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Abstract: This study investigates the impact of soaking, germination, and roasting under various
conditions on the phenolic content, antioxidant activities, and fatty acid profile of sunflower seeds of
striped and black oil seed varieties. Ferulic acid emerged as the predominant phenolic acid across
all samples. The study highlights the influence of different treatments and processing conditions on
the levels of phenolic acids and flavonoids. Results revealed that soaking striped seeds for 24 h and
roasting black oil seeds for 6 min exhibited the highest total phenolic content (TPC) and total flavonoid
content (TFC). Antioxidant activities varied, with striped seeds soaked for 24 h demonstrating the
highest ferric-reducing antioxidant power (FRAP) values, while black oil seeds roasted for 6 min
exhibited superior 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis (3-ethylbenzthiazoline-
6-sulphonic acid) (ABTS) radical scavenging activity. Oleic acid and linoleic acid were identified
as major fatty acids in all processed samples, with striped seeds germinated for 24 h and black
oil seeds germinated for 48 h displaying the highest concentrations. Soaking led to a reduction in
both unsaturated and saturated fatty acids in both varieties. Roasting further influenced fatty acid
concentrations, with a significant increase in striped seeds after 5 and 6 h of roasting, followed by a
gradual decrease. Our findings suggest that incorporating appropriate processing methods, such as
soaking striped seeds for 24 h and roasting black oil seeds for 6 min, enhances the potential health
benefits of sunflower seeds.

Keywords: ferulic acid; oleic acid; flavonoids; DPPH; ABTS; FRAP

1. Introduction

The sunflower plant (Helianthus annuus L.) is indigenous to northern and central
America. Following groundnut and soybean, sunflower seeds are the third most significant
oilseed crop on the planet and one of the most widely consumed edible seeds [1]. They
are renowned for their nutritional value to human health and are commonly employed
as savory treats or as a primary component in confectioneries [2,3]. Sunflower seeds
are also significant in protein and lipid content. Sunflower oil predominantly contains
unsaturated fatty acids, including oleic acid (approximately 20%), linoleic acid (approxi-
mately 64%) [3], palmitic acid, and stearic acid (approximately 15%) [4]. These fatty acids,
especially polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MU-
FAs), have been associated with a reduced risk of non-communicable diseases (NCDs) [4].
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Studies have indicated that sunflower oil may have beneficial effects on cholesterol lev-
els, potentially reducing total cholesterol and low-density lipoprotein (LDL) cholesterol
while also possessing antioxidant properties [4,5]. Oleic acid, a monounsaturated omega-9
fatty acid found in sunflower oil, has been associated with lowering triacylglycerides
and LDL cholesterol levels, increasing high-density lipoprotein (HDL) cholesterol, and
potentially reducing the risk of heart attack [5]. Linoleic acid, an essential polyunsaturated
omega-6 fatty acid present in sunflower oil, contains two cis double bonds. However,
some research has demonstrated an inverse relationship between omega-6 fatty acid in-
take and the risk of coronary heart disease [6]. The naturally occurring antioxidants that
are most prevalent in plant materials are phenolics. Edible seeds and sprouts have been
recognized as valuable sources of antioxidants, including flavonoids, phenolic acids, trace
elements, and vitamins [7,8]. Over recent decades, various flavonoids such as heliannone,
quercetin, kaempferol, luteolin, and apigenin, as well as phenolic acids, including caffeic
acid, chlorogenic acid, caffeoylquinic acid, gallic acid, protocatechuic acid, coumaric acid,
ferulic acid, and sinapic acid, have been identified in sunflower seeds and sprouts [9]. These
compounds have been associated with pharmaceutical activities, including cardiovascular
diseases, atherosclerosis, and cancer, attributed to sunflower seeds and sprouts [9,10]. Food
processing is a process that alters the physical properties and chemical composition of the
ingredients. It not only improves the texture, digestibility, flavor, color, and shelf life of food
but also enhances the absorption of nutrients by deactivating antinutritional compounds,
growth inhibitors, and haemagglutinins [11–13]. Soaking serves as an initial preparatory
measure preceding cooking, aiding in the reduction of cooking time and the softening of
texture [14]. Mecha et al. reported that decreasing polyphenol content and antioxidant ac-
tivity after soaking seeds may be because some components were leached into the soaking
water [15]. Germination is the process of seeds growing into plants. For sunflower seeds,
germination is considered part of processing because it involves controlled conditions
that initiate the growth of the seed into a young plant. This process generates various
biochemical changes within the seed, leading to alterations in its chemical composition
and nutritional profile, including nutrient activation, reduction in antinutrients, enhanced
nutritional content, changes in phytochemical composition, and improved digestibility and
palatability, thereby adding value to the final product for consumers [9,16]. The popularity
of crop sprout consumption has been increasing [17]. Crop sprouts have more nutritional
value compared to seeds. The sunflower sprout is widely regarded as a preferred sprout
owing to its abundant nutritional content and phytochemical composition, including phe-
nolic compounds, vitamins, and diverse colors. Notably, it contains components with
antioxidant activity, which play significant roles in promoting human health and prevent-
ing diseases [8,9]. Roasting is an expeditious processing technique that employs a short
duration of dry heat. The heightened antioxidant activity observed in the roasted seed
may be attributed to the thermal treatment-induced depletion of polyphenols, which is
countered by the formation of a new substance with promising antioxidant properties via
the Maillard reaction [18–20]. While some studies have investigated the effects of food
processing on the chemical composition changes in sunflower seeds [21,22], limited compre-
hensive information is available regarding individual phenolics alongside their biological
activities and chemical compositions, including fatty acid composition and concentration.

Hence, this study aims to assess the impact of soaking, germination, and roasting on
the total phenolic contents and antioxidant activities of sunflower seeds. Additionally, the
phenolic components and fatty acids extracted from sunflower seeds will be characterized.
The objective is to provide valuable insights into the optimal processing methods for further
development and practical health benefits.

2. Materials and Methods
2.1. Chemicals and Reagents

2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulphonic
acid) (ABTS), 2,4,6-tripyridyl-s-triazine (TPTZ), Folin–Ciocalteu reagent, sodium carbonate,
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rutin, phenolic acids standards, and methyl esters of fatty acid standards were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Merck in Darmstadt, Germany, supplied
the HPLC and GC acetonitrile, methanol, sodium nitrite (NaNO2), aluminum chloride
(AlCl3), sodium hydroxide (NaOH), iron (III) chloride hexahydrate (FeCl3•6H2O), and iron
(II) sulfate heptahydrate (FeSO4). Fisher Scientific (Leicester, UK) supplied hexane, 37%
hydrochloric acid, and 96% ethanol solution.

