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Abstract: Background/Objectives: Andiroba oil, extracted from Carapa guianensis seeds,
possesses therapeutic properties including anti-inflammatory and wound healing effects.
This study aimed to develop and characterize a nanoemulsion formulation containing
andiroba oil (NeAnd) and to evaluate its cytotoxicity and wound healing potential in vitro.
Methods: The oil was evaluated for acidity, antioxidant activity, and fatty acid composition.
NeAnd was produced by ultrasonication and characterized using FTIR (Fourier transform
infrared spectroscopy), Raman spectroscopy, dynamic light scattering, and transmission
electron microscopy. Results: NeAnd exhibited a spherical shape and stable physico-
chemical properties, with an average hydrodynamic diameter (HD) of 205.7 ± 3.9 nm,
a polydispersity index (PdI) of 0.295 ± 0.05, a negative zeta potential of −4.16 ± 0.414 mV,
and pH of approximately 6.5. These nanodroplets remained stable for 120 days when
stored at 4 ◦C and maintained their parameters even under pH variations. FTIR and Raman
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analyses confirmed the presence of functional groups and the organization of fatty acid
chains in NeAnd. Cell viability assays revealed no statistically significant differences in
cytotoxicity at various concentrations (90–360 µg/mL) after 24 and 48 h. In scratch wound
healing assays, NeAnd significantly enhanced wound closure (88.9%) compared to the PBS
control (38%) and free andiroba oil (68.6%) in keratinocytes (p < 0.05). Conclusions: These
promising findings indicate NeAnd as a potential nanophytomedicine for wound healing
and tissue regeneration treatments.

Keywords: Carapa guianensis; fixed oil; nanostructure; cell survival; cell migration assay

1. Introduction
Wound healing involves cellular, biochemical, and molecular mechanisms such as

fibroblast proliferation, collagen deposition, and the development of new blood vessels [1].
Non-healing wounds (particularly chronic wounds) result from disruptions in the healing
process due to comorbidities (e.g., diabetes, immunosuppression), infections, and increased
inflammation. Moreover, poor wound healing adversely affects the global economy and
public health [2,3]. Several wound healing strategies have been employed for the treatment
of chronic wounds [2,3]. However, given the complexity of wound types and their impact
on public health, there is a growing need to develop new technologies aimed at improving
healing quality and reducing treatment time [1–3].

Nanotherapies have rapidly gained attention in the field of wound healing, with
various studies and techniques analyzing how nanoscale strategies can improve different
phases of the wound repair process by enhancing effectiveness, bioavailability, and cellular
interactions of therapeutic compounds [4–9]. Different types of nanostructures can be used
as carriers for bioactive compounds involved in wound repair, such as nanoemulsions [4,5].
Nanoemulsions are heterogeneous systems stabilized by surfactants in which a liquid
(dispersed phase) is dispersed within another immiscible liquid (continuous phase) as
nanosized droplets [6]. The use of natural compounds with wound healing properties,
such as plant fixed oils, has been described as a promising alternative for tissue regenera-
tion [1–3]. Interestingly, their nanoencapsulation has emerged as a promising strategy to
enhance their efficacy, stability, and safety [6–10].

Andiroba (Carapa guianensis, Aubl.) is a large tree predominantly found in Latin
America, Africa, and the southern regions of the Sahara [11–13], from which a fixed
oil with antiparasitic, antifungal, bactericidal, anti-inflammatory, and wound healing
properties can be extracted [14]. Andiroba fixed oil (OA) is widely known and used in
Brazilian folk medicine, particularly by the inhabitants of the Amazon rainforest, and its
composition has attracted the interest of researchers seeking to understand its benefits
and confirm its effectiveness [11–14]. In vivo studies have shown reduced healing times
in OA-treated wounds [15–17]. The fixed oil from Carapa guianensis appears to decrease
the density of collagen type I fiber networks, forming them in a reticular pattern and,
notably, increasing the presence of type III fibers. Additionally, it promotes fibroblast
proliferation and stimulates angiogenesis in the injury region, which is essential for tissue
regeneration [12,18]. Nevertheless, to the best of our knowledge, no study has investigated
whether nanostructuring OA can further enhance its wound healing effects. In addition to
improved wound healing outcomes, nanotechnology can increase its therapeutic potential
while promoting the responsible use of biological resources, benefiting both society and the
environment [19,20].
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Therefore, considering that nanotechnology could enhance OA’s wound healing prop-
erties, this study aimed to develop and characterize a nanoemulsion formulation based on
andiroba fixed oil (NeAnd) and to investigate its cytotoxicity and wound healing poten-
tial in vitro. By demonstrating that NeAnd is biocompatible and capable of significantly
accelerating keratinocyte migration and wound closure, this study provides new insights
into its potential application as a nanophytotherapeutic agent for wound healing and
tissue regeneration.

