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Abstract

Germination is a cost-effective bioprocessing technique for enhancing seed properties
such as sesame seeds, an underutilized seed crop. This research evaluates modifications
in physicochemical and antioxidant activity of white sesame seeds (Sesamum indicum L.)
influenced by germination. In this context, non-germinated seeds and germinated seeds
at 24, 48, 72, 96, and 120 h were evaluated separately for their phytochemical profile,
including TFC (aluminum chloride colorimetric method), TPC (Folin-Ciocalteu method)
and antioxidant properties (DPPH and ABTS radical scavenging assays). Significant varia-
tions in the proximate composition, phytochemical densities, and antioxidant activities of
white sesame seeds were observed as influenced by germination. The statistical analysis
showed an increase in flavonoid content when germination was extended to 48 h, but a
decline when extended beyond 48 h, whereas higher polyphenol quantities were observed
in sesame seeds germinated for 96 and 120 h. The DPPH activity of germinated (24 h)
sesame seed extracts was highest. In contrast, ABTS activity was higher in non-germinated
seeds than in seeds germinated for 96 h, and it began to decline at 120 h. In general, a
negative correlation between antioxidant activity and extended germination time (120 h)
has been observed. For the incorporation of sesame seeds into functional food products,
48 h of germination appeared to have potential suitability for a favorable antioxidant and
phytochemical profile.

Keywords: antioxidant activity; germination; phytochemical profile; sesame seeds

Key Contribution: Germination duration significantly affects antioxidant activity, with
peak DPPH inhibition activity at 24 h and a decline in overall activity with extended
germination. Optimal flavonoid content is observed at 48 h, while prolonged germina-
tion shows a negative correlation with antioxidant potential; hence, it is ideal for func-
tional applications, balancing phytochemical benefits while avoiding mold growth seen
at longer durations.

1. Introduction

Germination is a regeneration process that converts a seed into a seedling [1]. The
dried and dormant seed initiates the germination process by the absorption of water, and
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the process halts on the emergence of the radicle from the seed [2]. It is a traditional biopro-
cessing technique that reduces antinutritional compounds, improves the nutritional profile,
thereby increasing consumer acceptability, and reduces the risk of allergic reactions [3,4].

With rising raw material costs, the pharmaceutical and nutraceutical industries have
been paying greater attention to natural sources and novel crops for the treatment and
improvement of human health. Sudden interest among researchers, nutritionists, and
consumers has been observed in the use of germinated grains as a functional food [5].
Sesame seeds are an emerging crop providing numerous benefits due to their high levels of
bioactive compounds [6].

Sesame (Sesamum indicum L.) is from the genus Sesamum and belongs to the family of
Pedaliaceae [6]. Sesame seeds are a reliable substitute for animal protein because they contain
both essential and nonessential amino acids. These contain 17-40% protein, compared with
meat (18-25%) and cereals (7-13%), which is relatively high. Additionally, it is an excellent
alternative to animal milk, containing essential mineral calcium. Sesame seeds have three
times as much calcium as milk in the same amount. Sesame contains 15-18% hull, which is
removed during processing; the remaining portion is the major source of protein and is
added to animal feed.

Sesame seeds can act as an excellent source of nutrients to overcome micronutrient
deficiencies [7]. These contain high levels of iron and calcium [8], and are an excellent
source of bioactive compounds known as sesame lignans. The most dominant lignans in
sesame seeds are sesamin, sesamolin, and sesaminol [9]. These have many therapeutic
effects on human health; for example, consuming 60 mg of sesamin helps lower blood
pressure [10]. Sesamin and sesamolin have neuroprotective, hypercholesterolemic, and
anti-inflammatory effects [11]. Sesamin has anti-hypertensive properties, anti-obesity, and
anti-thrombotic activities [10]. Sesamin is a bioactive compound in sesame seeds that helps
protect the liver from oxidative damage. It also has antifungal, antiviral, antibacterial, and
anti-inflammatory effects [12]. These have shown excellent anti-cancer, antioxidant, and
cholesterol-improving properties [13]. Furthermore, these provide many technological and
industrial uses and have extensive applications in the baking industry. Sesame seed hull
and bran are used in animal feed. They have excellent emulsifying properties and oil- and
water-holding capacity. Fortification with sesame seeds is done in bakery goods to improve
the properties in the final product [14].

White sesame seeds are cultivated in warm-climate regions around the globe [15].
“This plant is an erect annual herb that has different names across various cultures, including
ajonjoli (Spanish), huma (Chinese), gergelim (Portuguese), goma (Japanese), sesame (French), til
(Hindji), and konjed (Persian)”, according to Nagar, et al. [16]. As stated by FAO, “estimated
production of sesame seeds was 7,706,642 tons in 2020 which is 3.89% more than the
previous year and 57.37% more than ‘10 years ago”. China is one of the major importers of
these seeds. Being full of nutrients and still receiving no attention to improve its economic
and nutritional value. Value addition should be considered for this underutilized rich
oilseed [17]. Therefore, there is a growing need to explore new processing techniques, such
as germination, to enhance the nutritional and economic value of white sesame seeds.

Germination activates enzymes (e.g., lipase, protease, and amylase), improves nutrient
bioavailability, alters the grain’s morphology, and enhances the grain’s nutritional pro-
file [18,19]. The enzymes break down proteins, lipids, and carbohydrates into their simpler
forms [20]. Germination is divided into three stages: the first stage, known as imbibition,
which involves absorption of water by the seed to hydrate it; the second stage involves the
activation of metabolism; and the third stage is radicle protrusion, during which the radicle
starts to appear because of the development of the seed embryo axis [21,22]. Germination
produces new bioactive compounds, such as flavonoids and polyphenols, that further
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enhance antioxidant activity [23]. During germination, many metabolic changes take place.
Starch is broken down into dextrin and maltose, which is then converted into glucose.
The glucose obtained is transported to the hypocotyl to support germination and growth.
Proteins are also degraded into free amino acids that are transported to the embryo, con-
tributing to the formation of new cellular protoplasm. As germination progresses, starch
content in grains declines, resulting in reduced peak [4]. Additionally, lipase is activated,
leading to the breakdown of stored fats into fatty acids, and the glyoxylate cycle provides
energy for radicle development [24].

The existing literature on sesame seed cultivars has been explored, but only for short
durations (12-72 h). Extensive germination duration, like in this study, remains unreported.
It studies the full span from imbibition to full radicle development before sprouts. At
the later stages, there is a higher chance of fungal colonization under ambient conditions.
This duration provides the full dataset window from start to end. White sesame seeds
are predominantly consumed and commercially traded in developing countries. It is an
economically accessible raw material with dense nutritional properties. Germination is
therefore a critical pre-processing step that triggers enzymatic activation, reduces anti-
nutritional factors, and restructures the seed’s biochemical composition. It is thought that
without germination, the bioavailability of sesame seed bioactive compounds, including
lignans, polyphenols, and flavonoids, remains limited, restricting their functional food
potential. Optimizing germination duration is particularly important, as excessively pro-
longed germination may cause microbial contamination, color deterioration, and a decline
in antioxidant capacity. Hence, the present study aimed to investigate the effect of varying
germination durations (0 to 120 h) on the proximate composition, phytochemical profile,
and antioxidant activities of white sesame seeds (Sesamum indicum L.), to identify the
potentially suitable germination period for maximizing their nutritional and functional
properties for incorporation into value-added food products.

2. Materials and Methods
2.1. Procurement of Raw Materials

White sesame (Sesamum indicum L.) seeds were procured from the local market in
Lahore, Punjab, Pakistan. Sesame seeds were bought from a single vendor at one time and
were visually screened to ensure uniformity across all seeds before buying. Sesame seeds
were stored in airtight polythene bags at room temperature (25 £ 2 °C) until further use.
The chemicals required for the analyses were purchased from Sigma-Aldrich (Taufkirchen,
Germany) and Merck (Darmstadt, Germany).

2.2. Germination of Sesame Seeds

Sesame seeds were divided into six equal batches, each weighing 100 g. The sesame
seeds were winnowed to remove any adhered hulls or damaged seeds from the sample.
Sesame seeds were sorted manually to remove any stones or other extraneous particles.
Subsequently, seeds were rinsed with water to remove the dust particles that had adhered.
After washing them 2-3 times, the seeds were soaked in water for 5 h. The water was
drained, and seeds were spread evenly across hard plastic trays (30 x 20 cm) lined with
double-ply wet tissue paper for the germination process. Sesame seeds were sprayed
with water twice a day and closely monitored to ensure no mold growth. The samples
were kept for 120 h of germination at room temperature (25 & 2 °C; relative humidity
30-35%). The germinated seeds were harvested every 24 h for 5 days. The seeds were
dry-roasted in a pan over medium heat to halt enzymatic activity and the germination
process. Non-germinated samples and germinated samples obtained at 24, 48, 72, 96, and
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Non-germinated
sesame seeds (S0)

Extract of non-
germinated
sesame seed (S0)

Germinated

120 h were grouped for further testing, as shown in Table 1. The samples were kept in
airtight bags at room temperature (25 & 2 °C) until further evaluation.

Table 1. Treatment plan.

Treatment Description
S0 Dry sesame seeds
51 Sesame seeds germinated for 24 h after soaking for 5 h
52 Sesame seeds germinated for 48 h after soaking for 5 h
S3 Sesame seeds germinated for 72 h after soaking for 5 h
54 Sesame seeds germinated for 96 h after soaking for 5 h
S5 Sesame seeds germinated for 120 h after soaking for 5 h

2.3. Extraction of Phytochemicals

The extracts of non-germinated and germinated sesame seed samples were prepared
by drying the samples at 105 °C for 24 h until a constant weight was reached. The samples
were processed into powder form using a pestle and mortar. The ground form was further
utilized to make methanolic extracts. The acidified methanol solution was prepared using
HCl (37%), double-distilled water, and methanol (99.9%) (1:10:80), respectively. Each extract
consisted of a ground sample (15 g) dissolved in a solution of acidified methanol (150 mL).
The dissolved samples were subjected to incubation at room temperature for 2.5 h and
then incubated additionally for 2 h at 30 °C in a shaking incubator (Wise Cube WIS-30R,
Daihan Scientific, Wonju-si, Gangwon-do, Korea) at 150 rpm. The incubated samples were
filtered using double muslin cloth and then passed through a Whatman filter paper size
42 to ensure no sesame flour residue remained in the extract (Figure 1). The extracted
samples were stored in reagent bottles to prevent methanol evaporation and refrigerated
until further use. These extracts were used for the quantification of flavonoid content,
phenolic content, and antioxidant activities.