2.2. Sunflower Samples

The sunflower seeds used in the study were obtained from two cultivars: striped
sunflower seeds (cv. Artuel) and black oil sunflower seeds (cv. Peredovik), which were
provided by P T Seed-sprout Company, located in Lopburi, Thailand. Detailed descrip-
tions and characteristics of the samples from the two sunflower cultivars are exhibited in
Table 1. The seeds were harvested during the 2022/2023 harvest season. Seeds that were
damaged or broken were manually extracted from the samples. The moisture contents
were determined [23]. Briefly, 3 g of seed kernels was subjected to drying at 105 ± 1 ◦C
using a vacuum oven until a constant weight was achieved. After drying, the samples
were removed, allowed to cool in a desiccator to prevent moisture absorption from the
atmosphere, and then reweighed accurately. The moisture content is calculated using the
following formula:

Moisture content (%) = ((W1 − W2)/W1) × 100.

where

W1 = initial weight of the sample (mg);
W2 = weight of the sample after drying (mg).

The data can be found in Supplementary Table S1.

Table 1. Description and characteristics of the samples of the two sunflower cultivars.

Cultivars
Maturity

(Days)
Characteristics

Average Size and Shape of Seed Color of Shell Use

Artuel 90–100 9.3 × 4.8 mm, oval shape Stripe black and white Directly consumed as seed

Peredovik 95–120 9.0 × 4.9 mm, oval shape Black Edible oil

2.3. Processing
2.3.1. Soaking

Sunflower seeds were soaked in water at a ratio of 1:5 (w/v) and left to soak for 2, 12,
and 24 h in the dark at room temperature. Subsequently, the soaked seeds were immersed
in boiling water for 1 min, then cooled in cold water for 1 min to stop germination and
deactivate enzymes present in the seeds. The seeds were then drained, and their shells were
removed. The seed kernels were dried with paper towels to eliminate any remaining water,
ground using an electric grinder (BSH Bosch & Siemens, Munich, Germany), and stored at
−20 ◦C for further analysis. Moisture content was determined for each sample [23].

2.3.2. Germination

The raw seeds were soaked in water at a ratio of 1:5 (w/v) for 12 h at room temperature.
The samples were drained after soaking and then covered in a wet cloth to provide moisture
to the seeds for 24 and 48 h at room temperature. The germinated samples were briefly
boiled in boiling water for 1 min, then cooled in cold water for another minute to stop
germination and deactivate enzymes present in the seeds. The seeds were then drained,
and their shells were removed. The seed kernels were dried with paper towels to eliminate
any remaining water, ground using an electric grinder (BSH Bosch & Siemens, Munich,
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Germany), and stored at −20 ◦C for further analysis. Moisture content was determined for
each sample [23].

2.3.3. Roasting

Raw sunflower seeds were roasted in an induction cooker (CY-101, SHARP, Shanghai,
China) for 5, 6, and 7 min at 110 ◦C. Following roasting, the seed shells were removed, and
the seed kernels were ground using an electric grinder (BSH Bosch & Siemens, Munich,
Germany) and stored at −20 ◦C for further analysis. Moisture content was determined for
each sample [23].

2.4. Extraction

The raw and processed samples were defatted with hexane using a Soxhlet apparatus.
Extracts were obtained from defatted samples by using 80% (v/v) aqueous ethanol (1:10,
w/v) for 3 h at room temperature in a shaking incubator operating at 150 rpm [24]. The so-
lution was filtered using filter paper, and the residue underwent two additional extractions
to maximize compound recovery. The resulting filtrate was utilized to measure the total
phenolic and flavonoid contents (TPC and TFC), as well as antioxidant activity.

2.5. Determination of TPC

TPC was assessed following the previous method [25] using the Folin–Ciocalteu
reagent. Initially, either 0.3 mL of standard gallic acid or the sunflower seed extract was
combined with 2.25 mL of 10% Folin–Ciocalteu reagent and allowed to react for 5 min.
Following this, 2.25 mL of 6% sodium carbonate solution was added to the mixture, which
was then left in the dark at room temperature for a duration of 90 min. Subsequently, the
absorbance of the resulting solution was measured against a blank at 725 nm using a spec-
trophotometer (UV1700, Shimadzu, Tokyo, Japan). A blank was prepared by substituting
the extract with distilled water. The TPC results were expressed as milligrams of gallic acid
equivalents per gram of dried weight (mg GAE/g DW), providing a quantitative measure
of the phenolic content present in the samples.

2.6. Determination of TFC

TFC was determined according to the procedure described by Abu Bakar et al. [26].
Initially, 0.5 mL of the extracted samples were aliquoted into test tubes, which were sub-
sequently mixed with 2.25 mL of distilled water and 0.15 mL of a 5% NaNO2 solution.
Following a 6 min agitation period, 0.3 mL of a 10% AlCl3 solution was introduced into
the mixture, which was then shaken for an additional 5 min. Thereafter, 1.0 mL of 1 M
NaOH was added to each sample. The absorbance of the resulting solutions was deter-
mined against a blank at 510 nm utilizing a spectrophotometer (UV1700, Shimadzu, Tokyo,
Japan). A blank was prepared by substituting the extract with distilled water, utilizing a
spectrophotometer to detect the absorbance at 510 nm. The results were measured as mg of
rutin equivalents (REs) per g of dry weight (mg RE/g DW).

2.7. Determination of Phenolic Compounds and Flavonoids by HPLC

The phenolics were examined using Kubola and Siriamornpun’s method [27]. A
100 mL methanol/HCl solvent mixture (100:1, v/v) was added to 10 g of raw and processed
samples and left at 35 ◦C for 18 h without light. After 2200 g of centrifugation and filtering,
the filtrate evaporated at 30–40 ◦C. The material was diluted in methanol to 3 mL and fil-
tered through a 0.45 µm nylon filter. HPLC analysis of phenolic compounds was performed
using Shimadzu LC-20AC pumps, SPD-M20A diode array detection, and chromatographic
separations on a column Inetsil ODS-3, C18 (4.6 mm 250 mm, 5 mL) (Hichrom Limited,
Berks, UK). The analysis was conducted utilizing a C18 column (4.6 × 250 mm, 5 µm) ob-
tained from Hichrom Limited, Berk, UK. The mobile phase consisted of a mixture of water
containing 1% acetic acid (A) and acetonitrile (ACN) (B). A gradient elution system was
employed, with a flow rate set at 1 mL/min, operating as follows: 0–40 min (30% A and 70%
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B) and 40–45 min (20% A and 80% B). Subsequently, the elution conditions were adjusted
to 15% A and 85% B at 1.2 mL/min for 45–55 min, followed by 10% A and 90% B for 55–57.
Phenolic chemicals in the samples were identified and quantified using UV-diode array
detection at specific wavelengths. Hydroxybenzoic acids were detected at 280 nm, while
hydroxycinnamic acids were detected at 320 nm. Phenolic chemicals in the samples were
identified by comparing retention time to standard compounds and detected using external
standards. These included gallic acid (GA), protocatechuic acid (PCCA), p-hydroxybenzoic
acid (p-HO), vanillic acid (VA), chlorogenic acid (ChA), caffeic acid (CFA), syringic acid
(SyA), p-coumaric acid (p-CA), ferulic acid (FA), and sinapic acid (SNA).