2. Material and Methods
2.1. Materials

The andiroba fixed oil was commercially acquired by the company FERQUIMA Ltda.
(São Paulo, Brazil). The oil was extracted through cold pressing. Egg lecithin was pur-
chased from Lipoid (Ludwigshafen, Germany). Hexane (P.A.) was acquired from Dinâmica
Química Contemporânea LTDA (Indaiatuba, SP, Brazil). 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), methanol, and dimethyl sulfoxide (DMSO) were
purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin, penicillin, and streptomycin
were all purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Andiroba Fixed Oil Characterization
2.2.1. Gas Chromatography–Mass Spectrometry (GC-MS)

The lipid profile was characterized according to the methodology described in our
previous study [17]. To investigate the presence of other bioactive compounds in the
oil, analyses by gas chromatography–mass spectrometer (GC-MS) were performed in
an Agilent equipment (model 5975C masses coupled to a 7890 A gas chromatograph).
Sample insertion was performed using a 10 µL syringe in a 7693A automatic injector.
A capillary column (HP5 ms, 30 m × 250 µm × 0.25 µm of (5% phenyl)-methylpolysiloxane
film) was used with helium as a carrier gas at a constant flow of 1.0 mL/min. Temperature
was set at 50 ◦C for 1 min, rising to 180 ◦C (at 2 ◦C/min), followed by a rise to 250 ◦C
(at 10 ◦C/min) for 10 min and finally rising to 280 ◦C. Mass spectrometric detection was
performed, using the following parameters: interface, ionization source and quadrupole
analyzer temperature at 280, 230, and 150 ◦C, respectively, and electron impact ionization
(EI) mode at 70 eV. The results were identified by comparison with the equipment’s NIST
library database, based on the similarity index and visual inspection of the mass spectra
obtained versus the equipment’s library.

2.2.2. Nuclear Magnetic Resonance (NMR) Analysis

The chemical characterization of andiroba oil was performed by nuclear magnetic
resonance (NMR) analysis. For this, one-dimensional (1D) NMR data were acquired at
298 K in CDCl3 on a Bruker AVANCE III 400 NMR spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) operating at 9.4 T, observing 1H and 13C at 400 and 100 MHz,
respectively. The NMR spectrometer was equipped with a 5 mm multinuclear direct detec-
tion probe with a z-gradient. 1H NMR acquisition was acquired using zg30, with relaxation
delay (D1) of 2.0 s, 64 k numbers of data (TD) over an 8012.8 Hz spectral width (SW)
averaged over 8 numbers of scans (NSs), radiofrequency pulse (P1) of 14.28, acquisition
time (AQ) of 4.08 s, dummy scans (DSs) of 2, and receiver gain (RG) of 4.5. Already, 13C
NMR spectrum was acquired with the following acquisition parameters: pulse sequence
(zgpg30), 32 k of TD, SW of 29761.9 Hz, 250 of NSs, P1 of 9.5 µs, AQ of 0.55 s, D1 of 0.50 s,
4 of DSs, and RG of 203. Then, 1H NMR spectrum was apodized via exponential Lorentzian
broadening multiplication corresponding to 0.3 Hz line broadening (LB) in the transformed
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spectrum, while 13C NMR spectrum was apodized with LB of 1.00 Hz. 1H and 13C NMR
chemical shifts (δ) were given in ppm related to the tetramethylsilane TMS signal at 0.00 as
an internal reference, and the coupling constants (J) in Hz. The spectra were processed in
the TOPSPIN software (https://www.bruker.com/en/products-and-solutions/mr/nmr-
software/topspin.html, accessed on 30 March 2025).

2.2.3. Peroxide and Acidity Index

Acid and peroxide values and free fatty acids were measured following the American
Oil Chemists’ Society (AOCS) methods (Cd 3d-63, Cd 8b-90 and Ca 5a-40, respectively)
and expressed as g KOH/g, meq O2/Kg, and % oleic acid, respectively (AOCS 2004) [21].

2.2.4. Methods for Determining Antioxidant Activity

Two methods were used to determine antioxidant activity. The first method used
was the Phosphomolybdenum Complex previously described [22], with results expressed
in milligrams of ascorbic acid in 100 g of sample. The second method is based on the
scavenging of the stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH•), previously
described [23]. The discoloration degree of 3.9 mL DPPH• methanolic solution 0.06 mM
promoted by 0.1 mL of andiroba oil acetonic extract (0.5 g oil + 20 mL acetone) was measured
in spectrophotometer, after one hour of reaction, in accordance with the equation:

% DPPH• discoloration = [(Abs DPPH• − Abs sample + DPPH•)/Abs DPPH•] 100

Reading was performed using a microplate reader (EZ Read 2000, Biochrom, Cam-
bridge, UK) at 695 nm for phosphomolybdenum complex and 515 nm for DPPH•. Val-
ues were expressed as mean ± standard deviation. The analysis was performed in
three repetitions.

2.2.5. Total Phenolic Content and Total Carotenoids

The total phenolic content (TPC) was determined by the Fast Blue method de-
scribed [24]. The results were expressed in milligrams of gallic acid equivalent (GAE)
in 100 g of sample. Total carotenoids were determined using the spectrophotometric
method previously described [25].

