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Abstract

This study aimed to use sunflower seeds (SSs) and barbatimão bark (BB) to obtain an oil
enriched with phenolic compounds. For this purpose, simultaneous extractions were car-
ried out using different proportions of SSs and BB. Subsequently, the effects of temperature
and extraction time were determined. The resulting oils were evaluated for composition
and physicochemical properties. BB addition decreased the mass yield by 27% to 56%
but increased the total phenolic content by 5 to 13 times. The best SS/BB ratio (3:2.5) was
selected for further experiments. Increasing the extraction temperature from 30 to 60 ◦C and
the extraction time from 15 to 60 min led to a 10% increase in oil yield and enhanced the con-
tents of phenolic acids and flavonoids by 1.1 to 10 times. Gallic, quinic, and trans-cinnamic
acids were the main phenolics in enriched oils, which exhibited higher antioxidant activity
via the DPPH•, FRAP, and ABTS•+ methods. Linoleic and oleic acids were identified as
the major fatty acids in the tested oils. Enriched oils showed greater thermal stability than
their unenriched counterpart. The application of phenolic-enriched oil at concentrations of
up to 400 µg/mL did not exert cytotoxic effects on human keratinocyte HaCaT cells.

Keywords: Stryphnodendron adstringens; phenolic compounds; flavonoids; Helianthus
annuus

1. Introduction
In the field of complementary medicine, vegetable oils are used as an alternative and

low-cost treatment for common skin diseases and related conditions [1]. Vegetable oils are
rich in fat-soluble vitamins, fatty acids, steroids, phospholipids, tocopherols, and other
compounds that contribute to skin health. These substances are effective in promoting skin
softness and hydration by improving moisture retention and barrier function [2].

The oil obtained from sunflower seeds is widely used in the treatment and prevention
of wounds, such as those caused by venous neuropathies, pressure injuries, burns, and
surgical dehiscence. Sunflower oil promotes tissue repair through its anti-inflammatory
and antioxidant activities, combined with its ability to stimulate cell proliferation, increase
collagen synthesis, and induce neovascularization, thereby facilitating wound healing [3].
The oil mainly contains oleic and linoleic acids [4,5]. Oleic acid intensifies the penetration
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of other compounds, as it disrupts the skin barrier [6]. Linoleic acid, on the other hand,
plays a direct role in maintaining the integrity of the water permeability barrier [7].

Phenolic compounds obtained from natural sources represent promising ingredients
for the development of novel medicines and treatments. A prominent example of the
applicability of phenolics is in the prevention of skin diseases as alternatives to synthetic
analogs [8]. Yang et al. [9] demonstrated that gallic acid can promote wound healing by
increasing cell migration. Mekhoukh et al. [10] reported that a Putoria calabrica leaf extract
rich in chlorogenic acid, vitexin, and rutin showed potential as a therapeutic agent for
skin protection and wound care. Furthermore, the application of a phenolic extract con-
taining protocatechuic acid, p-hydroxybenzoic acid, caffeic acid, p-hydroxybenzaldehyde,
3-hydroxycinnamic acid, and ferulic acid accelerated the rate of wound healing in mice [11].

Enrichment with phenolic compounds is a recent strategy developed by our research
group to enhance the quality of sunflower oil and expand its applicability [4,5]. In the
proposed methodology, the oil and phenolics are extracted simultaneously in a single step,
resulting in enhanced antioxidant capacity and oxidative stability.

Stryphnodendron adstringens, a plant commonly known as barbatimão, has aroused
interest as a rich source of multiple polyphenols. It is possible to obtain bioactive extracts
from barbatimão using ethyl acetate, a “green” solvent with low toxicity, low environmental
impact, low cost, and high biodegradability [12,13]. Extracts of barbatimão bark are mainly
composed of phenolic acids, flavonoids, and tannins [14]. These compounds are associated
with anti-inflammatory [15], anticancer [16], antifungal [17], and antioxidant [18] effects.
Antioxidant activity is particularly relevant for enriching vegetable oils [19,20]. Ribeiro
et al. [21] reported that the antioxidant activity of barbatimão bark extract correlates with
its phenolic content and can be increased by optimizing extraction conditions. Aguiar
et al. [22] developed a hydrogel containing a hydroalcoholic extract of barbatimão and
found that it inhibited fibroblast proliferation and exhibited pronounced healing activity.

In light of the foregoing, this study aimed to enrich sunflower oil with phenolic
compounds from barbatimão bark. Specifically, the objectives were to evaluate the effect
of different ratios of sunflower seeds to barbatimão bark, analyze the impact of extraction
temperature and time, and characterize the resulting oils.