Non germinated and germinated sesame seeds

i SRAS BTN

Germinated Germinated

Germinated

sesame seeds for sesame seeds for sesame seeds for sesame seeds for sesame seeds for
2h(s) agh(s2) 72h (s3) 96 h (s4) 120h (s5)

Acidified methanolic extracts of sesame seeds

*

Extract of 24 h of Extract of 48 h of Extract of 72 h of Extract of 96 h of Extract of 120 h of
germinated germinated germinated germinated germinated
sesame seeds (S1) sesame seeds (S2) sesame seeds (S3) sesame seeds (S4)  sesame seeds (S5)

Figure 1. Non-germinated and germinated seeds of different durations.
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Moisture (%) =

2.4. Proximate Composition
2.4.1. Dertermination of Moisture Content

To assess the total moisture content of sesame seeds, the AOAC [25] protocol (methods
92.12 and 41.1.02) was followed. Two grams of the weighed sample was placed in a pre-
weighed Petri dish and kept in the forced-draft hot-air oven (SLN 115, POL-EKO, Poland)
for 24 h at 105 °C until a constant weight was achieved.

Moisture percentage was calculated as per the expression below:

Weight of sample before drying — Weight of sample after drying 1

00
Weight of sample before drying

2.4.2. Dertermination of Ash Content

The AOAC protocol [25] was followed to quantify the ash content (method 942.05,
4.1.10). Sesame seeds (2 g) were weighed before being added to the crucible. The weight of
the crucible was also noted. The weighed sample was added to the crucible and charred
over a high flame on a Bunsen burner until no fumes remained. The charred samples
were put in a muffle furnace at 550 °C for 6 h. As the samples turned whitish gray,
they were removed from the muffle furnace and kept in the desiccator until cooled. Ash
content was determined by calculating the percentage of the sample weights before and
after incineration.

Ash(%) = We.zlght of sample after 1r.1c1r.1erat1(-)n < 100
Weight of sample before incineration

2.4.3. Dertermination of Crude Protein Content

The crude protein analysis was performed using the Kjeldahl method described by
Goyal, et al. [26], with slight modifications. Digestion was performed by taking 2 g of the
sample in the heating tube and mixing it with 20 mL of concentrated H,SO4 (98%). The
sample was digested with 20 g of digestion mixture (K;SO;:FeSO4:CuSOy) in an 85:10:5
ratio, respectively. The sample was left to digest at 420 °C for 3 h, until it turned light
green. Later, the volume of the digested sample was raised to 100 mL with distilled water.
Afterwards, 10 mL of the diluted sample was distilled by treating it with a 4% boric acid
solution, with methyl red as the indicator. Distillation was carried out for 7 min for each
sample. After distillation, the sample was titrated against 0.1N HCl solution. The volume
used for the back titration until the sample regained its original reddish color was used to
determine the nitrogen percentage.

For the calculations, the nitrogen percentage was calculated by using the formula
given below:

Vol. of 0.IN HCl used x 0.0014 x Total dilution volume

i %) = 1
Nitrogen (%) Weight of sample x Volume of diluted sample taken x 100

Crude Protein (%) = Nitrogen (%) x 6.25

2.4.4. Dertermination of Crude Fat Content

The fat content (method 948.22, 40.1.05) was evaluated by using the method explained
by AOAC [25]. A sample (2 g) was weighed and placed into a thimble made of filter paper.
The thimble was placed in the extraction chamber of the Soxhlet apparatus. The extraction
process was carried out for 4 h. Hexane (95%) was used as a solvent. Later, the samples
were removed and placed in the desiccator until a constant weight was reached and then
further dried in a hot-air oven at 105 & 2 °C until the final constant weight was achieved.
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_ Weight of the sample before extraction — Weight of the sample after extraction
N Weight of the sample before extraction

Crude Fat (%) x 100

2.4.5. Dertermination of Crude Fiber Content

The fiber was extracted by following the AOAC (962.09, 4.6) method [25]. Sesame
seeds (2 g) were taken in already weighed glass crucibles. Once set, 150 mL of 1.25% H,SO4
(98%) was added to digest the protein. An amount of 3-5 drops of an antifoam agent
(n-octanol) was added to ensure there was no foam. The sample mixture was heated at
100 °C for 30 min and then washed with deionized water. Subsequently, 150 mL of 1.25%
NaOH was heated at 100 °C for 30 min. After washing it with 30 mL of hot deionized
water, it was washed with cold deionized water to cool the sample and later washed with
25 mL of acetone (99.5%) thrice. The remaining samples in the crucibles were carefully
removed. The samples were weighed into ceramic crucibles and left to dry for 3 h in the
oven at 105 £ 2 °C. The fully dried samples were charred until no fumes remained and
kept in the muffle furnace at 550 °C until a constant weight was reached. Once the sample
turned gray, they were kept in a desiccator and weighed once cooled. The formula below
was used to quantify the amount of fiber in percentage:

Weight of fiber content

Fi %) =
Crude Fiber (%) Initial weight of the sample X100

2.4.6. Estimation of Nitrogen-Free Extract (NFE)

The subtraction method was used for nitrogen-free extract. All the values obtained
from the proximate analysis were subtracted from 100.
The calculations were done using the following formula:

NFE (%) = 100 — (moisture content + ash content + crude protein + crude fat + crude fiber)

2.5. Phytochemicals
2.5.1. Total Phenolic Content (TPC)

To determine the total phenolic content in the sesame seed extracts, the procedure
devised by [27] was followed. The extracts (0.1 mL) were added to the test tubes. After-
ward, double-distilled water (6 mL) was added. Then, 0.5 mL of Folin—-Ciocalteu Reagent
(2M) and 20% sodium carbonate solution (1.5 mL) were added to the extracts. Lastly,
double-distilled water (1.9 mL) was added to the tubes and mixed to ensure a homoge-
neous mixture. The homogenized reaction mixture was incubated for 30 min at 40 °C,
and the spectrophotometer (Shimadzu UV-19001, Kyoto, Japan) was used to measure the
absorbance of samples at 765 nm (Table S1). For the standard, gallic acid was used; different
concentrations were prepared from a 1000 ppm stock solution, i.e., 0-100 pg/mL. Acidified
methanol served as a blank. The coefficient of determination (R?) used to calculate TPC is
given below:

Y =0.0095x — 0.0315;  R?=0.9731;

LOD =11.93 ug/mL; LOQ =36.17 pg/mL
Repeatability = 1 to 4.71%; Pooled Precision = 2.21%

The final results were expressed as mg GAE/100g of sesame seeds.

2.5.2. Determination of Total Flavonoid Content (TFC)

The procedure reported by Heimler, et al. [28] was used to determine the total
flavonoid content. The sesame extracts (250 pL) were diluted by adding 1.25 mL of double-
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distilled water to the test tubes. A 5% sodium nitrite solution (75 uL) was added to each
diluted extract. The diluted extracts were incubated for 6 min, and then a 10% AICl;
solution (150 pl.) was added to each test tube. This mixture was incubated for 5 min,
then 0.5 mL of 1 M NaOH was added. For the quantification of total flavonoid content,
quercetin was used as a standard, and different standard concentrations were made from the
1000 ppm stock solution, i.e., 0-400 pug/mL. Absorbance was recorded at 510 nm for the sam-
ples (Table S1) by a spectrophotometer (Shimadzu UV-19001, Kyoto, Japan). The coefficients
of determination used for calculations of TFC are given below:

Y =0.0008x + 0.0477; R? = 0.9991

LOD =11.38 ug/mL;  LOQ =3451 pg/mL
Repeatability = 1.01 to 4.69%; Pooled Precision = 2.38%

The final results were expressed as mg QE/100g of sesame seeds.
To estimate the individual flavonoid content in sample extracts, the given formula was
used. The results of individual flavonoids were represented as UV-vis estimates.

A x DF x MW x 1000

Flavonoid (mg/L) = T

A = absorbance taken at specific wavelength; DF = dilution factor; MW = molecular
weight of the specific flavonoid; ¢ = extinction coefficient; 1 = path length.

Respective wavelengths, extinction coefficients, and molecular weights of prominent
flavonoids are enclosed in Table 2.

Table 2. Individual flavonoids with their respective extinction coefficient and molecular weight.

Extinction Coefficient Molecular

Flavonoids A Max (nm) (L-mol-lem-1) Weight (g/mol) Reference
Rutin 262 1.6429 x 10° 610.5 [27]
Epicatechins 262 3.950 x 103 290.27 [29,30]
Luteolin 280 3.7646 x 10* 286.24 [31]
Isorhamnetin 280 8.958 x 10% 316.26 [27]
B-Catechins 295 3.950 x 103 290.27 [32]
Procyanidins 321 8.050 x 10° 594.5 [32]
Kaempferol 365 2.1242 x 10* 286.24 [27]
Quercetin 415 6.3197 x 102 302.23 [27]

The final results were reported as mg/100 g of sesame seeds.

2.6. Antioxidant Assay Test
2.6.1. Determination of DPPH Radical Scavenging Activity

The antioxidant activity of the germinated and non-germinated sesame seeds was
evaluated by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability by
following the protocol adopted by Vuli¢, et al. [33]. For this purpose, 1 mL of sesame extract,
3 mL of methanol (99.9%), and 1 mL of freshly prepared 1 mM DPPH solution were mixed
together. The prepared mixture was homogenized with a vortex mixer for 1 min and then
left for 10 min at 27 °C. The absorbance was analyzed by a spectrophotometer (Shimadzu
UV-1900L, Kyoto, Japan) at 517 nm (Table S2). Methanol was used as the blank, namely the
control. The free radical scavenging activity of DPPH was expressed as a percentage as
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A
DPPH radical scavenging activity (%) = A X 100

A defines the absorption value of the control reaction mixture, whereas B defines the
absorption value of the sample reaction mixture.

2.6.2. Determination of ABTS* Free Radical Scavenging Activity

The protocol stated by Raupp, et al. [34] was followed to quantify the antioxidant
activity of sesame seed extracts. Equal proportions of 7 mM aqueous ABTS and 2.45 mM
Potassium persulfate were mixed to make the solution. K;S,Og was used for the activation
of ABTS and left to incubate for 16 h in the dark at 4 °C. Before analysis, the ABTS
solution was diluted with methanol (99.9%) to obtain an absorbance between 0.8 and 1 at
734 nm. Then, the methanolic extract (20 uL) was mixed with the ABTS reagent (3 mL) and
incubated in a water bath at 30 °C for 30 min. After incubation, the color of the reaction
mixture faded. Finally, a spectrophotometer (Shimadzu UV-19001, Kyoto, Japan) was used
to measure absorbance at 734 nm (Table S2). The final results were reported as percent
inhibition of ABTS radical by comparing the absorbances with its control.