2.8. Determination of Antioxidant Activity
2.8.1. DPPH Free Radical Scavenging Activity

DPPH scavenging activity was measured using the technique of Xu et al. [28] with
slight modifications. A total of 0.1 mL of the extracted solution was added to 3 mL of ethanol
with 0.1 mM DPPH. The resulting mixture was stirred and incubated at room temperature
for 30 min in darkness to allow for the reaction between the sample and the DPPH radical.
During the incubation period, the absorbance of the reaction mixture was measured at
517 nm using a spectrophotometer (UV1700, Shimadzu, Tokyo, Japan). Subsequently, the
obtained data were presented as the percentage of DPPH radical inhibition.

The degree of DPPH radical scavenging activity exhibited by the sample was deter-
mined using the following formula:

DPPH radical inhibition (%) = [(A0 − A1)/A0] × 100

where

A0 = initial absorbance of DPPH solution (without sample);
A1 = final absorbance of the DPPH solution after reaction with the sample.

2.8.2. Ferric-Reducing Antioxidant Power (FRAP) Assay

FRAP was analyzed following the method described by Luo et al. [29]. In this assay,
the FRAP reagent was freshly prepared by combining 0.3 M acetate buffer pH 3.6 (100 mL),
10 mL of TPTZ solution (10 mM TPTZ dissolved in 40 mM HCl), and 20 mM FeCl3•6H2O
(10 mL). To this reagent, 12 mL of distilled water was added, and the solution was incubated
at 37 ◦C to ensure optimal conditions for the reaction. To initiate the assay, 60 µL of the
sample extract was mixed with 180 µL of distilled water and 1.8 mL of the freshly prepared
FRAP solution. The resulting mixtures were then thoroughly shaken and incubated in
a water bath maintained at 37 ◦C for a duration of 4 min. Following the incubation
period, the absorbance of the reaction mixture was measured against a blank at 593 nm
using a spectrophotometer (UV1700, Shimadzu, Tokyo, Japan). A blank was prepared by
substituting the extract with distilled water. In the FRAP assay, the antioxidant activity of
the sample was evaluated by employing a standard curve generated with the FeSO4 linear
regression equation (y = 0.002 + 0.888, R2 = 0.998). The results are indicated as millimoles
of FeSO4 per gram of dry weight (mmol FeSO4/g DW).

2.8.3. ABTS Free Radical Scavenging Activity

A slight modification was made to the Wootton-Beard et al. [30] ABTS assay. ABTS•+

was generated by oxidizing 7 mM ABTS with 2.45 mM potassium persulfate in a 1:1 ratio
and subsequently incubating the mixture for 12–16 h at 4 ◦C in darkness. This extended
incubation period allowed for the complete generation of the ABTS•+ radical species. To
assess the antioxidant activity of the samples, 20 µL of the sample was mixed with 2 mL of
the pre-prepared ABTS•+ solution. The resulting mixture was stirred and then incubated at
room temperature for 6 min in darkness to allow for the reaction between the sample and
the ABTS•+ radical. Subsequently, the absorbance of the solution was measured at 734 nm



Horticulturae 2024, 10, 387 6 of 16

using a spectrophotometer (UV1700, Shimadzu, Tokyo, Japan). The obtained data were
expressed as the percentage of ABTS radical inhibition using the following formula:

ABTS radical inhibition (%) = [(A0 − A1)/A0] × 100

where

A0 = initial absorbance of ABTS solution (without sample);
A1 = final absorbance of the ABTS solution after reaction with the sample.

2.9. Extraction and Determination of the Fatty Acid Composition

Lipids were extracted using the Bligh and Dyer method [31]. A total of 100 mL of
chloroform–methanol (2:1 v/v) with 10 mg/mL butylated hydroxytoluene (BHT) was
extracted from 10 g of ground materials. The samples stayed in a fume hood for 18 h.
After filtering, the samples were placed in funnels with 20 mL of 0.85% sodium chloride.
The samples were aggressively agitated for phase separation. A vacuum-driven rotary
evaporator evaporated the lower phase at 40 ◦C. Fatty acids in the extracted lipids were
converted into methyl esters using acid-catalyzed methylation. A total of 100 mg of
the sample was weighed into a screw-cap tube, followed by the addition of 3 mL of
0.9 M sulfuric acid in methanol, 1 mL of toluene, and 1 mL of nonadecanoic acid (19:0)
internal standard. The mixture was then subjected to a 70 ◦C water bath for 2 h with
intermittent shaking every 30 min. Subsequently, 2 mL of hexane was added, and the
resulting solution was transferred to a test tube containing 3 mL of distilled water. The
organic layer, containing methyl esters, was separated by filtration through sodium sulfate
to remove any remaining water, evaporated to dryness, and stored at −25 ◦C before
chemical analysis. Fatty acid methyl esters were analyzed using a gas chromatograph
(model GC-2014, Shimadzu, Kyoto, Japan) with a flame ionization detector. The elution
was carried out with hydrogen at a flow rate of 30 ± 1 mL/min with a split ratio of 1:17.
Both the injector and detector temperatures were held constant at 250 ◦C throughout the
analysis. Nitrogen was utilized as the carrier gas, and the temperature programming
protocol was as follows: starting at 150 ◦C for 5 min, the temperature was then increased to
230 ◦C at a rate of 15 ◦C/min. Subsequently, the temperature transitioned to 170 ◦C and
was held for 10 min at a rate of 10 ◦C/min, followed by a further increase to 200 ◦C held for
3 min at a rate of 5 ◦C/min. Finally, the temperature was elevated to 230 ◦C and maintained
for 2 min at a rate of 15 ◦C/min. The emergent peaks were identified by comparing their
retention time with authentic standards. The concentration of the fatty acids was calculated
using an internal standard, namely nanodecanoic acid (C19:0) [32]. Lipid content, fatty acid
composition, and concentration were calculated using the following formulas:

Fatty acid composition =
Area under each peak

Total areas of all fatty acids appeared
in the chromatogram

× 100

Fatty acid concentration =
Area under each peak

area of internal standard
× 100 × 100

g sample

2.10. Statistical Analysis

The experiment was conducted in triplicate, and all procedures were meticulously
followed. Data obtained were provided as mean ± standard deviation. Windows SPSS 11.5
was used for statistical analysis. Before conducting the one-way ANOVA analysis, normal
distribution was confirmed for all samples using the Shapiro–Wilk test, and homogeneity
of variances was assessed using Levene’s test. Subsequently, the comparison of means
was performed using Duncan’s multiple range tests (p < 0.05) upon detecting statistically
significant differences through ANOVA.
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ANOVA and Duncan’s multiple range tests were employed to identify significant
differences at a significance level of p < 0.05.