2. Materials and Methods
2.1. Materials

Sunflower seeds and barbatimão bark were purchased at a local market in Maria
Helena, Paraná State, Brazil. Ethyl acetate (Anidrol) was used as an extraction solvent.

Total phenolic content was determined using sodium carbonate (Anidrol), Folin–
Ciocalteu reagent (Dinâmica), methanol (Panreac), n-hexane (Neon), and gallic acid
(Sigma–Aldrich, St. Louis, MO, USA). For analysis of antioxidant potential, the fol-
lowing reagents were used (all from Sigma–Aldrich): 2,2-diphenyl-1-picrylhydrazyl
(DPPH•) (purity ≥ 95%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+)
(purity ≥ 98%), (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox)
(97% purity), and 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) (purity ≥ 99%). The other reagents
were potassium persulfate (Anidrol), ethanol (Anidrol, purity ≥ 99.5%), sodium acetate
(Química Nova), ferric chloride (Anidrol), hydrochloric acid (Anidrol), acetic acid (Anidrol),
and ferrous sulfate (Anidrol).

The following standards were used for analysis of phenolic acids and flavonoids:
gallic acid, coumaric acid, ferulic acid, caffeic acid, trans-cinnamic acid, quercetin, and
kaempferol (Sigma–Aldrich, >99% purity). Additionally, methanol (HPLC-grade, Merck,
Rehway, NJ, USA) and formic acid (Sigma–Aldrich, 99.8% purity) were used as solvents.
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For analysis of thiobarbituric acid-reactive substances (TBARS), trichloroacetic acid
(TCA, Synth), butylated hydroxytoluene (BHT, Synth), 2-thiobarbituric acid (TBA, Sigma–
Aldrich), and 1,1,3,3-tetraethoxypropane (TEP, Sigma–Aldrich) were used. Cytotoxicity
tests were carried out using Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Paisley,
UK) supplemented with fetal bovine serum, streptomycin (Gibco, São Paulo, Brazil), and
penicillin (Nova Biotecnologia, São Paulo, Brazil). MTT reagent (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was obtained from Sigma–Aldrich.

2.2. Preparation of Raw Materials

Sunflower seeds (1.83 ± 0.17 wt% moisture) and barbatimão bark (9.37 ± 0.40 wt%
moisture) were ground separately in a blender (Cadence®, model BLD300, Bracknell,
UK) and sieved through Tyler sieves (Bertel®, ASTM, Caieiras, Brazil). Seed and bark
fractions with an average diameter of 0.50 and 0.15 mm, respectively, were used in the
extraction tests.

2.3. Extraction

Extractions were carried out in an orbital shaker incubator (Marconi, MA 839/A,
Piracicaba, SP, Brazil) under controlled temperature and agitation (100 rpm) conditions. A
250 mL Erlenmeyer flask with a glass lid was used as an extractor. Ground raw materials
and the solvent were added at a ratio of 1:12 (w/v). After the extraction period, the solid
material was separated by filtration, and excess solvent was removed. The mass yield was
calculated as the ratio of the weight of material obtained to the sample weight (seeds + bark)
used in the extraction.

First, extractions were conducted to evaluate the effect of raw material composition
by testing different seed/bark ratios while keeping the temperature fixed at 60 ◦C and
the extraction time at 60 min. After the optimal composition was selected, the effects of
temperature (30, 45, and 60 ◦C) and extraction time (15, 30, 45, and 60 min) were evaluated.

2.4. Analytical Methods
2.4.1. Total Phenolics, Antioxidant Potential, and Phenolic Profile

For analysis of total phenolic content, antioxidant potential, and phenolic profile,
a hydromethanolic extract was prepared as described elsewhere [23] and subjected to
filtration through a PVDF hydrophobic membrane (0.45 µm pore size, 25 mm diameter).
Subsequently, total phenolic content was determined according to Singleton et al. [24] via
the colorimetric method using the Folin–Ciocalteu reagent. The absorbance was determined
at 760 nm (Shimadzu, UV 1900, Tokyo, Japan). The total phenolic content was quantified
against a standard curve of gallic acid (R2 ≥ 0.99).

The antioxidant potential of extracts was determined according to the DPPH• [25],
ferric reducing antioxidant power (FRAP) [26], and ABTS•+ [27] assays. The absorbance
was determined at 517, 595, and 734 nm (Shimadzu, UV 1900, Tokyo, Japan), respec-
tively. Quantification was performed based on calibration curves prepared using Trolox
(R2 ≥ 0.99).