2.7. Color Analysis

The color analysis of the sesame seeds was recorded by using a hand-held colorimeter
(Konica Minolta, CR-10, Tokyo, Japan). The CIE lab system was used to evaluate L, a*, and
b* values (Table S3). Furthermore, chroma and hue angle were calculated. The analysis
was done at room temperature and under white fluorescent light.

Chroma =1/ (a*)? + (b*)?
1 (b* )
Hue angle =tan pre

2.8. Statistical Analysis

All the data were analyzed for statistical significance using analysis of variance
(ANOVA) for continuous quantitative data. Further, the means for each parameter were
compared using Tukey’s Honest Significant Difference (HSD) test. Statistix 8.1 software was
used to analyze the data. MS Excel was used for Pearson’s Correlation Analysis. GraphPad
Prism (version 8) was used to generate heatmaps. The level of significance was set at
p < 0.05. All analyses were performed in triplicate, and the values were expressed as
mean =+ standard deviation.

3. Results
3.1. Proximate Analysis of Sesame Seeds

The statistical results for the proximate composition of non-germinated and ger-
minated sesame seeds are represented in Table 3. The details about their results are
discussed below.

Table 3. Proximate composition (%) of germinated and non-germinated sesame seeds.

Treatments Moisture Ash Crude Protein Crude Fat Crude Fiber Nitrogen-Free Extract
(%) (%) (%) (%) (%) (%)
S0 4.39 +£0.09 € 1.98 + 0.02 2P 18.64 £ 0.37 € 4533 +£1.762 591 +0.12°¢ 2375 +1.59P
S1 6.59 +0.22° 212 +0.222 19.57 £ 0.65 € 3733 +£126° 10.90 £ 0.36 2 2349 +1.52°
S2 9.88+0222 1.74£0.19%°¢ 20.99 + 0.46 ° 30.50 £ 1.00 ¢ 12.38 £0.27 2 2452 4+ 1.88P
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Table 3. Cont.

Treatments Moisture Ash Crude Protein Crude Fat Crude Fiber Nitrogen-Free Extract
(%) (%) (%) (%) (%) (%)
S3 10.05 £0.152 1.32+0.30°¢ 21.81 +0.332b 26.67 + 1.614 12.63 £0.192 27.53 +2.42°
S4 9.68 £0.162 1.81 £029%° 22.00 £ 0.37 2b 2233 +1.53¢ 11.49 £ 0.20b 32,69 +£1.13%
S5 9.63 +0.242 1.49 4 0.01 be 22.55+0.56 2 19.17 £1.04 ¢ 1253 + 0312 3464 £2012

Results are the mean + standard deviation of triplicates. Significant differences among treatments are represented
by different letters in the same column.

3.1.1. Moisture Content

The moisture content showed significant differences (p < 0.01) among the treatments. It
showed varied results, as the maximum moisture content observed was at S3 (sesame seeds
germinated for 72 h) as 10.05 £ 0.15%, followed by S2 (sesame seeds germinated for 48 h) as
9.88 £ 0.22%. SO (non-germinated sesame seeds) showed the minimum amount of moisture,
ie., 4.39 & 0.09%. A gradual increase in moisture content was observed in 51 (sesame seeds
germinated for 24 h), followed by 54 (sesame seeds germinated for 96 h) and S5 (sesame seeds
germinated for 120 h), with the moisture content as 6.59 £ 0.22%, 9.68 & 0.16%, 9.63 % 0.24%,
respectively. The varied moisture content results may be due to substantial differences in
water-binding properties or processing techniques among the treatments.

3.1.2. Ash Content

The statistical evaluation of ash content indicated significant differences among the
treatments (p < 0.01). It ranged from 1.32% to 2.12%. The minimum ash content noted was in
sesame seeds germinated for 72 h (S3), and the maximum content was observed in sesame
seeds germinated for 24 h (S1), indicating a greater mineral content than other treatments.
52 (sesame seeds germinated for 48 h) showed a decline in ash content (1.74 £ 0.19%). At 54,
the ash content showed an increase after declining at S3 (1.81 =+ 0.29%). The ash content of S5
and S5 is documented as 1.49 & 0.01%, and S4 and S5 indicated they have intermediate ash
content compared with other treatments. S2 and S4 were not significantly different.

3.1.3. Crude Protein Content

The crude protein content showed highly significant (p < 0.01) results. Non-germinated
seeds (S0) had the lowest protein content, at 18.64 £+ 0.37%, increasing slightly to
19.57 £ 0.65% after 24 h of germination (S1), though SO and S1 are statistically non-
significant. An increase appeared in sesame seeds germinated for 48 h (S2), reaching
20.99 £ 0.46%, followed by further increase at 72 h and 96 h (S3 and S4), with values of
21.81 £ 0.33% and 22.00 =+ 0.37%, respectively. The highest protein content was recorded
at 120 h (S5), at 22.55 £ 0.56%. This gradual rise in crude protein throughout germination
is largely attributed to the synthesis of new enzymes and proteins needed to support
metabolic activity and seedling growth.

3.1.4. Crude Fat Content

The crude fat content showed significant differences (p < 0.01) among the treatments.
Non-germinated seeds (S0) had the highest fat content, i.e., 45.33 & 1.76%, and this declined
to 37.33 & 1.26% after 24 h of germination (S1). The decline continued through 48 h and
72 h (S2 and S3), with values of 30.50 + 1.00% and 26.67 + 1.61%. At 96 h (54), fat content
declined further to 22.33 £ 1.53%, reaching its lowest point at 120 h (S5), at 19.17 & 1.04%;
54 and S5 were statistically non-significant. This decrease in crude fat throughout germina-
tion reflects the breakdown of stored lipid reserves, as the seed grows on these reserves to
meet embryo growth requirements.
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3.1.5. Crude Fiber Content

The treatments showed statistically significant (p < 0.01) differences in crude fiber
content. Non-germinated seeds (S0) had the lowest crude fiber, i.e., 5.91 £ 0.12%, and it
increased sharply, reaching 10.90 £ 0.36% at S1 (sesame seeds germinated for 24 h). The
increase in fiber content continued through 48 h and 72 h of germination (S2 and S3), with
values of 12.38 £ 0.27% and 12.63 £ 0.19%. At 96 h (S4), fiber content decreased slightly
to 11.49 £ 0.20%, and a minor increase was observed at S5 (12.53 £ 0.31%). This general
increase in fiber content is likely due to the enzymatic breakdown of stored reserves and
growth of structural cell wall material as germination duration increases.

3.1.6. Nitrogen-Free Extract (NFE)

Nitrogen-Free Extract (NFE) depicted highly significant (p < 0.01) results among all
treatments. The lowest value appeared at 24 h (S1), at 23.49 & 1.52%, while the highest was
reached after 120 h (S5), at 34.64 & 2.01%. From SO through S3, NFE stayed steady, hovering
between 23.49 + 1.52% and 27.53 + 2.42%, with no meaningful separation between these
treatments. A clear jump occurred between S3 and S4, where NFE rose to 32.69 £ 1.13%,
holding steady into S5 at 34.64 & 2.01%; these last two values were statistically alike but
clearly higher than the rest. Since NFE is derived by difference rather than measured
directly, this rise mirrors the corresponding decline in other proximate components later
in germination.

3.2. Phytochemical Profiling

The statistical results for the phytochemical profile of non-germinated and germinated
sesame seeds are represented in Table 4.

Table 4. Means for phytochemicals in germinated and non-germinated sesame seeds.

Total Polyphenol Content  Total Flavonoid Content

Treatments (mg GAE/100 g DW) (mg QE/100 g DW)
S0 29.93 +0.734 46.66 + 3.37P
S1 33.99 +3.324 28.50 4+ 5.71 ¢
S2 26.18 +3.60 4 53.15 +£3.372
S3 58.42 4+ 1.97 ¢ 37.08 + 0.78 €
S4 9042 + 6.61° 21.04 +3.294
S5 137.28 4 6.01 2 11.94 £391°¢

Results are the mean + standard deviation of triplicates. Significant differences among treatments are represented
by different letters in the same column.

3.2.1. Total Polyphenol Content (TPC)

The treatments showed highly significant (p < 0.01) differences in total polyphe-
nol content (TPC). The TPC in SO (non-germinated sesame seeds) was 29.93 + 0.73 mg
GAE/100 g DW. TPC observed in S1 (germinated sesame seeds for 24 h) was 33.99 & 3.32 mg
GAE/100 g DW. The values from SO to S2 are statistically non-significant. The mean for
48 h (S2) is 26.18 & 3.6 mg GAE /100 g DW. Germination for 72 h (S3) depicted an increase
in TPC to 58.42 + 1.97mg GAE/100 g DW. 54 germinated for 96 h showed the value
90.42 + 6.61 mg GAE/100 g DW, and S5 germinated for 120 h showed the highest TPC
(137.28 & 6.01 mg GAE/100 g DW) among all the treatments. A direct relation between
germination time and polyphenol concentration; longer germination time significantly
increases the polyphenols in the sesame seeds.
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3.2.2. Total Flavonoid Content (TFC)

The TFC of white sesame seeds varied significantly across all treatments, ranging from
11.94 to 53.15%. Non-germinated sesame seeds showed a TFC content of 46.66 & 3.37 mg
QE/100 g DW. Later, sesame seeds were germinated for 48 h (S2), showing that a shorter
germination duration progressively increases TFC (53.15 & 3.37 mg QE /100 g DW). The
increase after germination may be due to the activation of the phenylpropanoid pathway.
Later, TFC declined sharply across all treatments. The TFC of S1, S3, S4, and S5 are as
follows: 28.5 £ 5.71 mg QE/100 g DW, 37.08 + 0.78 mg QE/100 g DW, 21.04 &+ 3.29 mg
QE/100 g DW, and 11.94 + 3.91 mg QE/100 g DW. The decline after germination suggests
that higher germination duration reduces TFC content in sesame seeds.

