kinetic and thermal energy,
combined with surfactants, provides the shear tension required for droplet breakage and
stabilization at nanometric dimensions, enabling effective emulsification [16].

The prioritization of the system’s functionality over its optimization was a deliberate
choice to establish a proof of concept for the nanoemulsion’s efficacy and biological applica-
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tion. Initial experiments aimed to confirm whether the formulation could effectively deliver
bioactive compounds and exhibit the desired biological effects. This approach allowed us
to evaluate the potential of the system under real-world conditions, laying the groundwork
for subsequent optimization steps to enhance its stability, scalability, and performance.
Such a strategy is common in exploratory stages of nanotechnology research, where the
focus is on validating the system’s core functionality before refining its parameters.

Physicochemical characteristics such as droplet size, polydispersity index (PDI), and
zeta potential (ZP) are important factors influencing the functionality, toxicity, and potential
applications of nanoformulations [17]. Based on the mean droplet size measured by DLS
(Table 1), no statistically significant size changes were observed over the 3-month storage
period, suggesting the stability of the formulation under the analyzed conditions. The
PDI reflects the homogeneity or heterogeneity of the droplet size distribution. According
to Vasconcelos et al. (2020) [15], PDI values between 0.1 and 0.3 indicate a narrow size
distribution, while values greater than 0.5 signify a higher heterogeneity in size distribution.

The PDI of BNON suggests a heterogeneous size distribution, which increased over
time. Furthermore, pellet formation was observed at the bottom of the tubes during
the storage period, but the formulation regained homogeneity upon manual agitation or
vortexing. The formation of precipitates in nanoemulsions can occur by phenomena such
as aggregation, flocculation, creaming, sedimentation, and coalescence [18,19]. Among
them, creaming is likely to have occurred because the initial droplet size may result in
different phase densities, and larger droplets are more prone to gravitational forces. In
addition, creaming is a reversible aspect in that the number and size of droplets remain
unchanged, but the droplet distribution becomes heterogeneous, as observed in this study.

It is worth noting that, although high PDI values are generally undesirable in ap-
plications that require high uniformity, such as intracellular drug delivery, they can be
advantageous in specific contexts, such as catalysis or agriculture. This is because hetero-
geneity offers varied active surfaces, optimizing reactions; they allow the prolonged release
of nutrients or bioactive substances on surfaces; and different sizes can favor different
properties, such as absorption or cellular interactions [20].

Zeta potential reflects the surface electric charge of nanodroplets. The negative zeta po-
tential observed for BNON will result in electrostatic repulsion, which helps prevent droplet
aggregation and flocculation, contributing to some stability of the nanoemulsion [18,21]. Soy
lecithin was chosen due to its well-established properties as an emulsifier and its good compati-
bility with the pH used in this study. In future optimization studies, pH variations could be
explored to potentially impact the stability or functionality of the system, as pH can influence
the charge of lecithin and, consequently, alter the physicochemical parameters of nanoemulsion.

Although our nanoemulsion has become functional, the system requires optimization, as
in the case of precipitation. Precipitation can be caused by insolubility or phase restructuring,
processes that affect the system’s stability. Phase restructuring, such as under dilution conditions,
can alter interactions between components, leading to phase separation or particle aggregation.
Although not addressed in this study, these phenomena may impact the release of bioactive
compounds. Future studies could investigate stability under different dilution conditions to
better understand the system’s behavior in practical applications.

Cytotoxicity assessment of the samples was performed in a human keratinocyte cell
line (HaCat) and erythrocytes. These cells were chosen as a model considering that they are
the most abundant cells in the human body and are susceptible to contact with exogenous
substances through different routes of product administration (topical, oral, or intravenous).
The cytotoxic effects observed for the nanoformulation at higher concentrations may be
explained by hyperosmolar stress in the cellular environment. Alterations in extracellular
osmolarity are closely linked to both physiological and pathophysiological processes [22].
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This explanation is supported by the turbid appearance of the nanoformulation at these
concentrations, although further investigations are necessary to confirm this hypothesis.
In contrast, baru oil demonstrated no cytotoxic effects on either keratinocytes or erythro-
cytes, highlighting its potential for diverse biological and biotechnological health and
cosmetic-related applications. The nanoemulsion appearance may be related to the size and
uniformity of the droplets, which increases the scattering of light, as well as the type and
concentration of oil and surfactant [23]. In this study, the droplet size, PDI, and components
corroborate the appearance of BNON.

Polysorbate 80, widely used as a surfactant in pharmaceutical formulations, is gen-
erally well-tolerated at low concentrations but can exhibit cytotoxicity at higher levels
or with prolonged exposure. Studies using cell models, such as Caco-2, show that its
biocompatibility depends on the concentration and formulation, emphasizing the need for
safety assessments to ensure its efficacy and safety in therapeutic applications [24].

AFM analysis provided valuable insights into the effects of oil and nanoemulsion on
erythrocyte morphology. The normal morphology observed in erythrocytes treated with
the maximum tested concentration of oil supports the biocompatibility of the product. In
contrast, the slightly wider concave center in cells exposed to BNON suggests a small loss of
cytoplasmic content, aligning with the mild hemolytic activity of the formulation. Notably,
this effect does not appear to involve abrupt membrane rupture. The hemocompatibility of
nanoparticles is a critical consideration for healthcare applications, given the significant
proportion of erythrocytes in the blood. Furthermore, previous studies have demonstrated
the hemocompatibility of polysorbate 80 and lecithin, the key components used in our
nanoemulsion formulation [25].

Baru oil is recognized in the scientific literature as a potent antioxidant, largely due
to the presence of phenolic compounds [26]. In this study, baru oil at a concentration of
0.8 mg/mL effectively protected erythrocytes from the hemolytic effects of AAPH, high-
lighting its potential for health and cosmetic-related applications. While the nanostructured
oil (BNON) did not exhibit the same protective antioxidant effect on erythrocytes under
the tested experimental conditions, data from the DPPH assay suggests some antioxidant
activity at a higher concentration (5 mg/mL).

However, it is crucial to determine whether this concentration, which demonstrated a
scavenging effect on the DPPH radical, represents a viable dose for practical applications.
Considering that the DPPH radical acts as a hydrogen acceptor, converting into a stable
molecule [27], it can be inferred that the antioxidant activity of BNON involves a hydrogen
donation mechanism. Nevertheless, despite its measurable antioxidant activity in the DPPH
assay, the inability of BNON to protect erythrocytes from hemolysis may be attributed
to differences in bioavailability, interaction with cell membranes, or potential changes in
osmolarity and medium occlusion compared to free oil.

5. Conclusions
The results demonstrate that baru nut oil was non-cytotoxic to human keratinocytes

and erythrocytes under the experimental conditions tested, caused no morphological
changes in erythrocytes as assessed by AFM, and exhibited antioxidant activity in an AAPH-
induced hemolysis model. The nanotechnological formulation containing baru oil (BNON)
showed cytotoxicity only at the highest concentrations tested, and the morphological
changes in erythrocytes observed were consistent with its hemolytic activity. Despite these
findings, nanoemulsion exhibited antioxidant activity, suggesting its potential utility in
future optimized formulations. Future optimization of the formulation composition may
enhance its biosafety and biological activity. These data provide valuable insights for the



Appl. Nano 2025, 6, 3 10 of 11

development of safe and effective nanotechnological products with antioxidant properties
for health-related applications.
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