Hydromethanolic extracts were analyzed by high-performance liquid chromatography
(HPLC, Prominence 20A, Shimadzu, Kyoto, Japan). The chromatograph was coupled to
a UV detector (SPD-20A, operated at 280 and 320 nm) and a C-18 column (Shim-pack
CLC-ODS (H)™, 25 cm × 4.6 mm × 5 mm, Shimadzu) maintained at 25 ◦C (CTO-20
column oven). The mobile phases were injected at a flow rate of 0.8 mL/min (quaternary
pump, LC-20AT). Ultrapure water acidified with 0.05% formic acid (A) and methanol
acidified with 0.1% formic acid (B) were used in gradient elution mode, as follows: 0.01 to
5 min, 20% B; 5 to 25 min, 50% B; and 25 to 30 min, 80% B. Solutions of phenolic acids and
flavonoids (1 to 10 mg/mL) were prepared to construct the analytical curves (R2 ≥ 0.99).
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2.4.2. Fatty Acid Profile

Fatty acids were identified via gas chromatography–mass spectrometry (GC-MS)
(Shimadzu, GC-MS-QP2010 SE, Tokyo, Japan). For each analysis, samples were previously
derivatized as described by Stevanato et al. [28]. Subsequently, the samples were injected
into the GC-MS system equipped with a Zebron™ ZB-Wax capillary column (Phenomenex,
30 m × 0.25 mm × 0.25 µm, Torrance, CA, USA). Chromatographic conditions, as well as
quantification methods, were previously described by Mello et al. [29].

2.4.3. Thermogravimetric Analysis

A simultaneous thermal analyzer (STA 6000, PerkinElmer Inc., Waltham, MA, USA)
was used to evaluate the thermal stability of the experimental oils. In each analysis, the oil
sample (~10 mg) was heated from 30 to 750 ◦C at a rate of 10 ◦C/min under a synthetic air
atmosphere (50 mL/min). Data were processed using Pyris™ software. Thermogravimetric
(TG) and derivative thermogravimetric (DTG) curves were evaluated using Origin 8.6
software (OriginLab, Northampton, MA, USA).

2.4.4. TBARS Assay

The TBARS assay was performed according to Sridhar and Charles [30]. Briefly, 0.3 mL
of oil and 3 mL of TBARS reagent were added to a capped test tube. The mixture was
homogenized and heated (95 ◦C) in a water bath (MA093/1) for 20 min until a pink color
was observed. Samples were cooled in an ice bath, and then 5 mL of chloroform was added.
Samples were then homogenized and centrifuged at 3000 rpm for 10 min. The supernatant
was collected, and the absorbance was read in a spectrophotometer at 532 nm. The blank
was prepared using 3 mL of TBARS reagent and 5 mL of chloroform. Quantification was
achieved against a standard curve of TEP (0.5–22.5 µg/mL). TBARS values are expressed
as mg of malondialdehyde (MDA) per kg of dry sample.

2.4.5. Cytotoxicity Analysis

Cell viability was determined using human keratinocyte HaCaT cells in the presence
of oils. Initially, the cells were cultured in DMEM supplemented with 10% fetal bovine
serum and 1% penicillin–streptomycin at 37 ◦C in a humidified atmosphere with 5% CO2.
Upon reaching ~80% confluence, the cells were seeded in 96-well plates (1 × 104 cells per
well) and treated with different concentrations of oils (50, 100, 200, and 400 µg/mL) for
24 and 48 h. Ethanol (70%) was used as a negative control. Cytotoxicity was determined
according to Malich et al. [31], using the MTT assay, with absorbance reading at 570 nm on a
plate reader (Agilent, Santa Clara, CA, USA). Cell viability was calculated using Equation (1).

Cell viability (%) =
Oil absorbance

Control absorbance
× 100 (1)

2.5. Statistical Analysis

Extractions and assays were conducted in duplicate. Data were subjected to a one-way
analysis of variance (ANOVA), followed by a Tukey’s test. The level of significance was
set at 5% (Microsoft Excel® 2010). Pearson correlation analysis was conducted using PAST
software (version 4.03).

3. Results and Discussion
3.1. Effect of Raw Material Ratio

Table 1 presents the effect of sunflower seed/barbatimão bark ratio on mass yield and
the total phenolic content for extractions conducted at 60 ◦C for 60 min. Barbatimão bark
addition caused a 27% to 56% decrease in mass yield. However, treatments containing



Processes 2025, 13, 3534 5 of 13

barbatimão bark at ratios up to 3:2.5 (seeds/bark) resulted in an increase in the total phenolic
content, reaching a value about 13 times higher than that obtained using sunflower seeds
only. These findings are explained by differences in composition between the raw materials.