3.2.3. Flavonoid Profile

The statistical results for the UV-Vis-based estimation of the flavonoid profile of non-
germinated and germinated sesame seeds are represented in Table 5. Rutin content showed
a non-linear result across all treatments. They exhibited significantly different results
(p < 0.01). Non-germinated seeds had a rutin content of 0.070 = 0.006 mg/100 g DW. Later,
this declined at S1 (germinated for 24 h), i.e., 0.058 == 0.004 mg/100 g DW; the highest peak
was noted at S2 (germinated for 48 h), 0.110 £ 0.008 mg/100 g DW; and the peak at 48 h can
be associated with flavonoid glycosylation enzymes. Beyond S2, rutin content declined, as S3
showed rutin content as 0.094 + 0.002 mg/100 g DW, 54 as 0.049 + 0.002 mg/100 g DW, and
55 as 0.056 £ 0.002 mg/100 g DW. Longer durations are not favorable for rutin content.

Table 5. Means for flavonoid (mg/100 g DW) profile of germinated and non-germinated sesame seed.

Treatments Rutin Isorhamnetin Luteolin Kaempferol Quercetin Procyanidin -Catechin Epicatechin
S0 0.070 £ 0.006 6.95+0.52" 1.50£0.11¢ 0.96 +0.05°¢ 942 +7.12°¢ 13.89 £ 0.51°¢ 13.19 £0.59 ¢ 13.87 £1.19¢
S1 0.058 = 0.004 < 6.23+0.57° 1.34£0.13¢ 0.66 +0.01°¢ 8445+7.77°¢ 13.414+0.62°¢ 12.42+£0.94°¢ 11.55+0.64°¢
S2 0.110 £ 0.008* 7.40+£0.39° 2.234+0.08° 143 £0.14? 140.04 £5.24? 21.64 £0.70* 19.97 £1.65° 21.74+1.63
S3 0.094 +0.002° 8.914+0.32° 1.92+0.07° 1.20 +0.06° 120.74 +4.3° 19.14 £0.78° 17.314+0.83° 18.42 +0.48°
S4 0.049 +0.002¢  430+027°¢ 0.93+0.064 0.66+0.05¢ 58.21 +357¢ 9.64 +0.48¢ 8.01+0434 1.64+0.04¢
S5 0.056 = 0.002 ¢ 493 +046°¢ 1.06 +£0.10¢ 0.58 +£0.02¢ 66.78 +6.20 ¢ 3.11+£0.10°¢ 9.07 +£0.45¢ 1.134+0.02¢

Results are the mean + standard deviation of triplicates. Significant differences among treatments are represented
by different letters in the same column.

The isorhamnetin content showed a significant (p < 0.01) difference among the treat-
ments. SO (non-germinated sesame seed) and S1 (sesame seeds germinated for 24 h
showed no significant difference in isorhamnetin content, at 6.95 & 0.52 mg/100 g DW and
6.23 £ 0.57 mg/100 g DW, respectively. The content of isorhamnetin started to increase
after 24 h of germination (S2), i.e., 7.40 = 0.39 mg/100 g DW. Isorhamnetin content was
highest at S3, at 8.91 £ 0.32, suggesting mid-germination yields the highest isorham-
netin content, as it declined progressively in later stages. Beyond S3, it declined signifi-
cantly, reaching 4.30 + 0.27 mg/100 g DW in 54 (sesame seeds germinated for 96 h) and
4.93 + 0.46 mg/100 g DW at S5 (sesame seeds germinated for 120 h).

Luteolin levels varied significantly (p < 0.01) across different germination stages of
sesame seeds. S0 and S1 showed non-significant differences in luteolin content, with values
of 1.50 £ 0.11 mg/100 g DW and 1.34 £ 0.13 mg/100 g DW, respectively. A prominent
increase was observed in 52 (sesame seeds germinated for 48 h), i.e., 2.23 4+ 0.08 mg/100 g
DW, representing a 48.7% increase compared to S0. This change may be attributed to the
phenylpropanoid pathway during mid-germination. After 52, a progressive decline was
observed in 53, 54, and S5, at 1.92 £ 0.07 mg/100 g DW, 0.93 £ 0.06 mg/100 g DW, and
1.06 & 0.10 mg/100 g DW, respectively. Suggesting later stages of germination reduced
luteolin content in white sesame seeds.
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The kaempferol content differed significantly (p < 0.01) among the treatments. It
showed a non-linear trend among the treatments, as SO (non-germinated sesame seeds)
reported a kaempferol content of 0.96 + 0.05 mg/100 g DW, which later decreased in
sesame seeds germinated for 24 h (S1). SO and S1 were non-significant. An increase in
52 (sesame seeds germinated for 24 h) was reported as 1.43 4+ 0.14 mg/100 g DW. This
increase is most probably due to the activation of flavanol synthase. At S3 (sesame seeds
germinated for 72 h), the recorded kaempferol content was 1.20 £ 0.06 mg/100 g DW, and
it further decreased to 0.66 + 0.05 mg/100 g DW in 54, to 0.58 £ 0.02 mg/100 g DW in S5.

Quercetin increased during sesame seed germination with significant (p < 0.01) re-
sults. Quercetin was the most abundant individual flavonoid among all. It ranged from
58.21 to 3.57%. SO showed quercetin content as 94.2 £ 7.12 mg/100 g DW, which slightly
decreased in S1 to 84.45 &+ 7.77 mg/100 g DW. A significant increase was observed in S2 to
140.04 + 5.24 mg/100 g DW. After S2, a linear decline was observed from 120.74 £+ 43 mg/100 g
DW in S3 to 58.21 £ 3.57 mg/100 g DW in 54 and 66.78 % 6.20 mg/100 g DW in S5, respectively.
The peak at S3 is also due to the activation of flavanol synthase that mainly occurs during
mid-germination.

The procyanidin content showed a notable difference (p < 0.01) among the treatments.
Like the above results, SO and S1 showed non-significant results. A significant increase was
observed at S2 to 21.64 £ 0.70 mg/100 g DW, the highest procyanidin content among all
treatments. At S3, the content declined to 19.14 & 0.78 mg/100 g DW. The observed content
of S4 and S5 decreased further to 9.64 & 0.48 mg/100 g DW and 3.11 £ 0.10 mg/100 g DW,
respectively.

-Catechin showed a highly significant (p < 0.01) difference among the treatments.
S0 and S1 remained statistically non-significant, with contents of 13.19 + 0.59 mg/100 g
DW and 12.42 4+ 0.94 mg/100 g DW, respectively. The (3-catechin content rose progres-
sively at 52 to 19.97 & 1.65 mg/100 g DW, representing a 51.4% increase compared with
non-germinated sesame seeds. It acts as a precursor in the condensed tannins and pro-
cyanidin pathway. At S3, the 3-catechin content continued to decline until S5, reaching
17.31 £ 0.83 mg/100 g DW, 8.01 £ 0.43 mg/100 g DW, and 9.07 £ 0.45 mg/100 g DW,
respectively.

Epicatechin content varied significantly (p < 0.01) across different germination stages of
sesame seeds. Non-significant results were obtained for S0 and 51, at 13.87 & 1.19 mg /100 g
DW and 11.55 £ 0.64 mg/100 g DW, respectively. Like all other individual flavonoids,
epicatechin peaked at S2 as 21.74 & 1.63 mg/100 g DW. Epicatechin content started decreasing
at S3, reaching 18.42 £ 0.48 mg/100 g DW. A drastic decline was observed in 54 and S5 to
1.64 £ 0.04 mg/100 g DW and 1.13 £ 0.02 mg/100 g DW, respectively.

3.3. Antioxidants Assay Test
3.3.1. DPPH Antioxidant Activity

The DPPH activity showed a significant variation (p < 0.01) among the treatments. A
notable difference was observed between germinated and non-germinated sesame seeds.
S0 (non-germinated sesame seeds) showed a DPPH percentage of 78.58 & 0.16%. A sudden
increase in the DPPH percentage was observed after 24 h of sesame seed germination (S1):
91.36 £ 0.24%. After S1, a linear decline was observed from S2 (sesame seed germinated
for 48 h) until S5 (sesame seed germinated for 120 h) (82.07 £ 1.01%, 77.78 £ 1.20%,
30.22 £ 0.74%, 11.26 £ 0.29%), and S5 was the lowest among all (Table 6). The above
percentages indicate that extended germination can reduce DPPH activity. The sudden
decline observed at 54 and S5 can be attributed to oxidative degradation of antioxidants
and polyphenols, as well as possible microbial consumption of antioxidants.
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Table 6. Means for antioxidant profile of non-germinated and germinated sesame seeds.

Treatments DPPH ABTS
(%) (%)
S0 78.58 +0.16 ¢ 80.68 +1.812
S1 91.36 + 0.24 2 54.89 4 0.99 4
S2 82.07 +1.01P 76.10 +1.90 P
S3 77.78 +1.29 ¢ 66.51 4+ 1.80 €
S4 30.22 +0.74 4 79.91 4+ 0.16 2P
S5 11.26 +0.29 58.74 +2.154

Results are the mean + standard deviation of triplicates. Significant differences among treatments are represented
by different letters in the same column.

3.3.2. ABTS" Free Radical Scavenging Activity

The ABTS Activity showed a highly significant result (p < 0.01) across all treatments.
Non-germinated sesame seeds (S0) had a percentage of 80.68 £ 1.81%. S1 (sesame ger-
minated for 24 h) showed a similar percentage (54.89 & 0.99%). An increase till 48 h of
germination of sesame seeds (S2). A decline was observed in S3 (sesame seed germi-
nated for 72 h), and later 54 (sesame seed germinated for 96 h) showed an increase from
66.51 £ 1.80% to 79.9 & 0.16%. Sesame seeds germinated for 120 h (S5) depicted a de-
crease in ABTS percentage (58.74 + 2.15%). Through the above results, SO showed the
highest ABTS percentage, followed by S4. The heatmap shows the relative densities of
the phytochemical and antioxidant capacities of germinated and non-germinated sesame
seeds (Figure 2).

Non-Germinated Sesame Seeds
Germinated Sesame Seeds (24 h)
Germinated Sesame Seeds (48 h)

Germinated Sesame Seeds (72 h)

Germinated Sesame Seeds (96 h)

Germinated Sesame Seeds (120 h)

Figure 2. Heatmap for phytochemical and antioxidant profile of germinated and non-germinated
sesame seeds.