3. Results and Discussion
3.1. Total Phenolic and Total Flavonoid Contents

The impacts of soaking, germination, and roasting on the total phenolic (TPC) and total
flavonoid (TFC) contents of sunflower seeds are depicted in Figure 1A,B. Statistical analysis
revealed significant variations (p < 0.05) in TPC and TFC levels among sunflower seeds
subjected to distinct processing methods. The TPC of raw and processed sunflower seeds
ranged from 3.60 to 8.31 mg gallic equivalent (GAE)/g DW (Figure 1A). Our present study
revealed that striped seeds soaked for 24 h had the highest TPC, whereas striped seeds
germinated for 48 h had the lowest TPC (Figure 1A). Regarding soaking, it was observed
that soaking of striped samples in water resulted in a significant reduction in TPC during
soaking for 2 and 12 h, followed by a gradual increase after soaking for 24 h. In contrast,
black oil seeds exhibited a different trend, with longer soaking times showing lower TPC,
reaching the lowest level in the 24 h soaked samples (4.54 mg GAE/g). Similar findings
have been reported by Kataria et al. [33] for mung beans and by Khandelwal et al. [34]
for faba beans and Indian pulses, where soaking led to a decrease in phenolic content.
The reduction in total phenolic compounds (TPCs) during soaking may be attributed to
the leaching of certain components into the soaking water, as well as the activation of
enzymes such as polyphenol oxidase, which can catalyze the degradation and loss of
polyphenols [35]. Other researchers [36,37] have suggested that losses may occur due to the
binding of polyphenols with other organic compounds, such as carbohydrates or proteins.
Additionally, the variation in TPC between the two types of sunflower seeds suggests
differences in their phenolic composition. Furthermore, decreasing the germination period
to 24 and 48 h had a further decreased effect on the total polyphenols content of striped
seeds but increased in black oil seeds. The phenolic content of germinated seeds in the
present study was comparable to those reported by other investigators. Zhang et al. [38]
found that the germination process reduced the polyphenol contents of various Indian
pulse varieties. Similar results were observed by Randhir et al. [39], with germination
causing a decrease in phenolic content in green mung beans. The reductions in total
phenolic content (TPC) may be linked to observed increases in the activity of polyphenol
oxidase and other catabolic enzymes, as noted by Huang et al. [40]. Moreover, germination
duration can modulate the phenolic content of sunflower seeds differently depending on
the variety. However, our findings contrast with the results reported by previous studies,
which showed that the phenolic content of sunflower seeds increases during germination
by 232% [9]. For roasting, the contents of total phenolic were also increased significantly
during roasting for 5 and 6 min at 110 ◦C and then were gradually decreased after roasting
for 7 min at 110 ◦C. This suggests that moderate roasting may enhance the phenolic content
of sunflower seeds, potentially through heat-induced reactions, but prolonged roasting
could lead to degradation or loss of phenolic compounds. Similar results were reported by
Rizki et al. [41]. The phenolic content of sesame seeds increased with an increase in roasting
time. Chandrasekara and Shahidi [42] measured the effect of roasting on the phenolic
content of cashew nuts, in which TPC increased from 70.95 mg GAE/g in unroasted cashew
nuts as a control to 123.30 mg GAE/g after roasting at 200 ◦C for 20 min. Moreover,
increased levels of total phenolics content induced by heat have been observed in roasted
pumpkin seeds [20] and common beans [43], kidney and pinto beans, and black-eyed
peas [44].
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Figure 1. Effect of soaking, germination, and roasting on phenolic contents (A), flavonoid (B) and
antioxidant activities (DPPH radical scavenging) (C), FRAP, ferric-reducing antioxidant activity (D),
and ABTS radical scavenging (E). Different letters are significantly different at p < 0.05. S2, soaked
for 2 h; S12, soaked for 12 h; S24, soaked for 24 h; G24, germinated for 24 h; G48, germinated for 48
h; R5, roasted for 5 min; R6, roasted for 6 min; R7, roasted for 7 min. Different letters indicate the
significant differences among treatments of each variety (a, b, etc., for striped seeds) (A, B, etc., for
black oil seeds).

The total flavonoid contents (TFCs) of raw and processed sunflower seeds ranged from
80 to 172 mg rutin equivalent (RE)/g DW (Figure 1B). Our present study found that raw
sunflower seeds had the highest TFC, whereas striped seeds germinated for 7 min and black
oil seeds roasted for 7 min had the lowest TFCs (Figure 1B). Similar results were reported by
Franke et al. [45] that the content of flavonoids was decreased in legumes after processing.
For soaked striped seeds, the longer soaking time showed the greater TFC, being the
greatest at 24 h (156 mg RE/g), while it decreased in black oil seeds. In addition, increasing
the germination time decreased TFC values for striped seeds but increased in black oil seeds.
For the roasting process, the content of flavonoids also increased significantly (p < 0.05)
during roasting for 5 and 6 min and then gradually decreased after roasting for 7 min. This
may be caused by the biodegradation of bioactive compounds during roasting while some
compounds might break down bound forms into free forms, which enhance their flavonoid
content [46]. Boateng et al. [44] found that heat treatment of black-eyed peas, kidney beans,
and pinto beans increased the concentrations of total flavonoids.
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The findings of this study revealed a similar pattern in TPC and TFC levels during
soaking, germination, and roasting processes, suggesting that these processes have a
uniform effect on the overall phenolic composition of sunflower seeds. This uniformity in
response highlights the robustness of these processing methods in altering the phenolic
composition of sunflower seeds and emphasizes their potential significance in modulating
the bioactive properties of the seeds.

3.2. Change in Antioxidant Activity

DPPH free radical scavenging activities (DPPH) of the extracts from processed sun-
flower seeds are presented in Figure 1C. DPPH values of the roasting process ranged from
96 to 97%, which was significantly (p < 0.05) higher than that of the soaking (88–93%) and
germination (88–94%) processes. A significant decrease in the DPPH values of both seeds
was observed as a result of soaking and germination. A longer soaking time showed a lower
DPPH value as a result of soaked black oil seeds, being the lowest at 24 h (89% inhibition),
whereas striped seeds decreased during soaking for 2 and 12 h and then slightly increased
after soaking for 24 h. Xu and Chang [47] have reported that the soaking method caused a
significant (p < 0.05) decrease in DPPH free radical scavenging activity in cool-season food
legumes. The reduction in DPPH values was partly due to soluble antioxidants that may
be leached into the soaking water. During germination, the percent inhibition of DPPH
increased continuously with germination time, and 48 h provided the highest antioxidant
activity at 92% and 94% inhibition for striped and black oil seeds, respectively. The reason
for the increase in antioxidant activity with DPPH free radical scavenging activity during
germination may be due to an increase in the activity of the enzymes’ endogenous antioxi-
dants [8,9]. Following roasting, the seeds exhibited elevated DPPH values compared to
their raw counterparts. Time appears to be a significant factor influencing this capacity.
Specifically, in the case of black oil sunflower seeds, DPPH values were highest in R5, fol-
lowed by R7 and R6, respectively. Conversely, for striped seeds, the order was R5 < R6 < R7,
indicating that DPPH values increased with longer roasting times. Considering the optimal
processing conditions to be those yielding the highest free radical scavenging activity, it
can be inferred that for striped seeds, this occurs after 7 min of roasting, while for black oil
seeds, it is achieved after 5 min of roasting. In addition, the increased antioxidant activity
of roasted sunflower seeds may also be caused by the action of thermal denaturation of the
endogenous hydrolytic enzymes, degrading the antioxidant compounds [19]. Lin et al. [46]
observed that roasting increased antioxidant activity, as evidenced by increased DPPH free
radical scavenging activity in almond kernels. This enhancement is likely attributed to
Maillard reaction products formed during the roasting process, which can contribute to
antioxidant activity. Additionally, they proposed that the DPPH radical scavenging activity
of peanut kernel flour also increased following roasting [48].