2.3. Development of Andiroba Fixed Oil-Based Nanoemulsion (NeAnd)

The development of the andiroba oil-based nanoemulsion (NeAnd) was an adaptation
of a method previously described in Ombredane et al., 2020 [17]. Briefly, a coarse emulsion
was prepared by adding egg lecithin and andiroba oil in PBS in the concentration of 32.4 mg
of OA, and 68.4 mg of egg lecithin in 15 mL of PBS was prepared and then sonicated at
20 kHz, under an ice bath for 3 min. The formulations were stored at 4 ◦C in the dark
until further analysis. A blank formulation (without the oil) was prepared similarly as
described above.

2.4. Physicochemical Characterization of NeAnd
2.4.1. Colloidal Characteristics

To evaluate the colloidal characteristics, hydrodynamic size followed by the polydis-
persity index and zeta potential were determined using ZetaSizer® Nano ZS90 (Malvern,
UK) through dynamic light scattering (DLS) and electrophoretic light scattering (ELS),
respectively. The experiments were carried out in triplicate, 24 h after the preparation of
the nanoemulsion samples, and by using Malvern-DTS0012 (DLS) and Malvern-DTS1070
(ELS) cuvettes. Before the analysis, samples were diluted (1:10, v/v) with distilled water to
be optically clear and avoid multiple scattering and viscosity effects [18].

https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
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2.4.2. Colloidal Stability of NeAnd over Time and at Different pHs

To evaluate the effect of storage time, NeAnd was maintained at 4 ◦C and protected
from light, and their hydrodynamic size, polydispersity index, and zeta potential were
analyzed after 1, 7, 15, 60, 90, and 120 days with the methods and equipment described
in Section 2.4.1. The influence of pH on nanoemulsion stability was investigated by
measurements of hydrodynamic size, polydispersion index and zeta potential at different
pHs. The pH of the medium was modified using an automatic MPT-2 autotitrator (Malvern
Instruments) with NaOH and/or HNO3 standard solution as titrants.

2.4.3. Morphology of NeAnd by Transmission Electron Microscopy (TEM)

To analyze the shape/morphology of NeAnd, a drop of approximately 20 microliters
of the sample was placed onto a piece of Parafilm, and a grid was placed over the drop
for 10 min. Subsequently, a drop of 2% uranyl acetate solution (contrast) was added to the
Parafilm, and the grid was placed over this drop for 1 min. The samples were air-dried
at room temperature. After drying, the samples were analyzed using the Transmission
Electron Microscope (TEM), JEM-2100, Jeol, Tokyo, Japan, operating at 200 kV.

2.4.4. Infrared Spectrophotometry (FTIR) Analysis of NeAnd

To better elucidate the chemical interactions among NeAnd components, FTIR mea-
surements were conducted using a Bruker Fourier transform infrared spectrometer, model
Vertex 70. The analysis was performed using the attenuated total reflection module (ATR-
FTIR). An average of 96 scans were collected for each sample, with a resolution of 4 cm−1,
in the range of 400 to 4000 cm−1, with the same background sampling before each mea-
surement. It is important to mention that the instrument’s wavenumber precision is better
than 0.01 cm−1 at 2000 cm−1 in the ATR-FTIR measurement (Bruker Vertex 70). Therefore,
wavenumber shifts of approximately 1 cm−1 are considered significant.

2.4.5. Raman Analysis of NeAnd

To complement data obtained from FTIR measurements and better understand the
structure organization of NeAnd components, RAMAN measurements were performed
using the LabRAM HR Evolution spectrometer, manufactured by Horiba. The Raman
spectrometer is equipped with a confocal microscope, a CCD (Charge Coupled Device)
detector, and an 1800 lines/mm grating. The measurements of each sample were conducted
using a He-Ne laser tuned to the 633 nm line (1 mW) and focused on the sample using
a 50× objective lens.

2.5. Cell Culture

HaCat cells (human keratinocytes) were obtained from Cell Bank of Rio de Janeiro
(Brazil) and cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% (v/v) fetal bovine serum (v/v) and 1% of antibiotic solution (100 IU/mL of
penicillin—100 µg/mL of streptomycin—v/v) at 37 ◦C and 5% CO2.

2.5.1. Cytotoxicity Assay

To elucidate the effects of NeAnd and free andiroba oil in cell viability, cells were
seeded into 96-well culture plates at a density of 5 × 103 cells/well overnight at 37 ◦C,
5% CO2 in a humid atmosphere. Then, various concentrations of NeAnd, blank nanoemul-
sion (without andiroba oil), and free andiroba oil were added (90, 180, and 360 µg/mL,
considering andiroba oil concentration). Due to its hydrophobicity, the free andiroba oil
was previously dispersed in ethanol (EtOH) with final concentration of ethanol lower than
1% per well, which is nontoxic for cells. Corresponding cell control groups containing only
ethanol (1% per well; for free OA) or PBS (for NeAnd and blank nanoemulsion) were used
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for data analysis. The plates were incubated for 24 and 48 h at 37 ◦C, 5%. The cell viability
assay was performed using the MTT assay [26].