3.3.3. Correlation Analysis for Phytochemicals and Antioxidant Activities

The Pearson correlation matrix (Figure 3) reveals specific relationships among phe-
nolic compounds and their associated antioxidant activities, providing insight into the
biochemical interaction resulting in the radical scavenging potential of sesame seeds. Total
polyphenols exhibit strong negative correlations with most flavonoid contents (r = —0.88
with total flavonoids; —0.95 with DPPH), suggesting that samples richer in polyphenols
may contain a distinct composition of non-flavonoid phenolics that contribute differently
to antioxidant capacity. On the other hand, total flavonoids show positive associations with
individual flavonoid compounds such as rutin (r = 0.77), luteolin (r = 0.83), kaempferol
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(r = 0.85), and quercetin (r = 0.83-0.99), indicating that these molecules coexist and col-
lectively contribute to the flavonoid fractions. The very strong correlations among lu-
teolin, quercetin, and kaempferol (r > 0.95) imply structural or biosynthetic linkage, as
these flavones and flavonols often share common metabolic pathways. Procyanidins
and catechins (epicatechin and (3-catechin) also correlate strongly with total flavonoids
(r = 0.88-0.90) and with each other (r > 0.94), reflecting their polymeric nature and mutual
contribution to antioxidant potential. These compounds are known to enhance radical
scavenging through hydrogen donation and metal chelation, mechanisms that align with
their high correlation to DPPH activity (r = 0.83-0.85). DPPH radical scavenging shows the
strongest inverse relationship with total polyphenols (r = —0.95), suggesting that higher
polyphenol concentrations correspond to greater antioxidant capacity, possibly due to
synergistic effects among phenolic acids and flavonoids. ABTS activity, however, displays
weaker correlations (r < 0.47 with most compounds), implying that the ABTS assay may
respond differently to hydrophilic versus lipophilic antioxidants. Collectively, the data indi-
cate that flavonoids, particularly quercetin, luteolin, and catechins, are key contributors to
antioxidant performance, while total polyphenols represent a broader pool of compounds
influencing radical scavenging efficiency through complementary mechanisms.

1.0
TPC

TEFC
Rutin
0.5
Isorhamnetin

Luteolin
Kaempferol
Quercetin
Procyanidins

Epicatechins

[-Catechins

DPPH

ABTS
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Figure 3. Correlation matrix for phytochemical and antioxidant profile of germinated and non-
germinated sesame seeds.

3.4. Color Profile of Germinated and Non-Germinated Sesame Seeds
34.1.L

Statistical evaluation indicated that the treatments differed significantly (p < 0.01) in
L value. The highest L value reported was for sesame seeds germinated for 24 h (S1), at
69.77 +1.17, followed by non-germinated seeds (S0) at 68.80 = 0.10; both samples were light
in color. The color began to decrease in other germinated samples, indicating darkening.
The values showed a decreasing trend from S1 to S5. The value of S1 was 69.77 & 1.17, fol-
lowed by sesame seeds germinated for 48 h (52) as 65.77 & 1.18, S3 (germinated for 72 h) as
64.57 £ 2.83, 54 (germinated for 96 h) as 59.57 & 4.16, and S5 (germinated for 120 h) as
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59.95 & 1.63 (Table 7). The decreasing trend shows that longer germination affects the color
profile of the sesame seeds.

Table 7. Means for color analysis of non-germinated and germinated sesame seeds.

Treatments L a* b* Chroma Hue
S0 68.70 + 0.10 2P 3.90 4+ 0.402 21.47 £ 0.67 b¢ 50.73 4= 0.81 be 5.55 4 0.71 ¢
S1 69.77 +£1.172 43540152 23.10 + 1.452b 54,90 4 2.75 2P 5.32+0.45°
S2 65.77 +1.18 2P 2.20 +0.20° 26.20 +0.352 56.80 & 0.80 2 11.98 + 1.122
S3 64.57 +2.83 P 1.97 +0.15" 22.37 4 0.78 b¢ 48.67 + 1.86 <4 11.40 £0.50 20
S4 59.57 + 4.16 b¢ 2.05+0.05° 21.93 4 1.77 be 47.97 + 3.54 <d 10.70 + 0.88 2P
S5 59.95 + 1.63 © 230 +0.40° 19.37 £1.14°¢ 4333+ 1514 8.65 +1.99P

Results are the mean + standard deviation of triplicates. Significant differences among treatments are represented
by different letters in the same column.

34.2. a*

a* values showed significant (p < 0.01) differences among all treatments. The highest
a* value obtained was for S1 (germinated sesame seeds for 24 h), at 4.35 &£ 0.15, indicating
a reddish color tone. The lowest a* value reported was for S3 (sesame seeds germinated for
72 h), at 1.97 £ 0.15, indicating a lightness in the red tone. Sesame seeds germinated for
48 h (S2) were 2.20 £ 0.20, whereas a* for sesame seeds germinated for 96 h (S4) and 120 h
(S5) increased significantly (2.05 = 0.05 and 2.30 =+ 0.40). Elongated germination reduces
a* values.

3.4.3. b*

b* values showed highly significant (p < 0.01) variation among all treatments. The
b* value of SO (non-germinated sesame seeds) showed a yellowish tone (21.47 & 0.67). The
samples from SO to S2 (germinated sesame seeds for 48 h) showed an increase. Sesame
seeds germinated for 96 h (54) and 120 h (S5) showed a decreasing trend, with values
of 21.93 £ 1.77 and 19.37 £ 1.14, respectively. Longer germination makes the sample
color darker.

3.4.4. Chroma

All treatments showed highly significant differences in chroma (p < 0.01). Non-
germinated sesame seeds (50) showed a chroma value of 50.73 £ 0.81. S1 (sesame
seeds germinated for 24 h) and S2 (sesame seeds germinated for 48 h) showed values of
54.9 + 2.75 and 56.8 + 0.80. A decline in chroma value was observed in sesame seeds
germinated for 72 h (S3) to 120 h (S5), with values of 48.67 £ 1.86, 47.97 + 3.54, and
43.33 & 1.51. A longer germination period is causing the color intensity to decline.

3.4.5. Hue Angle

Hue angle showed statistically significant (p < 0.01) results. The hue value of non-
germinated sesame seed (S0) was 5.55 £ 0.71. A slight decline was observed in sesame
seeds germinated for 24 h (S1), with the hue value of 5.32 + 0.45. A notable increase
(11.98 £ 1.12) in sesame seeds germinated for 48 h (52) was observed. Sesame seeds
germinated for 72 h (S3), 96 h (54), and 120 h (S5), followed by a declining trend,
ie., 11.40 £ 0.50, 10.70 £ 0.88, and 8.65 £ 1.99. Longer germination directly affected
the hue angle, causing the samples to darken.
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4. Discussion

Germination increases moisture content; a similar trend was observed in the study
by Mares, et al. [35], which explored the relation of germination time with chemical and
antioxidant activity of white sesame seeds. Moisture was directly linked to longer ger-
mination duration. The observed increase in moisture in this study can be attributed to
germination, which causes water absorption by the seeds [35]. The ash content increased
significantly in the current study, which may be due to the conversion of carbohydrates
into carbon dioxide during respiration [36]. The reported increase in ash content can be
because of the formation of rootlets during germination [37]. The decrease observed during
germination of sesame seeds can be attributed to mineral loss or increased water absorption
by the germinated seeds, which dilutes the overall ash content [35].

The protein content in this study demonstrated an increasing trend among all treat-
ments; the study conducted by Owheruo, Akpoghelie, Edo, Yousif, Jikah, Onyibe, Ugbune,
Isoje, Igbuku, Ekokotu, Oghroro, Okpoghono, Essaghah and Agbo [37] on germinated
sesame seeds showed enhanced protein content. The increase could be due to the hydrol-
ysis of complex organic compounds by endogenous enzymes and enhanced proteolytic
activity, which improves nutrient availability and reduces anti-nutrients [38]. During the
imbibition phase, the hydrolysis of storage proteins is activated by proteases, yielding free
amino acids and low-molecular-weight peptides in the germinating seed [22] Similarly, de
novo synthesis directly contributes to an increased nitrogen content of the seed [39]. The
protein content in this study was determined using the Kjeldahl method, which uses total
nitrogen content and is multiplied by a known factor (6.25). This method overestimates
protein content because the nitrogen content includes free amino acids, nucleic acids, and
amides [40]. Further studies should use more robust quantification methods, such as the
Bradford assay, to separate protein and non-protein fractions. Another study on germi-
nated sesame seeds observed increased protein content due to the increased water activity
because of hormonal or compositional changes. The soybeans also depicted an increase
with longer germination duration [41].

The crude fat content in this current study showed a decreasing trend, with control
50 showing the highest fat content, inferring it to be a good source of fat. A study on
germinated sesame seeds conducted by Maria and Victoria [41] showed a decreasing trend
of fat content; the reduction in the fat content is due to the enhanced activity of lipase
enzyme during germination, which helps in the breakdown of fat into fatty acids and
glycerol molecules. Hahm, et al. [42] stated that reduced lipid content in germinated
sesame seed is attributed to providing energy for protein synthesis during the seed growth.
A similar trend of lipid reduction in soybeans has also been reported.

Crude fiber and carbohydrate content increased significantly in the current research;
a longer germination period was directly proportional to the fiber content and NFE. The
increased fiber content was in accordance with the results reported by Maria and Vic-
toria [41] in germinated sesame seeds till 96 h. Buckwheat sprouts showed an increase
in fiber content till 8th day of germination. Another research on sprouted buckwheat
flour indicated improved fiber content; the increase was due to fibrous material such
as cellulose, hemicellulose, and lignin [43]. Fiber content can be influenced by soaking
time given to the seed before germination. As peanuts and soya beans were subjected
to germination, the results were similar to this study, in comparison to the results of
soaked peanuts, mung beans, wheat and barley, which decreased [44]. The increase in
NFE with germination is largely explained by its formula as a difference, obtained by
subtracting moisture, ash, crude protein, crude fat, and crude fiber from 100%. This aligns
with the research on soluble sugar accumulation during germination, where soybean ger-
mination increased total sugars by 19% and total dietary fiber from 32% to 73%. This

https://doi.org/10.3390 /biotech15030060


https://doi.org/10.3390/biotech15030060

BioTech 2026, 15, 60

17 of 22

result, however, contrasts with previous sesame studies reporting a decline in NFE due
to hydrolysis of stored carbohydrates into simple sugars utilized for embryo respiration.
This divergence may reflect differences in germination temperature, duration, and drying
conditions [41,45].