Table 1. Effect of raw material ratio on mass yield and total phenolic content.

SS/BB Ratio (w/w) Mass Yield (wt%) Total Phenolic Content 1

(mg GAE/100 g)

3:0 40.2 a ± 0.9 13.8 f ± 0.7
3:1 29.9 b ± 0.7 67.4 e ± 0.3

3:1.5 27.9 b ± 0.5 95.2 d ± 0.6
3:2 24.4 c ± 0.1 135.6 c ± 0.7

3:2.5 22.8 c ± 0.8 182.0 b ± 0.4
3:3 18.8 d ± 0.3 177.6 b ± 0.4
0:3 4.2 e ± 0.1 43,289.1 a ± 2397.5

SS, sunflower seeds; BB, barbatimão bark; GAE, gallic acid equivalent. 1 Determined using the Folin–Ciocalteu
method [22]. Extractions were conducted at 60 ◦C for 60 min. Means in a column followed by different letters
differ significantly by Tukey’s test (p < 0.05).

The total phenolic content of barbatimão bark (43,289.1 ± 2397.5 mg GAE/100 g,
Table 1) was within the range reported in previous studies, such as 3700–40,000 [21],
22,200 [32], and 608,700 mg GAE/100 g [33]. Sunflower seeds had a lower total phenolic
content (13.8 ± 0.7 mg GAE/100 g), similar to the values obtained by Kumar et al. [34]
for extractions using supercritical carbon dioxide and hexane (49 and 56 mg GAE/100 g,
respectively). In the study by Kumar et al. [34], the mass yield varied from 41% to 44%,
which was similar to the mass yield obtained in the current study for sunflower seeds
without barbatimão bark addition (40%).

The highest total phenolic content was obtained using sunflower seeds/barbatimão
bark ratios of 3:2.5 and 3:3. As the 3:2.5 ratio resulted in a higher mass yield, it was chosen
for subsequent assays.

3.2. Effects of Extraction Temperature and Time

Table 2 presents the effects of extraction temperature and time on the mass yield
and phenolic composition of enriched oils, unenriched oil obtained from sunflower seeds
only, and barbatimão bark extract. There was good agreement between total phenolic
contents determined using the Folin–Ciocalteu method and the results of phenolic acids
and flavonoids determined via HPLC. However, the Folin–Ciocalteu method, a colorimetric
assay, is influenced by numerous interferents, such as proteins, inorganic ions, and other
non-phenolic reducing compounds, that may lead to overestimation of phenolic content [24].
Therefore, given the specificity of HPLC analysis, it was deemed more appropriate to use
the sum of the detected compounds as the total phenolic content from this stage of the
study onward.

An increase in temperature from 30 to 60 ◦C led to a 10% increase in mass yield. This
increment also favored the extraction of phenolic acids (gallic, trans-cinnamic, caffeic, and
quinic acids) and flavonoids (kaempferol and quercetin), whose contents increased from 1.1
to 6.1 times. Accordingly, the total content of phenolic acids and flavonoids was enhanced
3-fold at the highest extraction temperature.
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Table 2. Effects of extraction temperature and time on mass yield and phenolic composition.

Run T (◦C) Time
(min)

Mass Yield
(wt%)

Compound (mg/100 g)

Phenolic Acid Flavonoid
TPC

Gallic Acid Trans-
Cinnamic Acid Caffeic Acid Quinic Acid Kaempferol Quercetin

1 30 60 19.8 c ± 0.4 0.8 e ± 0.04 0.3 e ± <0.1 0.7 e ± 0.03 1.5 f ± 0.05 0.2 d ± 0.01 0.6 c ± <0.1 4.1
2 45 60 20.4 b ± 0.4 3.4 c ± 0.02 0.4 d ± <0.1 1.4 b ± 0.02 1.9 e ± 0.07 0.3 b ± 0.01 0.7 b ± <0.1 8.2
3 60 60 22.8 a ± 0.8 3.9 a ± 0.01 0.9 a ± <0.1 1.5 a ± 0.02 5.1 a ± 0.19 1.0 a ± 0.06 0.8 a ± <0.1 13.3
4 60 45 19.3 ab ± 0.1 3.6 b ± 0.1 0.6 b ± 0.1 0.8 d ± <0.01 4.4 b ± 0.12 0.2 cd ± <0.1 0.7 b ± 0.1 10.4
5 60 30 19.5 ab ± 0.6 1.9 d ± 0.02 0.7 b ± 0.1 0.8 d ± <0.01 3.5 c ± 0.05 0.2 cd ± <0.1 0.7 ab ± <0.1 7.9
6 60 15 19.8 b ± 0.5 1.4 e ± 0.03 0.5 c ± 0.1 1.3 c ± 0.01 2.7 d ± 0.11 0.2 bc ± 0.1 0.7 c ± 0.02 6.8