2.5.2. Scratch Assay

To investigate the effects of NeAnd and free andiroba oil in cell migration, 8 × 104 cells/well
were seeded in 24-well plates and incubated overnight at 37 ◦C, 5% CO2 in a humid
atmosphere. Then, the scratch assay was performed based on the protocol by Liakopoulou
et al. (2021) [27]. After establishing the scratch line, the cells were exposed to 360 µg/mL
of NeAnd, blank, oil, and controls for 24 h. For the treatment with free oil, a solution
in EtOH was prepared with final concentration of ethanol lower than 1% per well. The
scratch was recorded under an optical microscope before applying the treatment (T0)
and after 24 h (T24). The migration records of HaCat cells were evaluated using ImageJ
software (https://imagej.net/ij/, accessed on 30 March 2025) and the plugin described by
Suarez-Arnedo et al. [28].

2.6. Statistical Analyses

Statistical differences between experimental groups were evaluated by the analysis of
variance (ANOVA) and Tukey post hoc test at a significance level of 0.05 using Graph Pad
Prism 8.0.1 (GraphPad Software, La Jolla, CA, USA). A value of p < 0.05 was considered
statistically significant, to determine if there was a statistical difference between the groups,
and the normality and lognormality tests (Shapiro–Wilk test) were also used. All assays
were performed in triplicates in two independent experiments.

3. Results
3.1. Chemical Characterization of Andiroba Oil

Before starting the preparation of NeAnd, the quality and properties of andiroba oil
were evaluated. The fatty acid profile analysis of andiroba oil demonstrated the presence of
saturated and unsaturated fatty acids, with a predominance of oleic acid (47.62% ± 0.426)
and palmitic acid (28.6% ± 0.343), and lower contents of linoleic (9.65% ± 0.145) and stearic
acid (8.83% ± 0.089). Additionally, other bioactive compounds were identified in andiroba
oil by gas chromatography–mass spectrometry (GC-MS), such as 2-undecenal, ethyl oleate,
and methyl palmitate (Figure 1).
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The andiroba oil was also evaluated in terms of its acid value, peroxide value,
and free fatty acid content to assess the oil’s quality. Results showed an acid value of
5.17 ± 0.30 (mg KOH/g), a peroxide value of 1.44 ± 0.0076 meq O2/Kg), and free fatty
acids of 2.60 ± 0.15 (%).

3.1.1. Nuclear Magnetic Resonance (NMR) Analysis of Andiroba Oil

Nuclear magnetic resonance (NMR) is a spectroscopic technique that provides the
identification of primary and secondary metabolites in complex mixtures. The 1H and
13C NMR spectral profiles revealed the presence of fatty acids esterified to the glycerol
moiety due to the existence of signals in the region between δH 4.10 to 5.50 ppm (Figure 2)
and the signals at δC 62.09 and 68.98 ppm (Figure 3), respectively [29]. The presence of the
signals at 172.66 and 173.08 ppm can be attributed to the presence of carbonyl groups in
a fatty acid chain (Figure 3).

In addition, due to the presence of diagnostic chemical shifts, it was possible to assign
the signals in the 1H NMR spectrum to some fatty acids’ chemical structural characteristic.
The chemical shifts at δH 0.88 ppm indicates the presence of terminal methyl hydrogens
of stearic acid, while the signal at δH 0.89 ppm was attributed to palmitic and oleic acids
(Figure 2). The presence of stearic, palmitic, and oleic acid is also affirmed by the chemical
signals in the region between δH 1.5 to 2.5 ppm, which are related to b-methylene hydrogens
from carbonyl carbon (δH 1.5–1.7 ppm), allyl methylene hydrogens (δH 1.9–2.1 ppm), and a-
methylene hydrogens adjacent to the carbonyl group (δH 2.2–2.4 ppm). In a lower intensity,
it was possible to observe signals related to divinyl methylene hydrogens, characteristic
of linoleic acid (δH 2.7–2.9 ppm) [30,31]. Regarding the 13C NMR spectrum, the signals at
δC 14.08, 24.91, 29 to 31, 130.09 ppm are related to the methyl, b-methylene from carbonyl
carbon, methylene, and sp2 methine carbon from oleic acid, respectively (Figure 3) [31].
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3.1.2. Antioxidant Activity, Total Phenolic Content, and Carotenoid Content of
Andiroba Oil

As shown in Table 1, the antioxidant activity of OA was assessed using two different
methods (phosphomolybdenum complex: 741.47 mg/100 g; and DPPH•: 41.28% discol-
oration). Total phenolic content was 338.92 mg/100 g (Table 1). A total of 8.69 µg/g of
carotenoids was found in OA, including α-, β-, δ-, and γ-carotenes, as well as lycopene
(Table 1).

Table 1. Antioxidant activity (phosphomolybdenum complex and DPPH•), total phenolic compounds
(TPCs), and carotenoids detected in andiroba fixed oil.