In the current study, total phenolic content (TPC) increased gradually; this trend is
supported by a study evaluating phenolics in germinated and non-germinated wheat. It
stated that longer germination was directly linked to the increase in TPC. This increase
was due to the synthesis of phenolics released from the bound form, while extractable
phenolics typically increased [46]. The findings of this study are comparable to the results
for increased TPC in germinated black chickpea; the observed increase may be due to
enzymatic degradation of the black chickpea structure, which may have helped enhance
the phenolic content [47]. Black and white sesame seeds were compared for phenolic
content; both of the seeds showed enhanced phenolic content upon germination, and
the white germinated seeds showed thrice the amount of phenolic compounds than raw
sesame seeds [41]. The findings of this current study were similar to the results of increased
phenolic compounds in soybeans as well [48]. In conclusion, germination influences
phenolic content by the activation of enzymes and biochemical pathways [41]. In this
research, elongated germination reduced the flavonoid content. This can be supported by
the study by Kim, et al. [49], which reported a decrease in seed coat flavonoids in two lentil
cultivars during germination. It may be due to seed coat degradation during germination
that reduces the flavonoid content of lentils. The findings of this research are in contrast
with the improved flavonoid content in germinated moong grains; this increase in TFC
may be because of the germination process that produces flavonoid compounds in the new
seedling [50]. The study on germinated flaxseed showed an inverse relation with longer
germination durations; flavonoids increased mid-germination and started declining in later
stages, and the decrease can be justified as they might transform into bound forms, used
during cell wall or lignin synthesis [51].

The individual flavonoids increased during mid-germination and decreased during
the elongated germination stage. A study conducted by Thepthanee, et al. [52] analyzed
changes in sunflower seeds by different processes; they also noted that elongated germi-
nation decreased the flavonoid content in striped sunflower seeds. An increase in rutin
content was observed in germinated common bean (Phaseolus vulgaris), but it started de-
clining at 96 h of germinated sample [53]; likewise, in the current study; it started declining
in later stages of germination. The results for individual flavonoids are in line with the
findings of TFC: they all peaked at S2, except for isorhamnetin, which peaked at S3 in
later stages, and then declined in their respective contents with elongated germination.
The increase is due to the activation of enzymes such as PAL, C4H, and 4CL. A study
on germinated buckwheat and sorghum flour showed increased values of catechin and
epicatechin after 48 h of germination, which later declined after 72 h. Similar results to this
study, where they both increased at S2 and later decreased [54].

In the present research, the highest DPPH was observed in (S1), and the lowest was
in the sesame seeds germinated for 120 h (S5). The findings of the study on germinated
moong grains stated an increase in mid-germination and a decrease in the later stage of
germination [49]. This finding can be used to support the DPPH trend. The increased
antioxidant activity can be supported by the research of Mares, Passos and Menezes [35].
In the study mentioned, he relates high DPPH to enhanced synthesis and release of free
phenolic compounds, due to activation of the metabolic pathway and enzymatic hydrolysis
of bound phenolics.
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The ABTS radical scavenging activity aligns with the analysis conducted by Zhi, et al. [55],
which states that ABTS increased in early stages and peaked at mid-germination, and then
declined in the later stages of germination. The present study aligns with the decrease
in ABTS activity with longer germination, as ABTS activity began to decline after 96 h of
germination in sesame seeds, reaching a minimum in S5 (sesame seeds germinated for 120 h).
The increase in the early stages is most likely due to the release of phenolic compounds by
enzymes, and the decline is attributable to the utilization of antioxidant compounds during
germination [55]. The variable ABTS trend may be due to hydrolytic and polyphenol oxidase
enzymes synthesized during germination [56].

Consistent with the findings in germinated triticale [57], in which it was reported the
L values rose post germination due to the enzymatic pigment degradation, the present
study revels similar results as the highest lightness was in early stages of germination
in S1 (sesame seeds germinated for 24 h) followed by darkening in later stages as S3
(sesame seeds germinated for 72 h) to S5 (sesame seeds germinated for 120 h), as the color
compounds are broken down. a* and b* values reduced during germination, which may be
because of degradation of the color compounds such as carotenoids and chlorophylls [58].
The reduction in color values during germination may be due to carbohydrate and protein
hydrolysis [47]. The constant increase in chroma until mid-germination noted in the study
was closely aligned with the outcomes of Ramos-Pacheco, et al. [59], where enhanced
saturation was observed at 72 h of germination in the quinoa sample. This saturation was
due to the high concentration of carotenoid pigments. The decline in hue angle after S2 can
be attributed to the enzymatic activity during germination [59].

5. Conclusions

The present study demonstrates that germination significantly influences the physic-
ochemical properties and antioxidant profile of sesame seeds (Sesamum indicum L.), with
effects strongly dependent on germination duration. Short-term germination enhances
antioxidant activity and phytochemical content, whereas prolonged germination reduces
antioxidant capacity. Although higher polyphenol levels were observed at extended ger-
mination periods (96-120 h), these benefits were offset by reduced antioxidant efficiency
and visible mold growth, compromising product safety and quality. A negative correlation
between germination time and antioxidant activity further highlights the need for optimiza-
tion. Notably, sesame seeds germinated for 48 h exhibited a balanced profile, with relatively
higher flavonoid content and satisfactory antioxidant activity, making this duration con-
ducive for functional applications. Therefore, controlled germination, particularly around
48 h, is recommended to maximize the nutritional and functional potential of sesame seeds
while ensuring safety and quality for their incorporation into value-added food products.

Limitations and Recommendations

Phytochemical quantification relied exclusively on UV-visible spectrophotometry,
which lacks the selectivity required for compound identification; chromatographic confir-
mation using HPLC or LC-MS is recommended in future work. Germination was carried
out under ambient conditions (25 4+ 2 °C) without formal environmental control for rela-
tive humidity (30-35%), which may otherwise have affected the outcomes. Furthermore,
the seeds were procured from the local market with no information on cultivar purity
or geographic origin, introducing potential sources of biological variability. Finally, mi-
crobiological assessment was not conducted, which can be monitored in future studies.
In particular, the mycotoxin content can be determined if any mold growth is detected.
These gaps can be prioritized in subsequent studies so that a more precise process may be
devised for germination and microgreen production. Furthermore, enzymatic activity anal-
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yses will further help in understanding the metabolic pathways of germination-induced
modifications in the nutritional profile of seeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biotech15030060/s1, Table S1: Absorbances for Polyphenols and
Flavonoids at Their Respective Wavelengths; Table S2: Absorbances for Antioxidant Assays at Their
Respective Wavelengths; Table S3: Values for Color Parameters.

Author Contributions: O.A.: Conceptualization, Investigation, Data Curation, Formal Analysis,
and Writing—Original Draft. I1.-U.-H.: Conceptualization, Formal Analysis, Supervision, Project
Administration, and Writing—Original Draft. R.A.: Writing—Review and Editing. W.A.: Resources
and Writing—Review and Editing. H.A.R.S.: Validation, Supervision, and Writing—Review and
Editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article and Supplementary Materials. Further inquiries can be directed to the corresponding authors.

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

Abbreviations

The following abbreviations are used in this manuscript:

QE Quercitrin Equivalent

FAO Food and Agriculture Organization

PPM Parts Per Million

NFE Nitrogen-Free Extract

DPPH  2,2-diphenyl-1-picrylhydrazyl

ABTS  2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
GAE Gallic Acid Equivalent

References

1. Tongug, M.; Onder, S.; Giilcemal, N; Tongug, F. Seed, germination, and seed-reserve traits differ along an altitudinal gradient.
J. For. Res. 2022, 33, 1903-1912. [CrossRef]

2. Tuan, PA,; Sharma, D.; Kalota, R.; Kaur, G.; Ayele, B.T. Molecular mechanisms of seed germination. In Sprouted Grains;
Elsevier: Amsterdam, The Netherlands, 2025; pp. 1-33.

3.  Chinma, C.E,; Ibrahim, P.A.; Adedeji, O.E.; Ezeocha, V.C.; Ohuoba, E.U.; Kolo, S.I.; Abdulrahman, R.; Anumba, N.L.O.; Adebo,
J.A.; Adebo, O.A. Physicochemical properties, in vitro digestibility, antioxidant activity and consumer acceptability of biscuits
prepared from germinated finger millet and Bambara groundnut flour blends. Heliyon 2022, 8, €10849. [CrossRef] [PubMed]

4. Yuan,];Wang, H; Jiang, Y.; Jiang, Y.; Tang, Y.; Li, X.; Zhao, Y. Utilization of Germinated Seeds as Functional Food Ingredients:
Optimization of Nutrient Composition and Antioxidant Activity Evolution Based on the Germination Characteristics of Chinese
Chestnut (Castanea mollissima). Foods 2024, 13, 2605. [CrossRef] [PubMed]

5. Hassan, S.; Zeng, X.-A.; Khan, M.K.; Farooq, M.A_; Ali, A.; Kumari, A.; Mahwish; Rahaman, A.; Tufail, T.; Liaqat, A. Recent
developments in physical invigoration techniques to develop sprouts of edible seeds as functional foods. Front. Sustain. Food Syst.
2022, 6, 997261. [CrossRef]

6.  Abbas, S,; Sharif, M.K; Sibt-E-Abbas, M.; Teferra, T.E,; Sultan, M.T.; Anwar, M.]. Nutritional and therapeutic potential of sesame
seeds. J. Food Qual. 2022, 2022, 6163753. [CrossRef]

7.  Aglave, H. Physiochemical characteristics of sesame seeds. J. Med. Plants Study 2018, 6, 64-66.

8. Wei, P,; Zhao, F; Wang, Z.; Wang, Q.; Chai, X.; Hou, G.; Meng, Q. Sesame (Sesamum indicum L.): A comprehensive review of

nutritional value, phytochemical composition, health benefits, development of food, and industrial applications. Nutrients 2022,
14, 4079. [CrossRef] [PubMed]

https://doi.org/10.3390 /biotech15030060


https://www.mdpi.com/article/10.3390/biotech15030060/s1
https://www.mdpi.com/article/10.3390/biotech15030060/s1
https://doi.org/10.1007/s11676-022-01467-4
https://doi.org/10.1016/j.heliyon.2022.e10849
https://www.ncbi.nlm.nih.gov/pubmed/36247135
https://doi.org/10.3390/foods13162605
https://www.ncbi.nlm.nih.gov/pubmed/39200532
https://doi.org/10.3389/fsufs.2022.997261
https://doi.org/10.1155/2022/6163753
https://doi.org/10.3390/nu14194079
https://www.ncbi.nlm.nih.gov/pubmed/36235731
https://doi.org/10.3390/biotech15030060

BioTech 2026, 15, 60 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Li, M.; Luo, J.; Nawaz, M.A_; Stockmann, R.; Buckow, R.; Barrow, C.; Dunshea, F; Suleria, H.A R. Phytochemistry, bioaccessibility,
and bioactivities of sesame seeds: An overview. Food Rev. Int. 2023, 40, 309-335. [CrossRef]

Mohammed, S.; Pattan, N. An overview on nutritional composition and therapeutic benefits of sesame seeds (Sesamum indicum).
Int. Res. Appl. Sci. Eng. Technol. 2022, 10, 1119-1127. [CrossRef]

Oboulbiga, E.B.; Douamba, Z.; Compaoré-Sérémé, D.; Semporé, ].N.; Dabo, R.; Semde, Z.; Tapsoba, FW.-B.; Hama-Ba, F;
Songré-Ouattara, L.T.; Parkouda, C.; et al. Physicochemical, potential nutritional, antioxidant and health properties of sesame
seed oil: A review. Front. Nutr. 2023, 10, 1127926. [CrossRef] [PubMed]

Dravie, E.E.; Kortei, N.K.; Essuman, E.K ; Tettey, C.O.; Boakye, A.A.; Hunkpe, G. Antioxidant, phytochemical and physicochemical
properties of sesame seed (Sesamum indicum L). Sci. Afr. 2020, 8, e00349. [CrossRef]

Agrahar-Murugkar, D.; Dwivedi, S.; Dixit-Bajpai, P.; Kumar, M. Effect of natural fortification with calcium and protein rich
ingredients on texture, nutritional quality and sensory acceptance of cookies. Nutr. Food Sci. 2018, 48, 807-818. [CrossRef]
Sibt-e-Abbas, M.; Butt, M.S.; Khan, M.R,; Sultan, M.T.; Saddique, M.S.; Shahid, M. Nutritional and functional characterization of
defatted oilseed protein isolates. Pak. J. Agric. Sci. 2020, 57, 219-228.