SSO 60 60 40.2 ± 0.9 n.i. 0.08 ± <0.1 0.6 ± 0.01 n.i. 0.17 ± < 0.1 0.42 ± 0.06 1.3
BBE 60 60 4.2 ± 0.1 134.5 ± 4.1 20.5 ± 1.1 43.7 ± 4.1 53.4 ± 0.3 7.7 ± 0.03 11.36 ± 0.2 705.1

T, temperature; SSO, sunflower seed oil; BBE, barbatimão bark extract; TPC, total phenolic content; n.i., not
identified. Means in a column followed by different letters differ significantly by Tukey’s test (p < 0.05).

This result may be explained by the fact that heat enhances the permeability of cell
walls, thereby increasing the solubility and diffusion of compounds. Additionally, the
viscosity of solvents is reduced, further promoting extraction [35]. Qian et al. [36] observed
an increase in caffeic acid extraction from sorghum straw via oscillation-assisted mild
hydrothermal pretreatment, with an increase in temperature from 50 to 60 ◦C. Temperatures
of 20 to 50 ◦C are typically applied in conventional extraction techniques, given that
temperatures greater than 70 ◦C can cause the degradation of phenolic compounds [37,38].

For extractions conducted at 60 ◦C, an increase in extraction time from 15 to 60 min
resulted in a 10% increase in mass yield. Moreover, the contents of phenolic acids (gallic,
trans-cinnamic, caffeic, and quinic acids) and quercetin increased gradually with extraction
time. A 60 min extraction period also promoted kaempferol extraction, with no differences
in kaempferol levels between 15 and 45 min of extraction. Long extraction (60 min) afforded
a 10-fold increase in the levels of the identified phenolic compounds compared with short
extraction (15 min). Novais et al. [38] observed that an increase in the perchlorination ex-
traction time led to an increase in the total phenolic content of barbatimão bark, particularly
from 5 to 45 min. Qian et al. [36] found an increase in the extraction of caffeic acid from
sorghum straw at 60 ◦C with a longer extraction time.

In view of the above, the most promising extraction conditions for obtaining phenolics-
enriched oils are 60 ◦C and 60 min. As expected, under these conditions, barbatimão
bark extract had higher contents of phenolic acids and flavonoids than sunflower seed
oil. Sunflower oil contained 2 to 12 times lower levels of trans-cinnamic acid, caffeic acid,
kaempferol, and quercetin than enriched oils, in addition to lacking gallic and quinic acids.

Gallic, caffeic, and quinic acids were the major phenolic acids in barbatimão bark
extract. Ribeiro et al. [21] reported several phenolic acids in barbatimão bark, with gal-
lic, caffeic, and protocatechuic acids being the predominant ones. Ribeiro et al. [21] also
detected quinic acid in barbatimão bark extract. These compounds have significant an-
tioxidant and anti-inflammatory properties, can promote cell proliferation and collagen
synthesis, and may contribute to combating oxidative stress [39,40].

Similar to the results of this study, Pellenz et al. [41] identified quercetin and
kaempferol in barbatimão bark extracts using a mixture of ethanol and water (70% v/v)
as solvent. The flavonoids showed good potential as antioxidants, in addition to having
antibacterial and anti-inflammatory properties, promoting growth factor production and
collagen synthesis [42,43].

Table 3 describes the antioxidant potential of samples (as listed in Table 2). The pheno-
lic compounds in barbatimão bark are associated with antioxidant action, as reported by
Sabino et al. [18]. According to the authors, these phenolics are capable of quenching DPPH
and ABTS radicals by donating electrons and hydrogen atoms to remove the odd electron
that confers radical reactivity. Reducing power is associated with action against oxidized
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intermediates of lipid peroxidation, thereby preventing oxidative stress. Although in vitro
methods do not yet exhibit a clear correlation with in vivo effects, for instance, through
topical application, the results of this study can motivate future studies to investigate the
physiological effects of the enriched oils.

Table 3. Effect of temperature and time on the antioxidant potential (µMol Trolox equivalents/g) of
enriched oils.