Parameter Value Obtained

Phosphomolybdenum complex 741.47 ± 23.23 mg/100 g
DPPH• 41.28 ± 1.45 discoloration %
TPC 338.92 ± 8.55 mg/100 g
α-Carotene 1.88 ± 0.28 µg/g
β-Carotene 1.86 ± 0.32 µg/g
δ-Carotene 1.76 ± 0.51 µg/g
γ-Carotene 2.05 ± 0.42 µg/g
Lycopene 1.15 ± 0.50 µg/g
Total carotenoids 8.69 ± 1.42 µg/g

3.2. Hydrodynamic Diameter, Polydispersity Index, and Zeta Potential of NeAnd

NeAnd exhibited an average hydrodynamic diameter of 205.7 ± 3.9 nm, a polydis-
persity index (PdI) of 0.295 ± 0.05, and a negative zeta potential of −4.16 ± 0.414 and
maintained a pH of approximately 6.5 over 120 days of storage at 4 ◦C (Figure 4).
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3.2.1. Stability Evaluation of NeAnd Under pH Stress

Variations in pH values resulted in changes in NeAnd’s physicochemical characteris-
tics related to HD and zeta potential parameters (Figure 5). When compared to nanoemul-
sion at pH 7, slight variations of approximately 34 nm were observed in the HD (p < 0.0001)
under acidic conditions, with no significant differences detected under basic conditions
(Figure 5A). PdI values showed slight variations (approx. 0.0836 and 0.5730, p < 0.0001, at
pH 3 and 5, respectively) (Figure 5B). Regarding the zeta potential, values increased 6.7 mV
at acidic pH and decreased approximately −15.88 mV at basic pH (p < 0.0001) (Figure 5C).
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groups (p < 0.05, Sidak test). Asterisks indicate statistically significant differences compared to the
pH 7 group.

3.2.2. Transmission Electron Microscopy (TEM) of NeAnd

Figure 6 presents TEM images of NeAnd, in which the nanodroplets exhibit
a spherical shape.
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3.2.3. Infrared Spectra (FTIR) of NeAnd

Figure 7 shows the FTIR spectra of andiroba oil (i), andiroba oil-based nanoemulsion
(NeAnd) (ii), and the blank formulation (without the oil). The FTIR spectrum of the
andiroba oil (Figure 7(i)) shows typical bands related to the acyl chain of lipids, such as the
stretching (=CH) of the cis aliphatic doublet bond at 3010 cm−1 and the vibrational modes
of symmetric and antisymmetric stretching of (CH2) and (CH3) at 2850, 2920, 2870, and
2960 cm−1, respectively [32].
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3.2.4. Raman of NeAnd

Figure 8 shows the Raman spectra of OA, blank formulation, and NeAnd. To determine
the ratios between the intensities of trans/gauche, the Raman spectra were fitted using
a Gaussian + Lorentzian function. The values obtained for these ratios are listed in Table 2.
Note from Table 2 that the trans/gauche ratio is higher for the blank formulation and NeAnd
when compared to OA. This behavior indicates that the lipid chains of NeAnd and the
blank formulation are more ordered than those of free OA, which is consistent with the
FTIR data.
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Figure 8. Raman spectra of the (a) free andiroba fixed oil (i), blank formulation (ii), and andiroba
oil-based nanoemulsion (NeAnd) (iii). Zoom of the FTIR spectra in the range 1000–1200 cm−1 (b)
and the range 2800–3050 cm−1 (c). The dashed lines show the Gaussian + Gaussian + Lorentzian fit
of the data.

Table 2. Calculated It/Ig ratio (from Raman spectra data) for free andiroba fixed oil, blank formula-
tion, and andiroba oil-based nanoemulsion (NeAnd).

Samples I1065/I1085 I1125/I1085 I2880/I2850 I2880/I2930

Andiroba oil 0.63 0.40 0.38 0.81
Blank 1.12 0.60 0.50 1.06
NeAnd 1.02 0.59 0.52 1.02

3.3. Cytotoxicity of NeAnd in Human Keratinocytes In Vitro

Cell viability analyses of human keratinocytes showed no statistically significant
differences in cytotoxicity among the tested and controls at 24 and 48 h, except for the
treatment of free OA at a concentration of 360 µg/mL at the 48 h time point, which resulted
in an average cell viability of 77.29% (p < 0.05) (Figure 9A,B).

Considering that NeAnd exhibited no significant cytotoxicity in any of the concen-
trations evaluated above, the highest concentration (360 µg/mL) was chosen for the
scratch assays.

3.4. Scratch Assay in Keratinocytes

Figure 10A shows representative images of wound closure in a keratinocyte monolayer
before (T0) and after 24 h (T24) of treatment with NeAnd or free OA. Figure 10B presents
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the percentage of the remaining wound area after treatments. The NeAnd group induced
a significantly greater proportion of wound closure (89.9%) when compared to the PBS
control (38%; p < 0.0005) and to free OA (68.6%; p < 0.0323).
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Images were obtained before (T0) and after 24 h of incubation (T24) with PBS, NeAnd (360 µg/mL),
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blank (egg lecithin without oil), free andiroba fixed oil (OA-360 µg/mL), or control EtOH. Microscopy
image obtained using a 10× objective lens (final magnification: 100×). (B) Quantification of the injury
area at T0 and T24. One-way ANOVA, Tukey post hoc test. Letters indicate significant differences
among groups (p < 0.05).