The FRAP values of antioxidant extracts obtained from processed sunflower seeds
are illustrated in Figure 1D. Statistically significant differences (p < 0.05) in FRAP values
were observed among sunflower seeds subjected to various processing methods. After
processing, the FRAP values of processed sunflower seeds were reduced in the cases of
soaked, germinated, and roasted samples, except for striped seeds soaked for 12 and 24 h
as compared to unprocessed sunflower seeds. The highest values were noted for striped
seeds soaked for 12 h and raw black oil seeds (166 mmol FeSO4/g and 110 mmol FeSO4/g,
respectively). During the germination process, FRAP values in both sunflower seeds were
significantly decreased. FRAP values exhibited a significant increase (p < 0.05) during
soaking for 2 and 12 h and roasting for 5 and 6 min, then gradually decreased after soaking
for 24 h and roasting for 7 min. A similar result was observed by Kittibunchakul et al. [49],
who found a significant increase in the FRAP after roasting of sacha inchi seeds. The
generation of Maillard reaction products upon roasting, which contribute to antioxidant
properties, may be the cause of the increase in FRAP levels [46]. The results of the ABTS free
radical scavenging activities are illustrated in Figure 1E. The ABTS values of the extracts
from the processed sunflower seeds ranged from 54.68 to 99.33%. During soaking, striped
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seeds had similar percent inhibition of ABTS in different processes. However, ABTS values
of soaked black oil seeds significantly decreased (p < 0.05), which could be attributed to
various factors, such as the leaching of phenolic compounds or the activation of enzymes
that degrade antioxidants. With respect to germination, ABTS values gradually decreased
and reached the lowest percent inhibition after 48 h. In the context of the roasting process,
ABTS values in striped seeds did not exhibit significant differences, while in black oil
seeds, ABTS values slightly decreased during roasting for 7 min, possibly due to potential
heat-induced degradation of antioxidants.

The differences in ABTS results compared to DPPH and FRAP assays can be attributed
to variations in the mechanisms of action, radical species targeted, sensitivity to chemical
structures, and the complexity of biological systems. DPPH and ABTS assays use different
radical species (DPPH• and ABTS•+, respectively), which may have varying reactivities
toward different types of antioxidants [50,51]. FRAP assay, although not directly measuring
radical scavenging, involves the reduction of a metal ion by antioxidants, which may reflect
a different aspect of antioxidant capacity compared to direct radical scavenging assays [52].
In addition, the chemical structures of antioxidants can influence their reactivity toward
different radical species and assay systems. Some antioxidants may be more effective in
scavenging specific radicals targeted by one assay over others.

3.3. Changes in Content and Composition of Phenolic Acids

An HPLC-DAD system was used to analyze the phenolic compounds in raw and
processed sunflower seed extracts, with standard compounds used as references. Phenolic
acids are hydroxylated forms of hydrocinnamic acid and hydrobenzoic acid found in plants
as esters, glycosides, and bound complexes. Four hydroxybenzoic acids (HBAs) were found
in the sunflower seeds: gallic acid, vanillic acid, protocatechuic acid, and p-hydroxybenzoic
acid. Furthermore, a total of six hydrocinnamic acids (HCAs) were detected, namely
sinapic acid, syringic acid, caffeic acid, p-coumaric acid, chlorogenic acid, and ferulic acid.
In Tables 2 and 3, the composition and concentration of phenolic acids in each sample
are detailed.

Table 2. Hydroxybenzoic acids of sunflower seeds.

Hydroxybenzoic
Acids

(mg/g DW)

Fractions

Raw S2 S12 S24 G24 G48 R5 R6 R7

Striped
Seeds

GA 3.72 ± 0.01 d ND 4.31 ± 0.01 c ND ND 5.38 ± 0.03 b 6.39 ± 0.21 a 6.54 ± 0.60 a 6.23 ± 0.22 a

PCCA 2.80 ± 0.01 e 3.54 ± 0.01 d 3.97 ± 0.01 c 4.34 ± 0.03 b ND ND 2.77 ± 0.02 e 2.87 ± 0.23 e 4.58 ± 0.14 a

p-OH 3.49 ± 0.02 c 3.98 ± 0.01 b ND ND 4.20 ± 0.02 a ND ND ND ND
VA 26.98 ± 0.23 c 32.95 ± 0.41 a 33.17 ± 0.33 a 26.30 ± 0.40 cd 31.69 ± 0.54 b 6.65 ± 0.18 f 18.90 ± 0.49 e 25.94 ± 0.79 d ND

Total 37.00 ± 0.22 c 40.46 ± 0.43 b 41.46 ± 0.33 a 30.64 ± 0.38 e 35.89 ± 0.53 d 12.03 ± 0.21 g 28.06 ± 0.71 f 35.35 ± 0.77 d 10.81 ± 0.20 h

Black
Oil

Seeds

GA 5.25 ± 0.05 b 5.47 ± 0.03 a 5.42 ± 0.02 a ND ND ND 5.06 ± 0.07 c 4.67 ± 0.08 d 5.22 ± 0.01 b

PCCA ND ND 4.92 ± 0.04 c 7.18 ± 0.05 b 7.30 ± 0.20 a ND 3.22 ± 0.06 d 2.76 ± 0.02 e 2.77 ± 0.01 e

p-OH ND ND ND ND ND ND ND ND ND
VA ND ND ND ND ND ND ND ND ND

Total 5.25 ± 0.05 g 5.47 ± 0.03 f 10.34 ± 0.04 a 7.18 ± 0.05 e 7.30 ± 0.20 de ND 8.28 ± 0.13 b 7.43 ± 0.10 d 7.99 ± 0.02 c

ND = not detectable. Means ± SD (n = 3). GA = gallic acid; PCCA = protocatechuic acid; p-OH = p-hydroxy
benzoic acid; VA = vanillic acid; S2, soaked for 2 h; S12, soaked for 12 h; S24, soaked for 24 h; G24, germinated
for 24 h; G48, germinated for 48 h; R5, roasted for 5 min; R6, roasted for 6 min; R7, roasted for 7 min. Significant
differences in the same row are shown by different lowercase letters (p < 0.05).