Run T (◦C) Time (min) FRAP DPPH• ABTS•+

1 30 60 7.16 e ± 0.09 4.53 e ± 0.09 0.3 d ± 0.03
2 45 60 15.8 b ± 0.24 7.92 b ± 0.08 0.9 e ± 0.02
3 60 60 16.6 a ± 0.19 11.19 a ± 0.88 2.2 a ± 0.1
4 60 45 11.5 c ± 0.07 6.27 cd ± 0.1 2.1 a ± 0.02
5 60 30 10.0 d ± 0.15 7.50 bc ± 0.02 2.0 b ± 0.1
6 60 15 4.2 f ± 0.05 5.92 d ± 0.1 1.1 c ± 0.1

SSO 60 60 0.3 ± 0.06 0.4 ± <0.1 0.3 ± 0.2
BBE 60 60 106.7 ± 3.2 20.4 ± 6.4 306.8 ± 16.1

T, temperature; SSO, sunflower seed oil; BBE, barbatimão bark extract. Means in a column followed by different
letters differ significantly by Tukey’s test (p < 0.05).

It is known that antioxidant activity is closely associated with anti-inflammatory
effects, as the reduction in oxidative stress attenuates the production of pro-inflammatory
mediators, thereby protecting tissues from cellular damage [44]. The literature provides
evidence of improved tissue repair and highlights the hemostatic, antioxidant, and anti-
inflammatory properties of phenolics in barbatimão bark, supporting their potential topical
applicability due to their cutaneous bioactivity. This was demonstrated by Alves et al. [45],
who evaluated the incorporation of barbatimão bark extract into hydrophilic matrices
for wound healing applied to rat skin. The authors observed a marked reparative effect,
associated with the stimulation of keratinocyte proliferation (re-epithelialization), which
led to accelerated healing and a reduced inflammatory response, directly linked to the
presence of phenolic compounds.

The addition of barbatimão bark to sunflower seed extraction increased the antioxidant
potential of the resulting oils, varying according to extraction conditions. FRAP and DPPH•

activities doubled when increasing the extraction temperature from 30 to 60 ◦C, and ABTS•+

activity increased 8-fold. Under an extraction temperature of 60 ◦C, the resulting oils
showed increasing antioxidant potential with longer extraction periods. For instance, oils
extracted for the maximum time (60 min) had four-times-higher antioxidant potential by
the FRAP method and two-times-higher activities via the DPPH• and ABTS•+ methods
than oils obtained over 15 min of reaction.

A Pearson’s correlation matrix was generated to assess the relationship of antioxidant
potential with oil chemical composition, as shown in Figure 1. FRAP values were highly
correlated with gallic acid (r = 0.876) and quercetin (r = 0.859) contents, whereas DPPH•

activity correlated with trans-cinnamic acid (r = 0.848), kaempferol (r = 0.898), and quercetin
(r = 0.908) levels. Finally, ABTS•+ activity was correlated with trans-cinnamic (r = 0.907)
and quinic (r = 0.960) acids. The differences in correlations between antioxidant potentials
and chemical composition can be attributed to the different mechanisms of action of
the analytical techniques. FRAP and ABTS•+ methods are based on electron donation,
whereas DPPH• is based on the transfer of hydrogen atoms [46]. Pearson’s correlation
coefficient suggested that total phenolic content is a good predictor of antioxidant potential,
as determined by DPPH• (r = 0.863) and ABTS•+ (r = 0.856) methods. All correlations were
significant (p < 0.05). The findings demonstrated that phenolic acids and flavonoids were
responsible for the antioxidant activity of experimental oils.
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Figure 1. Correlation matrix describing the relationship between antioxidant activity and phenolic
acid, flavonoid, and total phenolic contents (TPCs). The size of the ellipse is proportional to the
Pearson’s correlation coefficient. Ellipses highlighted with rectangles indicate significant correlations
(p < 0.05).

3.3. Oil Characterization

Table 4 shows the fatty acid profile of enriched oil and sunflower seed oil. Both oils
had a similar fatty acid profile, differing only in the percentages of palmitic and linoleic
acids. Santos et al. [47] indicated palmitic acid as the major fatty acid in barbatimão bark,
which explains the increase in its content by ~13% in enriched oil.

Table 4. Fatty acid profile of enriched oil and sunflower seed oil.

Compound
Fatty Acid (%)

Sunflower Seed Oil Enriched Oil

Palmitic acid (C16:0) 8.4 b ± 0.1 9.5 a ± 0.1
Palmitoleic acid (C16:1n−7) 0.1 a ± <0.1 0.1 a ± <0.1
Stearic acid (C18:0) 4.9 b ± 0.1 6.1 a ± 0.1
Oleic acid (C18:1n−9) 32.7 a ± 0.1 33.3 a ± <0.1
Linoleic acid (C18:2n−6) 53.7 a ± <0.1 50.7 b ± <0.1
Linolenic acid (C18:3n−3) 0.1 a ± <0.1 0.1 a ± <0.1

Oils were extracted at 60 ◦C for 60 min. Means in a row followed by different letters differ significantly by Tukey’s
test (p < 0.05).