4. Discussion
The present study aimed to develop and characterize a nanoemulsion based on

andiroba fixed oil (NeAnd) and evaluate whether the nanoencapsulation of OA could
influence its cytotoxic and wound healing properties. To achieve this, we investigated the
biocompatibility of NeAnd and free OA at different concentrations, as well as their impact
on keratinocyte migration in an in vitro wound model (scratch assay).

Initially, the physicochemical properties of andiroba oil were analyzed to confirm its
composition. The lipid profile, including unsaturated and saturated fatty acid content,
was determined, revealing the presence of oleic, palmitic, linoleic, and stearic acids in
proportions similar to those reported in the literature [33]. Gas chromatography–mass
spectrometry (GC-MS) further confirmed the presence of oleic and palmitic acids, along
with other bioactive compounds, such as 2-undecenal (Figure 1). These findings were
consistent with NMR spectral data (Figures 2 and 3).

The acidity, peroxide value, and free fatty acid content of OA were also examined,
revealing values lower than those previously reported in the literature [34]. These results
suggest that the oil had not undergone rancidification, confirming its chemical stability. To
date, and to the best of our knowledge, there are no standardized parameters established
for andiroba oil. Therefore, further studies are needed to define specific physicochemical
reference values for C. guianensis oil.

The antioxidant properties and bioactive compound content of various plant species
have been strongly linked to immune system enhancement and protection against oxidative
stress and disease development [35]. Since multiple mechanisms contribute to antioxidant
capacity, different methods are required to assess these effects [36].

To evaluate the total antioxidant activity, we applied the phosphomolybdenum com-
plex assay, which measures the reduction of Mo(VI) to Mo(V) in the presence of electron-
donating compounds. This process occurs under acidic conditions and involves the ap-
plication of high temperatures for a relatively extended period [37]. OA exhibited strong
antioxidant activity (741.47 ± 23.23 mg/g) (Table 1). Notably, essential oils from Ocimum
basilicum (basil) and Thymus algeriensis showed significantly lower antioxidant activities,
with values of 76 mg/g and 43.2 mg/g, respectively [38].

A complementary evaluation was performed using the DPPH• free radical scavenging
assay, which quantifies the ability of antioxidants to neutralize radicals. This assay relies
on the discoloration of a DPPH• solution upon interaction with antioxidants such as
ascorbic acid, tocopherol, phenolic compounds, and carotenoids. Compared to a control
solution, OA exhibited low antioxidant activity (41.28%) using this method (Table 1).
These results reflect methodological differences in antioxidant evaluation, as bioactive
compounds may exhibit varying extraction efficiencies depending on the solvent and
analytical technique used.

Phenolic compounds are the most abundant class of plant-derived antioxidants, char-
acterized by aromatic rings linked to hydroxyl groups. In previous studies, the total
phenolic content (TPC) of oils from different plant species [39–41] has ranged widely,
from 108.11 mg/100 g in faveleira seed oil [42] to 900–1034 mg/100 g in Carapa procera
oils [43]. Our findings demonstrated that the OA used in the present study contains
338.92 ± 8.55 mg/100 g of phenolic compounds, placing it within the range of moderate
phenolic content [44,45]. Although andiroba oil is not a fruit, its phenolic content suggests
that it may serve as a valuable source of natural antioxidants for human health applications.
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Carotenoids are lipophilic pigments synthesized by various organisms, including
plants, and are associated with numerous health benefits [46]. β-carotene and α-carotene
serve as precursors of vitamin A, capable of being converted into retinol through dioxyge-
nase enzyme activity [46]. Lycopene stands out as a potent and effective inhibitor of reactive
oxygen species due to its conjugated double bonds and elongated structure. This bioac-
tive compound helps to protect DNA and suppresses mutations that can lead to chronic
diseases [47]. Based on the classification of carotenoid content in dietary sources, when
a plant-based product contains 500–2000 µg per 100 g, it is considered a high-carotenoid
source [46]. Therefore, andiroba oil in this study may be qualified as a rich source of these
antioxidant bioactive compounds. It has been reported that excessive ROS generated in
chronic wounds lead to oxidative stress and impair the wound healing [48]. In this context,
the antioxidant activity of andiroba oil may also contribute to reducing oxidative stress and
promoting wound healing. Following the chemical and antioxidant characterization of OA,
the nanoemulsion formulation (NeAnd) was developed and analyzed. The hydrodynamic
diameter (HD) of NeAnd fell within the expected range for phosphatidylcholine-based
nanoemulsions (150–300 nm) [49–51]. TEM analysis showed that NeAnd nanodroplets
have a spherical shape (Figure 6). It is important to highlight that, in the present work,
TEM was not used to determine the size distribution of the nanodroplets, as this technique
can introduce artifacts in nanoemulsion preparations. The process of capturing images
of nanoemulsions with conventional TEM is complex, requiring special preparations that
involve staining agents and sample evaporation. Dehydration and drying can cause signifi-
cant structural changes in colloidal systems, including shrinkage, collapse, and aggregation.
Furthermore, staining with heavy metal salts results in selective visualization, as only
certain structures react with or are accessible to the staining agents [52].