HBAs were detected in raw striped sunflower seeds. However, gallic acid was only
detected in raw black oil seeds. The present study found that during soaking, the con-
centrations of HBAs were increased in sunflower seeds. Especially protocatechuic acid
significantly (p < 0.05) increased in striped seeds. However, the longer soaking times
resulted in a decrease in TPC in both striped and black oil sunflower seeds. For germinated
striped seeds, the longer the germination time, the lower the concentration of vanillic acid,
while it was not detected in black oil seeds. The decrease in TPC during germination may
be correlated with changes in the concentrations of specific phenolic compounds, influ-
enced by enzymatic processes and metabolic activities occurring during seed germination.
Roasting resulted in significant changes in both individual phenolic compounds and TPC.
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Gallic acid levels increased in striped sunflower seeds but decreased in black oil seeds after
roasting. Likewise, roasting significantly enhanced the quantity of gallic acid in hazelnuts
compared to raw hazelnuts [53]. This could be caused by the breakdown of polymerized
polyphenols, particularly hydrolyzable tannins, and the hydrolysis of other glycosylated
flavonoids [54]. The contents of protocatechuic acid were also increased with increasing
roasting time, whereas they slightly decreased in roasted black oil seeds for 5 and 6 min and
then gradually increased after being roasted for 7 min. In addition, increasing the roasting
period to 5 and 6 min had a further increasing effect on the concentrations of vanillic acid
in striped seeds but was not detected in striped seeds roasted for 7 min or black oil seeds.

Table 3. Hydroxycinnamic acids of sunflower seeds.

Hydroxycinnamic
Acids (mg/g DW)

Fractions

Raw S2 S12 S24 G24 G48 R5 R6 R7

Striped
Seeds

ChA 37.78 ± 0.39 b 36.00 ± 0.35 d 36.72 ± 0.06 c 29.07 ± 0.29 e 38.39 ± 0.46 a 5.88 ± 0.14 h 20.63 ± 0.20 f 19.47 ± 0.51 g ND
CFA 150.98 ± 0.53 d 192.01 ± 0.84 ab 191.76 ± 0.77 b 158.16 ± 0.26 c 192.97 ± 0.89 a 63.95 ± 0.63 h 115.912 ± 0.56 e 95.97 ± 0.34 f 92.41 ± 0.16 g

SyA 3.09 ± 0.01 f 8.35 ± 0.21 a 8.07 ± 0.04 a 6.23 ± 0.10 d 6.62 ± 0.06 b 4.82 ± 0.04 e 3.10 ± 0.06 f 3.02 ± 0.23 f 3.07 ± 0.01 f

p-CA 3.10 ± 0.01 d 3.84 ± 0.02 c 4.19 ± 0.13 b 4.10 ± 0.02 b 4.11 ± 0.01 b 4.71 ± 0.04 a 2.95 ± 0.05 e 2.99 ± 0.23 de 3.06 ± 0.02 de

FA 711.10 ± 0.61 i 901.84 ± 1.02 e 1123.72 ± 1.06 a 894.83 ± 0.66 f 755.28 ± 0.85 h 88.11 ± 0.89 j 1092.85 ± 0.92 c 1113.26 ± 0.89 b 1069.97 ± 0.67 d

SNA 6.33 ± 0.09 f 6.51 ± 0.11 ef 8.04 ± 0.09 b 6.71 ± 0.08 e 6.02 ± 0.03 g 7.46 ± 0.11 cd 7.69 ± 0.15 c 8.59 ± 0.30 a 7.25 ± 0.10 d

Total 912.41 ± 1.28 g 1148.54 ± 0.64 d 1372.50 ± 1.04 a 1099.10 ± 0.64 e 1003.38 ± 1.34 f 174.94 ± 1.77 h 1243.14 ± 0.24 b 1243.31 ± 1.17 b 1175.76 ± 0.60 c

Black
Oil

Seeds

ChA ND ND ND ND ND ND ND ND ND
CFA 91.91 ± 0.96 f 151.90 ± 0.45 a 121.89 ± 0.35 d 123.00 ± 0.59 c 128.56 ± 0.52 b 108.90 ± 0.73 e 78.78 ± 0.43 g 76.84 ± 0.09 h 71.25 ± 0.42 i

SyA 3.02 ± 0.01 e 6.63 ± 0.11 a 6.70 ± 0.05 a 5.78 ± 0.02 b 5.37 ± 0.10 c 5.02 ± 0.04 d 2.87 ± 0.02 h 2.84 ± 0.01 h 2.89 ± 0.01 h

p-CA 2.94 ± 0.01 d 3.68 ± 0.02 c 3.91 ± 0.01 b 3.90 ± 0.01 b 3.90 ± 0.05 b 5.30 ± 0.06 a 2.76 ± 0.01 i 2.83 ± 0.01 f 2.89 ± 0.01 e

FA 795.28 ± 0.57 f 929.18 ± 0.91 d 941.11 ± 0.61 c 593.71 ± 0.87 g 583.62 ± 0.84 h 578.78 ± 0.84 i 1048.79 ± 0.95 a 987.55 ± 0.83 b 844.08 ± 0.68 e

SNA 5.23 ± 0.04 h 5.90 ± 0.02 e 6.66 ± 0.06 c 5.58 ± 0.09 g 5.51 ± 0.03 g 6.07 ± 0.04 d 7.47 ± 0.29 a 7.03 ± 0.31 b 5.84 ± 0.03 f

Total 898.38 ± 1.54 f 1097.29 ± 1.27 c 1080.27 ± 0.27 b 732.01 ± 0.99 g 726.98 ± 1.20 h 674.07 ± 1.57 i 1140.47 ± 1.14 a 1077.10 ± 1.20 d 926.95 ± 0.34 e

ND = not detectable. Means ± SD (n = 3). ChA = chlorogenic acid; VA = vanillic acid; CFA = caffeic acid;
SyA = syringic acid; p-CA = p-Coumaric acid; FA = ferulic acid; SNA = sinapic acid. S2, soaked for 2 h; S12,
soaked for 12 h; S24, soaked for 24 h; G24, germinated for 24 h; G48, germinated for 48 h; R5, roasted for 5 min; R6,
roasted for 6 min; R7, roasted for 7 min. Significant differences in the same row are shown by different lowercase
letters (p < 0.05).

For HCAs, six phenolic acids were detected in all fractions except chlorogenic acid,
which was not identified in the striped seeds roasted for 7 min or all black oil seeds. The
major phenolic acids in all fractions were ferulic acid, followed by caffeic acid. In the
case of soaked sunflower seeds compared to original raw seeds, there were significant
(p < 0.05) decreases in chlorogenic acid but significant increases in ferulic acid, caffeic
acid, p-coumaric acid, syringic acid, and sinapic acid. Chlorogenic acid, ferulic acid, and
sinapic acid in soaked seeds increased during soaking for 2 and 12 h before decreasing
progressively after 24 h of soaking. On the other hand, the longer soaking time showed the
greater content of p-coumaric acid, being the greatest at 24 h, while caffeic acid and syringic
acid were decreased in both sunflower seeds. During 24 to 48 h of germination, chlorogenic
acid, caffeic acid, syringic acid, and ferulic acid contents were gradually decreased in all
samples. Falcinelliet al. [55] discovered similar findings and noted that the concentration
of ferulic acid decreased during the early stages of germination of rapeseed, which is
consistent with the current finding. This may be due to the cell walls being softened and
some compounds, including ferulic acid, being released. In our study, the sinapic acid and
p-coumaric acid contents were significantly increased (p < 0.05) after germination treatment.
Interestingly, we found that the levels of ferulic acid and sinapic acid in roasted seeds
increased as compared with the raw sample. The contents of ferulic acid and sinapic acid in
striped seeds increased during roasting for 5 and 6 min and then gradually decreased after
roasting for 7 min, while chlorogenic acid, caffeic acid, syringic acid, and p-coumaric acid
concentrations decreased. In roasted black oil seeds, the content of caffeic acid, ferulic acid,
syringic acid, and sinapic acid decreased with increases in heating time, but the p-coumaric
acid content was slightly increased. However, since the present study measured only
extractable phenolics, it must be noted that most of the phenolics present in sunflower
seeds are in bound form [9]. The differences in phenolic composition and TPC seen during
soaking, germination, and roasting highlight the importance of studying how processing
procedures affect the bioactive properties of seeds. However, the results of each process
may be inconsistent between TPC and individual phenolic acids. For instance, TPC was
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increased, while caffeic acid decreased with roasting in both cultivars. On the other hand,
ferulic acid increased but TPC decreased with soaking in black oil seeds.