Figure 2 shows the results of TG and DTG analyses of sunflower seed oil (Figure 2A)
and enriched oil (Figure 2B). Oils exhibited a similar trend in thermal degradation up to
~220 ◦C. However, enriched oil had higher thermal stability than sunflower seed oil from
this temperature onward. Getachew et al. [48] argued that thermal stability is related to low
mass loss during thermal degradation. This property indicates that the oil can be heated
to high temperatures or for longer periods without undergoing oxidative degradation.
Such an effect may be explained by the higher levels of saturated fatty acids in enriched
oil (15.70%) than in sunflower seed oil (13.32%), as well as the presence of major natural
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antioxidants in the former (Tables 2 and 3). Antioxidants positively influence oxidative
stability [4]. In similar studies, enriched oil exhibited a higher stability than sunflower
seed oil in the treatment of skin wounds [49] and in relation to the synthetic antioxidant
butylated hydroxyanisole [50].
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Figure 2. Thermogravimetric (red) and derivative thermogravimetric (black) curves of (A) sunflower
seed oil and (B) enriched oil.

The degradation curve obtained using the DTG analysis was found at ~380–400 ◦C,
suggesting that the oils are suitable for high-temperature applications [51]. Furthermore,
the burning temperature of samples was determined from TG–DTG curves, which was
found to be 650 ◦C for both oils. These data indicate that, at 600 ◦C, the oils were completely
degraded, and oxidation was completed. This stage was achieved via the decomposition
of monounsaturated fatty acids, represented predominantly by oleic acid. The rupture of
double bonds gives rise to saturated fatty acids, which sequentially undergo degradation,
resulting in residual carbonaceous substances [52].

The TBARS assay revealed MDA contents of 983.02 ± 10.19 and 850.14 ± 5.54 mg/100 g
in sunflower seed oil and essential oil, respectively. These values corroborate those obtained
by TG and DTG analyses.

3.4. Cytotoxicity Analysis

The enriched oil was not found to be toxic toward HaCaT cells at the evaluated
concentrations (Table 5). Overall, cell viability remained >90% after 24 h and >97% after
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48 h, regardless of extract concentration. These findings indicate that, in addition to a lack
of cytotoxic effects [53], the enriched oil promoted cell growth at certain concentrations.
The possible increase in cell number, observed mainly after 48 h, might be related to the
presence of phenolic compounds from barbatimão bark, as reported in Table 2.

Table 5. Cytotoxic effects of enriched oil on HaCaT cells.

Oil Concentration (µg/mL)
Time (h)

24 48

50 90.8 Ba ± 4.3 107.3 Aa ± 3.9
100 104.0 Aa ± 4.9 111.5 Ba ± 1.9
200 98.6 Ba ± 16.8 107.8 Aa ± 3.5
400 100.1 Aa ± 8.1 97.9 Ab ± 4.1

Control 100.0 ± 0.8 100.0 ± 2.7
Different uppercase letters in a column indicate significant differences (p < 0.05) between extract concentrations,
and different lowercase letters in a row indicate significant differences (p < 0.05) between evaluation times, as
demonstrated via Tukey’s test (p < 0.05).

The phenolic compounds present in enriched oil may have promoted in vitro cell
viability, likely due to their ability to modulate responses to oxidative stress and support
cell survival and proliferation. According to Chanaj-Kaczmarek et al. [54], mechanistically,
the antioxidant activity of phenolic compounds is considered multidirectional, and such
mechanisms can contribute to the maintenance of cellular homeostasis, making it possible
to promote cell survival and create favorable conditions for cell proliferation.

Lim et al. [55] investigated the effect of dried green tea leaf extracts on intestinal
Caco-2 cells subjected to H2O2-induced oxidative stress. The results demonstrated that cell
viability significantly increased when probiotics were coated with phenolic compounds.
These results indicate that phenolic compounds not only prevent potential cytotoxic effects
but also promote cell viability.

Research on the effects of oil enriched with barbatimão bark on cell viability is still
incipient. Nevertheless, Gomes et al. [56] assessed the cytotoxicity of barbatimão bark
extract against MRC-5 fibroblasts and reported no cytotoxic effect at the tested concentra-
tion (40 µg/mL). Cecílio et al. [57] determined the maximum non-toxic concentration of
ethanolic extract of barbatimão leaves; cytotoxicity was observed at 500 and 5000 µg/mL
for MA-104 cell monolayers, indicating that cytotoxicity may vary according to plant part,
extract concentration, and cell type. However, at the concentrations tested here, enriched
oil was not considered toxic.