The stability of NeAnd was assessed by monitoring the HD, zeta potential (ZP),
and polydispersity index (PdI) over 120 days at 4 ◦C. As expected, the zeta potential
remained slightly negative (~−7 mV) due to the presence of anionic emulsifiers such as
egg lecithin [53]. Minor variations in HD and PdI were observed throughout storage
(Figure 4). Additionally, pH analysis showed that NeAnd remained stable across different
pH conditions, except at pH 3 and pH 5 (Figure 5), as expected. These variations may be
attributed to the binding of cationic or anionic ions to the nanoparticle surface, which shifts
the ZP to more positive or negative values, respectively [54–57]. These results suggest that
NeAnd maintains adequate colloidal stability for 120 days at 4 ◦C, which is crucial for
preserving its bioavailability in different biological systems [53–55].

Vibrational spectroscopy techniques like FTIR and Raman spectroscopy are valuable
for investigating chemical interactions among bioactive molecules in lipid nanoemul-
sions [58–60]. Figure 7 shows the FTIR spectra of andiroba oil (OA) (i), andiroba oil-based
nanoemulsion (NeAnd) (ii), and blank formulation (without the oil). Andiroba oil (Carapa
guianensis Aubl) is constituted basically of fatty triglyceride (TG) esters with different
substitution patterns, lengths, and degrees of saturation of the chains and other minor
components. Its absorption spectra have characteristics common to most vegetable oil
spectra, as previously reported [32,61]. The FTIR spectrum of OA shows typical bands
related to the acyl chain of lipids, such as the stretching (=CH) of the cis aliphatic doublet
bond at 3010 cm−1 and the vibrational modes of symmetric and antisymmetric stretching
of (CH2) and (CH3) at 2850, 2920, 2870, and 2960 cm−1, respectively [32]. Additionally,
other vibrations associated with (CH2) and (CH3) bonds are observed at 1460 cm−1 (CH2

scissoring), 1376 cm−1 (CH3 symmetric deformation (umbrella)), 1234 cm−1 (CH2 twisting),
and 720 cm−1 (ρ(CH2)). The intense band at 1160 cm−1 is likely due to stretching vibrations
of the C-CO-C) bonds of the carbonyl or ketone groups [62]. Additionally, a band assigned
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with the ν(C=O) stretching steres and a weak band associated with the ν(C=C)cis vibrations
of unsaturated bonds are observed at 1745 and 1650 cm−1, respectively [63].

Comparisons among the FTIR spectra of the nanoemulsion, blank formulation, and
free OA reveal that the NeAnd spectrum closely resembles the IR absorption spectrum
of the blank formulation, displaying absorption bands characteristic of the polar head of
lecithin. This similarity is particularly pronounced in the spectral region of 800–1350 cm−1,
where vibrational modes associated with symmetric (~1090 cm−1) and antisymmetric
(~1235 cm−1) stretching modes of the PO−

2 groups, partially overlap with the symmetric
stretching modes of the CO-O-C bond (~1065 cm−1). Furthermore, symmetric and antisym-
metric stretching bands of N+(CH3) bonds are found at 970 and 1480 cm−1, respectively.

Note from Figure 7b that the spectral profile of the ν(C=O) band can be decon-
volved into two components using the Gaussian + Lorentzian function. As previously
reported, these bands can be attributed to populations of ‘free’ (~1743 cm−1) and bonded’
(~1725 cm−1) ester carbonyl groups via hydrogen bonds. It is noteworthy that the
intensity of the component ν(C = O)livre decreases with the introduced andiroba oil
(see Figure 7b(iii) and (ii)). This result suggests that the lipid chains comprising the mem-
brane of the blank formulation are more ordered than those of NeAnd, which in turn are
more ordered than those of free andiroba oil. This hypothesis is supported by the behavior
of the vibrational energies of the modes and, which decrease by approximately 1.5 cm−1,
in the spectra of the structured samples when compared to the free andiroba oil.

Figure 8 shows the Raman spectra of the free andiroba oil (i), NeAnd, (ii), and blank
formulations (iii). Except for the peak at 720 cm−1 (ν(CN)), the Raman spectra of Ne-
And and blank formulations closely resemble the Raman spectrum of free andiroba oil.
The Raman spectra of phospholipids present various peaks, which can be classified into
three regions: (i) the hydrophobic chain consisting of C-H stretching modes (symmetric
and asymmetric stretching at 2852 and 2880 cm−1 and 2930 and 2960 cm−1, respectively),
deformation (~1450 cm−1), twisting (1300 cm−1), and C-C stretching (1000–1200 cm−1)
modes, (ii) the interfacial regions containing C=O stretching, and (iii) polar headgroup
regions comprising a band of C-N stretching at 720 cm−1 [64].