3.4. Fatty Acid Composition and Concentration

The composition of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs),
and polyunsaturated fatty acids (PUFAs) in raw and processed sunflower seed samples
are shown in Table 4 for striped seeds and Supplementary Table S2 for black oil seeds.
Generally, MUFAs predominate in unprocessed striped seeds, followed by PUFAs and SFAs.
Hamed et al. [29] also reported the same results in Egyptian and Chinese sunflower seeds.
Conversely, in unprocessed black oil seeds, PUFAs were the most dominant, followed by
MUFAs and SFAs, similar to the findings of Petraruet al. [3]. The major SFAs found in all
samples were palmitic acid (C16:0) and stearic acid (C18:0). During the soaking process,
SFAs significantly (p < 0.05) increased in both sunflower seeds. For germination, the
saturated fatty acids of all samples were decreased. In our study, palmitic acid (C16:0) was
increased in all germinated sunflower seeds. Meanwhile, stearic acid (C18:0) was slightly
decreased in all samples. Criste et al. [56] presented similar findings, indicating a decrease
in stearic acid and an increase in palmitic acid after germination in legumes. The result
was in contrast with the findings of Hahm et al. [57], who reported that germinated sesame
seeds increased the level of stearic acid but reduced the level of palmitic acid. Roasting of
striped samples at 110 ◦C resulted in a significant reduction in SFAs during roasting for 5
and 6 min, which was gradually decreased after roasting for 24 h. Unlike black oil seeds, it
can be observed that the contents of SFAs were decreased during roasting for 5 and 6 min
and then gradually increased after roasting for 24 h. The levels of MUFAs range from 39
to 48% in striped seeds and 30 to 33% in black oil seeds. Oleic acid (C18:1) was the most
common monounsaturated fatty acid (MUFA) found in all processed seeds. Non-significant
differences were found for MUFAs in all soaked seeds. During germination, MUFAs were
increased in striped seeds, similar to the findings of Hahm et al. [57]. However, the level of
MUFAs in germinated black oil seeds decreased. Cristeet al. [56] indicated that MUFAs
were decreased in germinated legumes. In our present study, the roasting process was not
affected by the percentage of MUFAs in sunflower seeds. In addition, the percentage of
PUFAs was decreased in soaked striped seeds, whereas in black oil seeds, PUFAs were
increased during soaking for 2 and 12 h and then gradually increased after soaking for
24 h. For germination, the longer the germination duration, the lower the PUFA content
of both sunflower seeds. Similarly, Hahm et al. [57] found a reduction in PUFAs during
the germination of sesame seeds. After the roasting process, PUFAs were not significantly
different with increasing roasting time. Linoleic acid (C18:2) was the most common PUFA
found in all samples.

Table 4. Fatty acid composition (% total fatty acids) of raw and processed striped seeds.

Fractions
Fatty Acid Composition (%)

16:0 18:0 18:1 18:2 18:3 ΣSFA ΣMUFA ΣPUFA Total

Raw 4.42 ± 0.08 c 2.59 ± 0.07 c 48.25 ± 0.19 a 42.74 ± 0.38 f 1.72 ± 0.07 a 7.01 ± 0.15 cde 48.25 ± 0.19 a 44.46 ± 0.44 e 100
S2 4.37 ± 0.06 c 2.46 ± 0.02 d 46.50 ± 0.60 b 45.58 ± 0.58 c 1.09 ± 0.02 f 6.83 ± 0.08 e 46.50 ± 0.60 b 46.83 ± 0.56 c 100
S12 4.42 ± 0.05 c 2.76 ± 0.01 c 47.09 ± 0.30 b 44.44 ± 0.24 de 1.30 ± 0.04 d 7.18 ± 0.06 cd 47.09 ± 0.30 b 45.73 ± 0.26 d 100
S24 4.72 ± 0.17 b 3.03 ± 0.01 a 46.53 ± 0.32 b 44.14 ± 0.36 e 1.58 ± 0.01 b 7.75 ± 0.18 a 46.53 ± 0.32 b 45.72 ± 0.35 d 100
G24 5.13 ± 0.08 a 2.59 ± 0.03 c 38.67 ± 0.57 d 52.95 ± 0.54 a 0.66 ± 0.01 g 7.72 ± 0.11 a 38.67 ± 0.57 d 53.61 ± 0.54 a 100
G48 4.37 ± 0.04 c 2.63 ± 0.04 c 46.55 ± 0.38 b 45.11 ± 0.38 cd 1.35 ± 0.02 c 6.99 ± 0.08 de 46.55 ± 0.38 b 46.46 ± 0.40 c 100
R5 4.71 ± 0.01 b 2.73 ± 0.06 b 44.96 ± 0.42 c 46.31 ± 0.40 b 1.29 ± 0.01 d 7.44 ± 0.05 b 44.96 ± 0.42 c 47.60 ± 0.39 b 100
R6 4.45 ± 0.11 c 2.60 ± 0.07 c 45.59 ± 0.27 c 46.31 ± 0.07 b 1.05 ± 0.03 f 7.05 ± 0.18 cd 45.59 ± 0.27 c 47.36 ± 0.10 b 100
R7 4.59 ± 0.03 b 2.62 ± 0.01 b 45.10 ± 0.30 c 46.50 ± 0.31 b 1.18 ± 0.02 e 7.22 ± 0.02 c 45.10 ± 0.30 c 47.68 ± 0.29 b 100

Values are expressed as mean ± SD (n = 3) of triplicate measurement. Superscripts with different letters are
significantly different at p < 0.05 within the same column. S2, soaked for 2 h; S12, soaked for 12 h; S24, soaked for
24 h; G24, germinated for 24 h; G48, germinated for 48 h; R5, roasted for 5 min; R6, roasted for 6 min; R7, roasted
for 7 min.