Hu, S.; Gao, H.; Ouyang, L.; Li, X.; Zhu, S.; Wu, Y.; Yuan, L.; Zhou, J. Mechanistic insights into the improving effects of germination
on physicochemical properties and antioxidant activity of protein isolate derived from black and white sesame. Food Chem. 2023,
429, 136833. [CrossRef] [PubMed]

Nagar, P; Agrawal, M.; Agrawal, K. Sesame (Sesamum indicum L.) seed as a functional food: A review. Pharma Innov. J. 2022, 11,
893-896.

Langyan, S.; Yadava, P; Sharma, S.; Gupta, N.C.; Bansal, R.; Yadav, R.; Kalia, S.; Kumar, A. Food and nutraceutical functions of
sesame oil: An underutilized crop for nutritional and health benefits. Food Chem. 2022, 389, 132990. [CrossRef] [PubMed]

Chu, C.; Du, Y,; Yu, X,; Shi, J.; Yuan, X,; Liu, X,; Liu, Y.; Zhang, H.; Zhang, Z.; Yan, N. Dynamics of antioxidant activities,
metabolites, phenolic acids, flavonoids, and phenolic biosynthetic genes in germinating Chinese wild rice (Zizania latifolia).
Food Chem. 2020, 318, 126483. [CrossRef] [PubMed]

Saeed, A.; Ahmed, W.; Igbal, S.; Rehman, H. Comparative assessment of tempe from germinated and non-germinated soybeans
to address protein-energy malnutrition using rat experimental model. Pol. J. Vet. Sci. 2025, 28, 567-574. [CrossRef] [PubMed]
Gunathunga, C.; Senanayake, S.; Jayasinghe, M. A ; Brennan, C.S.; Truong, T.; Marapana, U.; Chandrapala, J. Germination effects
on nutritional quality: A comprehensive review of selected cereals and pulses changes. J. Food Compos. Anal. 2024, 128, 106024.
[CrossRef]

Garcia, S.N.C.; Rodriguez-Herrera, R.; Flores, S.N.; Silva-Belmares, S.Y.; Esparza-Gonzélez, S.C.; Ascacio-Valdés, ].A.; Flores-
Gallegos, A.C. Sprouts as probiotic carriers: A new trend to improve consumer nutrition. Food Chem. Mol. Sci. 2023, 7, 100185.
[CrossRef] [PubMed]

Bera, I.; O’sullivan, M.; Flynn, D.; Shields, D.C. Relationship between Protein Digestibility and the Proteolysis of Legume Proteins
during Seed Germination. Molecules 2023, 28, 3204. [CrossRef] [PubMed]

Xu, M,; Jin, Z.; Simsek, S.; Hall, C.; Rao, J.; Chen, B. Effect of germination on the chemical composition, thermal, pasting,
and moisture sorption properties of flours from chickpea, lentil, and yellow pea. Food Chem. 2019, 295, 579-587. [CrossRef]
[PubMed]

Atudorei, D.; Stroe, S.-G.; Codina, G.G. Impact of germination on the microstructural and physicochemical properties of different
legume types. Plants 2021, 10, 592. [CrossRef] [PubMed]

AOAC. Official Methods of Analysis of Association of Official Analytical Chemists International; AOAC: Washington, DC, USA, 2006.
Goyal, K;; Singh, N.; Jindal, S.; Kaur, R.; Goyal, A.; Awasthi, R. Kjeldahl method. Adv. Tech. Anal. Chem. 2022, 1, 105. [CrossRef]
Shahid, N.; Ul-Hagq, I.; Nayik, G.A.; Ramniwas, S.; Damto, T.; Alharbi, S.A.; Ansari, M.]J. Physicochemical and bioactive traits
of black chickpea (Cicer arietinum) as affected by germination-induced modifications. Int. J. Food Prop. 2024, 27, 165-179.
[CrossRef]

Heimler, D.; Vignolini, P.; Dini, M.G.; Romani, A. Rapid tests to assess the antioxidant activity of Phaseolus vulgaris L. dry beans.
J. Agric. Food Chem. 2005, 53, 3053-3056. [CrossRef] [PubMed]

Eugene, E.A,; Ganiyou, A.; Denis, YK.; Ané, A.; Sawaliho, B.E.H. Catechin and epicatechin. What’s the more reactive?
Comput. Chem. 2022, 10, 53-70. [CrossRef]

PubChem. National Center for Biotechnology Information. Available online: https://pubchem.ncbi.nlm.nih.gov/ (accessed on
19 June 2026).

Fischer, E; Zufferey, E.; Bourgeois, ].-M.; Héritier, J.; Micaux, FE. UV-ABC screens of luteolin derivatives compared to edelweiss
extract. J. Photochem. Photobiol. B Biol. 2011, 103, 8-15. [CrossRef] [PubMed]

Morazzoni, P.; Vanzani, P; Santinello, S.; Gucciardi, A.; Zennaro, L.; Miotto, G.; Ursini, F. Grape Seeds proanthocyanidins:
Advanced technological preparation and analytical characterization. Antioxidants 2021, 10, 418. [CrossRef] [PubMed]

Vuli¢, J.J.; Cebovié, T.N.; Canadanovié-Brunet, JM.; Cetkovi¢, G.S.; Canadanovi¢, V.M.; Djilas, S.M.; éaponjac, V.T.T. In vivo and
in vitro antioxidant effects of beetroot pomace extracts. J. Funct. Foods 2014, 6, 168-175. [CrossRef]

https://doi.org/10.3390 /biotech15030060


https://doi.org/10.1080/87559129.2023.2168280
https://doi.org/10.22214/ijraset.2022.40002
https://doi.org/10.3389/fnut.2023.1127926
https://www.ncbi.nlm.nih.gov/pubmed/37377483
https://doi.org/10.1016/j.sciaf.2020.e00349
https://doi.org/10.1108/nfs-02-2018-0041
https://doi.org/10.1016/j.foodchem.2023.136833
https://www.ncbi.nlm.nih.gov/pubmed/37454620
https://doi.org/10.1016/j.foodchem.2022.132990
https://www.ncbi.nlm.nih.gov/pubmed/35569244
https://doi.org/10.1016/j.foodchem.2020.126483
https://www.ncbi.nlm.nih.gov/pubmed/32126468
https://doi.org/10.24425/pjvs.2025.156084
https://www.ncbi.nlm.nih.gov/pubmed/41416605
https://doi.org/10.1016/j.jfca.2024.106024
https://doi.org/10.1016/j.fochms.2023.100185
https://www.ncbi.nlm.nih.gov/pubmed/38155686
https://doi.org/10.3390/molecules28073204
https://www.ncbi.nlm.nih.gov/pubmed/37049968
https://doi.org/10.1016/j.foodchem.2019.05.167
https://www.ncbi.nlm.nih.gov/pubmed/31174798
https://doi.org/10.3390/plants10030592
https://www.ncbi.nlm.nih.gov/pubmed/33809819
https://doi.org/10.2174/9789815050233122010011
https://doi.org/10.1080/10942912.2023.2301566
https://doi.org/10.1021/jf049001r
https://www.ncbi.nlm.nih.gov/pubmed/15826058
https://doi.org/10.4236/cc.2022.102003
https://pubchem.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.jphotobiol.2011.01.005
https://www.ncbi.nlm.nih.gov/pubmed/21300553
https://doi.org/10.3390/antiox10030418
https://www.ncbi.nlm.nih.gov/pubmed/33803398
https://doi.org/10.1016/j.jff.2013.10.003
https://doi.org/10.3390/biotech15030060

BioTech 2026, 15, 60 21 of 22

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Raupp, D.d.S.; Rodrigues, E.; Rockenbach, LI.; Carbonar, A.; de Campos, PE,; Borsato, A.V.; Fett, R. Effect of processing on
antioxidant potential and total phenolics content in beet (Beta vulgaris L.). Food Sci. Technol. 2011, 31, 688—693. [CrossRef]

Mares, L.ED.M.; Passos, M.C.; Menezes, C.C. Interference of germination time on chemical composition and antioxidant capacity
of white sesame (Sesamum indicum). Food Sci. Technol. 2018, 38, 248-253. [CrossRef]

Al-Taher, F.; Nemzer, B. Effect of germination on fatty acid composition in cereal grains. Foods 2023, 12, 3306. [CrossRef] [PubMed]
Owheruo, J.O.; Akpoghelie, P.O.; Edo, G.I; Yousif, E.; Jikah, A.N.; Onyibe, PN.; Ugbune, U.; Isoje, E.F.; Igbuku, U.A.; Ekokotu,
H.A; et al. Influence of spouting period on microbiological and nutritional attribute of sesame seed flour. Discov. Food 2025, 5, 3.
[CrossRef]

Gotab-Bogacz, I.; Helios, W.; Kotecki, A.; Kozak, M.; Jama-Rodzeriska, A. Content and uptake of ash and selected nutrients (K, Ca,
S) with biomass of Miscanthus x giganteus depending on nitrogen fertilization. Agriculture 2021, 11, 76. [CrossRef]

Nonogaki, H.; Bassel, G.W.; Bewley, ].D. Germination—Still a mystery. Plant Sci. 2010, 179, 574-581. [CrossRef]

Mariotti, F; Tomé, D.; Mirand, P.P. Converting nitrogen into protein—Beyond 6.25 and Jones’ factors. Crit. Rev. Food Sci. Nutr.
2008, 48, 177-184. [CrossRef] [PubMed]

Maria, M.F,; Victoria, A.T. Changes in Nutritional, Functional and Pasting Properties of Raw and Germinated Seeds of White
Sesame (Sesamum indicum L.) Grown in Nigeria. Acta Sci. Nutr. Health 2018, 2, 7-15.