The relative intensities of Raman active modes arising from the hydrophobic chains
of hydrocarbons have been utilized to identify TG polymorphs and to probe the confor-
mation, environment, and dynamics of hydrocarbon chains in TGs. The band νs(CH3) at
2930 cm−1 and the band ν(C-C) at 1085 cm−1 can be used as a general measure of gauche
content [65]. On the other hand, the bands νs(CH3) (2930 cm−1), νas(C − C) (1065 cm−1)
and νs(C − C) (1125 cm−1) are associated with ordered all-trans conformation. Hence,
the trans/gauche (It/Ig) ratio ((I1065/I1085, I1125/I1085 and I2880/I2930) can be employed to
ascertain the relative content of gauche rotamers, serving as a measure for intra- and inter-
molecular disorders. Furthermore, the ratio between I2880/I2850 assesses the strength of the
lateral chain–chain interaction within the lipid layer [66].

In order to calculate the ratios between the intensities I1065/I1085, I1125/I1085, I2880/I2850,
and I2880/I2930, the Raman spectra were fitted using the Gaussian + Lorentzian function.
The values obtained for these ratios are listed in Table 2. Note from Table 2 that the It/Ig

ratio is higher for blank formulation and NeAnd compared to andiroba oil. This suggests
that the lipid chains of the NeAnd and blank formulation are more ordered than those of
free andiroba oil, which is in agreement with the FTIR data.

Finally, biocompatibility assessments were performed using human keratinocytes,
given their critical role in wound healing. The results showed that a 24- and 48 h incubations
of NeAnd and OA in keratinocytes did not result in significant cytotoxicity at the evaluated
concentrations, except for OA at 360 ug/mL after 48 h, which reduced cell viability by
approximately 25%. These results indicate the potential biocompatibility of NeAnd with
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the cells involved in the wound healing process. Several studies have examined the use of
andiroba oil and its cytotoxicity. For instance, Milhomem-Paixão et al. 2017 [67] investigated
an andiroba-based nanoemulsion and arrived at conclusions similar to those obtained in
this study. They emphasized that OA exhibited higher toxicity than nanoformulations,
observing a direct correlation between the concentration of oil and its cytotoxicity. A more
recent study conducted by Porfírio-Dias et al. 2020 [68] further confirmed that higher OA
concentrations and longer exposure times to the free oil led to increased cytotoxicity.

The in vitro scratch assay demonstrated that NeAnd (360 µg/mL) significantly im-
proved keratinocyte migration and wound closure compared to free OA. After 24 h, un-
treated cells exhibited 38% closure, while cells treated with NeAnd and OA reached 88.9%
and 68.6%, respectively (Figure 10). It is well established in the literature that oil extracted
from andiroba seeds exhibits anti-inflammatory and wound healing properties. When
topically applied to wounds, OA can help reduce inflammation, alleviate pain, and promote
tissue regeneration [13,69,70]. These therapeutic effects are associated with the fatty acids
present in this oil, such as linoleic acid and oleic acid, which have demonstrated a positive
role in wound healing, due to their ability to modulate inflammation and enhance the
in vivo reparative response [71]. These fatty acids have also proven effective in increas-
ing neutrophil presence in the wound and reducing necrotic tissue thickness [72]. These
compounds were confirmed in the andiroba oil that was used in this study, emphasizing
that the nanostructured version alters its bioavailability and enhances cell migration in
keratinocytes compared to the free OA.

It is well understood that the wound healing process is highly complex and involves
additional cell types such as fibroblasts and macrophages, as well as multiple signaling
pathways [1–3]. This can be addressed in future studies by advancing to in vivo models
and, subsequently, to clinical trials to confirm the efficacy of this formulation in promoting
wound healing. Our research group is aware of this need and is currently conducting
wound healing studies in in vivo models to further investigate NeAnd effects and unravel
the potential of this promising nanophytomedicine.

5. Conclusions
In the present work, we successfully developed and characterized a nanoemulsion

based on andiroba fixed oil (NeAnd), emphasizing the key steps involved in its production—
from the identification of the main compounds and characteristics of the natural product
(OA) to the physicochemical properties, stability, and morphology of the obtained nan-
odroplets. Techniques including dynamic light scattering (DLS), electrophoretic light
scattering (ELS), transmission electron microscopy (TEM), FTIR, and Raman were used
to characterize the nanodroplets. NeAnd was spherical and remained stable for over
120 days at 4 ◦C, with a hydrodynamic diameter of approximately 205 nm. Furthermore,
our nanotechnological approach improved andiroba oil’s effect on wound healing in vitro,
stimulating keratinocyte migration and accelerating wound closure. It is noteworthy to
highlight that NeAnd was biocompatible, showing no significant cytotoxicity at any of
the time points or concentrations evaluated. To the best of our knowledge, there are no
published data on nanoformulations that have tested the wound healing effect of nanos-
tructured andiroba oil in vitro. These promising data point out NeAnd as a potential
nanophytomedicine for clinical application in wound healing and tissue regeneration treat-
ments. It is well known that in vitro studies are valuable approaches for investigating
specific cellular effects and mechanisms. Considering the promising results obtained herein
and the fact that wound healing involves angiogenesis and various cell types beyond
keratinocytes, such as fibroblasts and immune cells, investigations using in vivo models
are currently underway.
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