4. Conclusions
This study successfully obtained sunflower oil enriched with phenolic compounds

from barbatimão bark under the proposed extraction conditions. The oil with the highest
phenolic content (182 mg GAE/100 g oil) was produced at 60 ◦C for 60 min, using a
sunflower seed/barbatimão bark ratio of 3:2.5. Although the addition of barbatimão bark
during sunflower seed extraction caused a reduction in mass yield (from 40.20% to 21.49%),
it increased the levels of phenolic acids (gallic, trans-cinnamic, caffeic, coumaric, and
ferulic), flavonoids (quercetin and kaempferol), and antioxidant activity. The enriched oil
exhibited greater thermal stability and was non-toxic, as confirmed by cytotoxicity assays
using HaCaT cells. These results demonstrate the effectiveness of the proposed green
extraction method for obtaining a bioactive oil potentially suitable for topical applications.
Furthermore, the method is easily scalable, as it involves simple and environmentally
friendly operational steps.



Processes 2025, 13, 3534 11 of 13

Author Contributions: Conceptualization, J.d.O.C., B.C.B.B. and C.d.S.; methodology, J.d.O.C.,
B.C.B.B. and C.d.S.; software, C.d.S. and B.C.B.B.; validation, J.d.O.C., N.S., D.T.R. and C.d.S.; formal
analysis, investigation, and data curation, J.d.O.C., I.A.d.C.F., D.T.R., N.S., V.A.d.S.G., B.C.B.B. and
C.d.S.; writing—original draft, J.d.O.C., B.C.B.B. and C.d.S.; writing—review and editing, C.d.S.; visu-
alization, C.d.S.; supervision, B.C.B.B. and C.d.S.; project administration, C.d.S.; funding acquisition,
C.d.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior—Brasil (CAPES)—Finance Code 001 (88887.658985/2021-00).

Data Availability Statement: The datasets supporting the conclusions of this article are included
within the manuscript.

Acknowledgments: The authors would like to thank the State University of Maringá (UEM).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sousa, J.d.P.d.S.; Feitosa, R.S.; Lira, B.S.d.M.M.; Medeiros, M.d.G.F.d.; Carvalho, A.L.M. Óleos vegetais como promotores de

permeação cutânea em formulações tópicas e transdérmicas de anti-inflamatórios: Uma revisão integrativa. Res. Soc. Dev. 2021,
10, e541101220308. [CrossRef]

2. Sanches, S.C.d.C.; Silva-Júnior, J.O.C.; Ribeiro-Costa, R.M. O uso dos óleos vegetais na prevenção do envelhecimento da pele. Res.
Soc. Dev. 2021, 10, e44010111941. [CrossRef]

3. Torres, S.B.; de Queiroz, A.L.F.G.; dos Santos, A.N.A.; Alves, G.Q.; da Silva, I.A.; Brito, J.K.C.; Sultanun, R.F.d.S.; Monteiro, A.C.S.
Óleo de girassol (Helianthus annus L.) como cicatrizante de feridas em idosos diabéticos. Braz. J. Health Rev. 2021, 4, 4692–4703.
[CrossRef]

4. da Rosa, A.C.S.; Costa, A.J.N.; Santos Júnior, O.O.; da Silva, C. Ultrasound-Assisted Extraction of Sunflower Seed Oil Enriched
with Active Compounds from Jambolan Leaf. J. Braz. Chem. Soc. 2025, 36, 1–10. [CrossRef]

5. Segantini, K.C.d.O.; Santos Junior, O.d.O.S.; Garcia, V.A.D.S.; Raspe, D.T.; da Silva, C. Sunflower Seed Oil Enriched with
Compounds from the Turmeric Rhizome: Extraction, Characterization and Cell Viability. Separations 2025, 12, 121. [CrossRef]

6. Correa, M.C.M.; Mao, G.; Saad, P.; Flach, C.R.; Mendelsohn, R.; Walters, R.M. Molecular interactions of plant oil components with
stratum corneum lipids correlate with clinical measures of skin barrier function. Exp. Dermatol. 2014, 23, 39–44. [CrossRef]

7. Elias, P.M.; Brown, B.E.; Ziboh, V.A. The Permeability Barrier in Essential Fatty Acid Deficiency: Evidence for a Direct Role for
Linoleic Acid in Barrier Function. J. Investig. Dermatol. 1980, 74, 230–233. [CrossRef] [PubMed]
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