The fatty acid concentrations of raw and processed sunflower seeds are shown in
Table 5 for striped seeds and Supplementary Table S3 for black oil seeds. Raw samples con-
tained predominantly oleic acid (282–837 mg/100 g) and linoleic acid (491–741 mg/100 g).
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The major saturated fatty acid was palmitic acid (53–77 mg/100 g). Moreover, there were
rare levels of stearic acid (27–45 mg/100 g) and linolenic acid (15–30 mg/100 g). Oleic acid
and linoleic acid were the predominant fatty acids in all processed samples. These results
are in agreement with other reported data on the soaking and germination of legumes [56]
and the roasting of almond kernels [46]. The amount of each fatty acid level in striped and
black oil seeds decreased with the soaking duration (2, 12, and 24 h). Except for linolenic,
germination treatment could decrease each fatty acid in the striped seeds, whereas it in-
creased in the black oil seeds. The breakdown of lipids during germination is widely
acknowledged in soybeans [58]. Hahm et al. [57] stated that the breakdown of lipids and
carbohydrates during germination serves the primary function of supplying the energy
needed for protein synthesis in plant development. The level of each fatty acid in striped
seeds was increased during roasting for 2 and 12 h, then gradually decreased after roasting
for 24 h. Unlike black oil seeds, the amount of each fatty acid was decreased during roasting
for 2 and 12 h, then gradually increased after roasting for 24 h. Kita and Figureiel [59]
reported that roasting increased the content of fatty acids in walnut oil. Roasting is the
most common method of sunflower thermal processing. Arab et al. [60] present that the
decrease in the content of fatty acids may be caused by heat processing, in which there is a
breakdown of proteins in the cell membrane and the release of phospholipids. Thermal oxi-
dation of PUFAs in oilseeds takes place during roasting [61], which may be responsible for
the decrease in the levels of linoleic and linolenic acids after roasting in the present‘study.

Table 5. Fatty acids concentrations (mg/100 g) of raw and processed striped sunflower seeds.

Fractions
Fatty Acids Concentrations (mg/100 g)

16:0 18:0 18:1 18:2 18:3 ΣSFA ΣMUFA ΣPUFA Total

Raw 76.64 ± 0.30 e 44.85 ± 0.58 e 836.52 ± 12.56 d 740.96 ± 7.95 e 29.74 ± 0.74 a 121.49 ± 0.88 d 836.52 ± 12.56 d 770.70 ± 7.55 d 1728.71 ± 16.95 d

S2 84.33 ± 0.97 c 47.48 ± 0.32 d 897.70 ± 11.04 c 880.07 ± 13.82 c 21.09 ± 0.31 d 131.81 ± 1.30 c 897.70 ± 11.04 c 901.16 ± 13.51 c 1930.68 ± 9.99 c

S12 67.42 ± 0.97 f 42.03 ± 0.29 f 717.82 ± 12.70 e 677.36 ± 4.14 f 19.75 ± 0.50 e 109.45 ± 1.22 e 717.82 ± 12.70 e 697.10 ± 3.95 e 1524.37 ± 17.47 e

S24 19.99 ± 0.69 i 12.84 ± 0.05 i 197.11 ± 1.11 h 186.97 ± 1.84 g 6.71 ± 0.05 i 32.84 ± 0.73 h 197.11 ± 1.11 h 193.68 ± 1.79 h 423.63 ± 0.68 h

G24 153.57 ± 1.84 a 77.63 ± 0.53 a 1158.22 ± 21.94 a 1586.01 ± 35.47 a 19.63 ± 0.21 f 231.21 ± 2.30 a 1158.22 ± 21.94 a 1605.64 ± 35.62 a 2995.07 ± 47.80 a

G48 82.65 ± 0.16 d 49.69 ± 0.30 c 881.10 ± 11.64 c 853.78 ± 11.56 d 25.61 ± 0.57 b 132.34 ± 0.33 c 881.10 ± 11.64 c 879.39 ± 12.11 c 1892.83 ± 18.66 c

R5 37.63 ± 0.15 h 21.80 ± 0.45 h 359.15 ± 3.83 g 369.97 ± 2.70 h 10.34 ± 0.09 h 59.43 ± 0.31 g 359.15 ± 3.83 g 380.31 ± 2.65 g 798.89 ± 1.28 g

R6 104.81 ± 0.66 b 61.30 ± 0.58 b 1074.45 ± 26.93 b 1091.42 ± 19.18 b 24.85 ± 0.26 c 166.11 ± 1.23 b 1074.45 ± 26.93 b 1116.27 ± 19.02 b 2356.83 ± 44.88 b

R7 64.65 ± 0.35 g 36.93 ± 0.20 g 634.63 ± 4.92 f 654.25 ± 3.70 f 16.63 ± 0.30 g 101.57 ± 0.24 f 634.63 ± 4.92 f 670.88 ± 3.44 f 1407.08 ± 1.48 f

Values are expressed as mean ± SD (n = 3) of triplicate measurement. Superscripts with different letters are
significantly different at p < 0.05 within the same column. S2, soaked for 2 h; S12, soaked for 12 h; S24, soaked for
24 h; G24, germinated for 24 h; G48, germinated for 48 h; R5, roasted for 5 min; R6, roasted for 6 min; R7, roasted
for 7 min.

The observed differences between both cultivars in the experimental outcomes could
be attributed to inherent variations in the morphology and structural characteristics of the
respective seed varieties [62]. These differences in seed morphology and structure may
result in distinct responses to the applied processing conditions, consequently influencing
the measured parameters in a disparate manner. Factors such as seed coat thickness, oil
content, and internal cellular composition can vary between cultivars, potentially leading
to differential interactions with the processing methods employed [9]. Consequently,
these variances may contribute to the observed discrepancies in the measured phenolic
composition, antioxidant activities, and fatty acid profiles between the two cultivars.

4. Conclusions

In conclusion, soaking, germination, and roasting processes significantly affected the
phytochemical contents, antioxidant activities, and fatty acids of sunflower seeds. The
changes depended on the processing method and processing times. From our results,
soaked or roasted seeds still contained substantial amounts of TPC, TFC, and antioxidants.
However, germination processes reduced TPC, TFC, phenolic acids, and antioxidant ac-
tivities while increasing fatty acids. The main phenolic acids in these seeds were ferulic
acid and caffeic acid. Oleic acid and linoleic acid were the predominant fatty acids in
all processed samples. The results indicate that certain processing methods, particularly
soaking and roasting, can improve the nutritional quality and antioxidant properties of
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sunflower seeds. Importantly, our results highlight the efficacy of specific processing
techniques, particularly soaking striped seeds for 24 h and roasting black oil seeds for
6 min, in enhancing the nutritional quality and antioxidant properties of sunflower seeds.
The exploitation of our findings could lead to the development of optimized processing
techniques and functional food products fortified with sunflower seeds to offer increased
health benefits to consumers. The optimized processing techniques identified in the study
could also be used in commercial applications aimed at maximizing the health benefits
of sunflower seeds. This could expose market opportunities for sunflower seed products
targeting health-conscious consumers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10040387/s1, Table S1: Moisture content (%) of
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seeds; Table S3: Fatty acids concentrations (mg/100 g) of raw and processed black oil sunflower seeds.
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