Hahm, T.-S; Park, S.-J.; Lo, Y.M. Effects of germination on chemical composition and functional properties of sesame (Sesamum
indicum L.) seeds. Bioresour. Technol. 2009, 100, 1643-1647. [CrossRef] [PubMed]

Atambayeva, Z.; Nurgazezova, A.; Amirkhanov, K.; Assirzhanova, Z.; Khaimuldinova, A.; Charchoghlyan, H.; Kaygusuz, M.
Unlocking the potential of buckwheat hulls, sprouts, and extracts: Innovative food product development, bioactive compounds,
and health benefits—A review. Pol. J. Food Nutr. Sci. 2024, 74, 293-312. [CrossRef]

Adeyoju, O.A.; Chibudike, H.O.; Chibudike, C.E.; Adebowale, K.O.; Olu-Owolabi, B.I. Nutritional Evaluation of Isolates from
Two (2) Varieties (DAS & BS) of Underutilized Germinated Nigeria Cultivated Solojo-Cowpea [Vigna unguiculata (L.) Walp.].
Food Sci. Nutr. 2025, 11, 1-9. [CrossRef] [PubMed]

Megat, R.; Azrina, A.; Norhaizan, M. Effect of germination on total dietary fibre and total sugar in selected legumes. Int. Food Res.
J. 2016, 23, 257.

Saleem, H.; Sadaqat, H.A.; Razzaq, H. Diabetes and sesame: An insight about the benefits of sesame (Sesamum indicum L.) in
curing diabetes. . Diabetes Metab. Disord. Control. 2021, 8, 38—42. [CrossRef]

Kumar, Y.; Sharanagat, V.S.; Singh, L.; Mani, S. Effect of germination and roasting on the proximate composition, total phenolics,
and functional properties of black chickpea (Cicer arietinum). Legum. Sci. 2019, 2, €20. [CrossRef]

Zhu, D.; Hettiarachchy, N.S.; Horax, R.; Chen, P. Isoflavone contents in germinated soybean seeds. Plant Foods Hum. Nutr. 2005,
60, 147-151. [CrossRef] [PubMed]

Kim, J.H.; Duan, S.; Park, Y.R.; Eom, S.H. Tissue-specific antioxidant activities of germinated seeds in lentil cultivars during
thermal processing. Antioxidants 2023, 12, 670. [CrossRef] [PubMed]

Sharanagat, V.S.; Kumar, P; Patro, S.; Ghule, P.D.; Naryal, S.; Meena, S.; Singh, L.; Kumar, Y.; Gundev, P.; Nagar, M.; et al. Influence
of germination on physicochemical, thermo-pasting, and antioxidant properties of moong grain (Vigna radiata). ]. Food Process.
Preserv. 2019, 43, €13922. [CrossRef]

Barakat, A.Z.; Abdel-Aty, A.M.; Salah, H.A_; Bassuiny, R.I.; Mohamed, S.A. Synergistic enzyme action boosts phenolic compounds
in flaxseed during germination using a two-level factorial design. Sci. Rep. 2025, 15, 40384. [CrossRef] [PubMed]

Thepthanee, C.; Li, H.; Wei, H.; Prakitchaiwattana, C.; Sirlamornpun, S. Effect of soaking, germination, and roasting on phenolic
composition, antioxidant activities, and fatty acid profile of sunflower (Helianthus annuus L.) seeds. Horticulturae 2024, 10, 387.
[CrossRef]

Zhang, Q.; Zheng, G.; Wang, Q.; Zhu, J.; Zhou, Z.; Zhou, W.; Xu, J.; Sun, H.; Zhong, ].; Gu, Y.; et al. Molecular mechanisms of
flavonoid accumulation in germinating common bean (Phaseolus vulgaris) under salt stress. Front. Nutr. 2022, 9, 928805. [CrossRef]
[PubMed]

Li, X.; Dong, S.; Bai, W,; Jia, J.; Gu, R.; Zhao, C.; Liu, X.; Wang, Y. Metabolic and transcriptional regulation of phenolic conversion
and tocopherol biosynthesis during germination of sesame (Sesamum indicum L.) seeds. Food Funct. 2020, 11, 9848-9857. [CrossRef]
[PubMed]

Zhi, X,; Gao, S.; Qian, W,; Song, Y.; Mu, C.-J.; Yu, D.-S,; Lin, X. Nutritional components and antioxidant activities of Firmiana
platanifolia seeds in response to different germination times. J. Elem. 1970, 29, 193-212. [CrossRef]

Gunathunga, C.; Senanayake, S.; Jayasinghe, M.; Brennan, C.S.; Truong, T.; Marapana, U.; Chandrapala, J. Bioactive compounds
and digestible starch variability of rice, maize, green gram, and soy grains with different levels of germination. Int. J. Food Sci.
Technol. 2024, 59, 9273-9286. [CrossRef]

Ospankulova, G.; Temirova, I.; Toimbayeva, D.; Saduakhasova, S.; Tazhina, S.; Khamitova, D.; Muratkhan, M.; Aldiyeva, A;
Zhumalin, A. The Effect of Germination Duration on the Biochemical Indicators and Functional-Technological Properties of
Triticale Grain. Appl. Sci. 2025, 15, 5596. [CrossRef]

https://doi.org/10.3390 /biotech15030060


https://doi.org/10.1590/s0101-20612011000300021
https://doi.org/10.1590/1678-457x.20217
https://doi.org/10.3390/foods12173306
https://www.ncbi.nlm.nih.gov/pubmed/37685238
https://doi.org/10.1007/s44187-025-00272-2
https://doi.org/10.3390/agriculture11010076
https://doi.org/10.1016/j.plantsci.2010.02.010
https://doi.org/10.1080/10408390701279749
https://www.ncbi.nlm.nih.gov/pubmed/18274971
https://doi.org/10.1016/j.biortech.2008.09.034
https://www.ncbi.nlm.nih.gov/pubmed/18976903
https://doi.org/10.31883/pjfns/191859
https://doi.org/10.24966/fsn-1076/100220
https://www.ncbi.nlm.nih.gov/pubmed/42388378
https://doi.org/10.15406/jdmdc.2021.08.00219
https://doi.org/10.1002/leg3.20
https://doi.org/10.1007/s11130-005-6931-0
https://www.ncbi.nlm.nih.gov/pubmed/16187018
https://doi.org/10.3390/antiox12030670
https://www.ncbi.nlm.nih.gov/pubmed/36978918
https://doi.org/10.1111/jfpp.13922
https://doi.org/10.1038/s41598-025-25059-4
https://www.ncbi.nlm.nih.gov/pubmed/41254142
https://doi.org/10.3390/horticulturae10040387
https://doi.org/10.3389/fnut.2022.928805
https://www.ncbi.nlm.nih.gov/pubmed/36105573
https://doi.org/10.1039/d0fo01706j
https://www.ncbi.nlm.nih.gov/pubmed/33090159
https://doi.org/10.5601/jelem.2023.28.4.2354
https://doi.org/10.1111/ijfs.17558
https://doi.org/10.3390/app15105596
https://doi.org/10.3390/biotech15030060

BioTech 2026, 15, 60 22 of 22

58. DPerveen, S.; Akhtar, S.; Ismail, T.; Qamar, M.; Sattar, D.-E.; Saeed, W.; Younis, M.; Esatbeyoglu, T. Comparison of nutritional,
antioxidant, physicochemical, and rheological characteristics of whole and sprouted wheat flour. LWT Food Sci. Technol. 2024, 209,
116679. [CrossRef]

59. Ramos-Pacheco, B.S.; Choque-Quispe, D.; Ligarda-Samanez, C.A.; Solano-Reynoso, A.M.; Palomino-Rincén, H.; Choque-Quispe,
Y.; Peralta-Guevara, D.E.; Moscoso-Moscoso, E.; Aiquipa-Pillaca, A.S. Effect of germination on the physicochemical properties,
functional groups, content of bioactive compounds, and antioxidant capacity of different varieties of quinoa (Chenopodium quinoa
Willd.) grown in the high andean zone of Peru. Foods 2024, 13, 417. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /biotech15030060


https://doi.org/10.1016/j.lwt.2024.116679
https://doi.org/10.3390/foods13030417
https://www.ncbi.nlm.nih.gov/pubmed/38338552
https://doi.org/10.3390/biotech15030060

	Introduction 
	Materials and Methods 
	Procurement of Raw Materials 
	Germination of Sesame Seeds 
	Extraction of Phytochemicals 
	Proximate Composition 
	Dertermination of Moisture Content 
	Dertermination of Ash Content 
	Dertermination of Crude Protein Content 
	Dertermination of Crude Fat Content 
	Dertermination of Crude Fiber Content 
	Estimation of Nitrogen-Free Extract (NFE) 

	Phytochemicals 
	Total Phenolic Content (TPC) 
	Determination of Total Flavonoid Content (TFC) 

	Antioxidant Assay Test 
	Determination of DPPH Radical Scavenging Activity 
	Determination of ABTS+ Free Radical Scavenging Activity 

	Color Analysis 
	Statistical Analysis 

	Results 
	Proximate Analysis of Sesame Seeds 
	Moisture Content 
	Ash Content 
	Crude Protein Content 
	Crude Fat Content 
	Crude Fiber Content 
	Nitrogen-Free Extract (NFE) 

	Phytochemical Profiling 
	Total Polyphenol Content (TPC) 
	Total Flavonoid Content (TFC) 
	Flavonoid Profile 

	Antioxidants Assay Test 
	DPPH Antioxidant Activity 
	ABTS+ Free Radical Scavenging Activity 
	Correlation Analysis for Phytochemicals and Antioxidant Activities 

	Color Profile of Germinated and Non-Germinated Sesame Seeds 
	L 
	a* 
	b* 
	Chroma 
	Hue Angle 


	Discussion 
	Conclusions 
	References

