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Abstract

Traditional methods for extracting bioactive compounds from Mucuna pruriens involve high solvent use, long extraction times, and low
yields. As a result, finding more efficient extraction techniques remains an important research focus. In this context, ultrasound-assisted
extraction has become a promising alternative for extracting flavonoids from M. pruriens. These compounds play a crucial role in various
applications, including nutraceuticals, pharmaceuticals, medicine, and cosmetics. Therefore, this study aimed to optimize the extraction
yield of flavonoid content from Mucuna pruriens seeds by employing a Box-Behnken Design, focusing on the effects of ultrasound power,
pulse cycle, and extraction time as factors, and using an acidified ethanol-water solution (80:20 v/v plus 2% HCI 2N) as the extraction
solvent. Under optimal conditions, the ultrasound-assisted extraction method yielded a higher flavonoid content (77.30 ug/mL) than the
magnetic stirring technique (60.92 pg/mL). High-performance liquid chromatography (HPLC) analysis identified and quantified significant
amounts of gallocatechin, epicatechin, and epigallocatechin. Fourier-transform infrared (FTIR) spectroscopy suggested the presence of
additional compounds, including amino acids, proteins, glycerides, aliphatic compounds, and alkaloids. Antioxidant assessments indicated
that the optimal ultrasound conditions enhanced antioxidant activity in the DPPH and FRAP assays (323.51 and 259.07 mmol TE/g,
respectively) compared to the conventional extraction method (294.13 and 164.19 mmol TE/g, respectively). Toxicity evaluations were
conducted by exposing C. elegans to varying concentrations of extracts from both methods for 24 h, with LCs values calculated at 143.65
pg/mL for the ultrasound extract under optimal conditions and 132.18 ug/mL for the magnetic stirring method. These findings provide
support for the functional applications of Mucuna pruriens flavonoids as natural antioxidants.
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1. Introduction hue. The pods are hairy, thick, and leathery, averaging

Mucuna pruriens (L) DC, commonly known as
cowage or velvet bean, is a tropical legume in the
family Fabaceae. It is native to Southeast Asia and is
cultivated worldwide (Chandrasiri-Waliwita, 2021). It
features long, thin stems, non-consecutive, lance-
shaped leaves, and white blooms with a blue-purple

4 inches in length, and contain 4 to 6 deep brown
seeds (Kedam, 2017). According to the literature, all
parts of the M. pruriens plant exhibit therapeutic and
nutritional properties (Sowdhanya et al, 2024).
Conversely, in Mexico, M. pruriens is considered an
invasive plague (CONABIO, 2009). M. pruriens seeds
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are widely used in the Ayurvedic system to treat central
nervous diseases and other medical conditions;
moreover, in several countries, they have been
investigated for their anti-Parkinsonian, antioxidant,
anti-inflammatory, antimicrobial, antihypertensive, and
anti-diabetic properties (Parvatkar et al, 2023;
Sowdhanya et al., 2024). Therefore, M. pruriens seeds
have attracted considerable attention in academic
research due to their nutritional compounds (proteins,
lipids,  minerals,  carbohydrates,  fiber) and
phytochemicals (including non-protein amino acid-
derived L-DOPA, polyphenals, tannins, saponins, and
flavonoids), which demonstrate therapeutic properties
(Pathania et al,, 2020; Yadav et al.,, 2017).

The extraction of bioactive molecules from plant
tissues is an active research area with potential
applications in both cosmetics and pharmaceuticals
(Jitpimai et al,, 2023). The most common methods for
extracting bioactive compounds from M. pruriens
seeds include maceration (Chaudhary, De, Bhadra, &
Mukherjee, 2015; Jitpimai et al, 2023), soaking
(Hajibeglou et al, 2023), boiling (Han, Bae, & An,
2022), Soxhlet extraction (Rachsee et al., 2021), heat
reflux (Nwaoguikpe, Braide, & Ujowundu, 2011), and
decoction (Avalos et al, 2023). However, these
extraction methods used high amounts of solvents
(petroleum ether, methanol, ethanol, and water), long
extraction times (24 — 168 h), and exhibited low-
extraction vyields; moreover, due to these harsh
extraction conditions, bioactive compounds may
degrade or oxidize, affecting their potential biological
properties and applications (Bitwell et al., 2023). On
the other hand, some non-traditional extraction
methods, such as supercritical fluid extraction (Costa et
al,, 2018), microwave-assisted and ultrasound-assisted
extractions (Dhanani et al, 2015) have been
investigated for extracting bioactive compounds from
M. pruriens seeds, because they are environmentally
friendly and sustainable techniques for extracting
bioactive molecules from plant tissues (Sang et al,
2025). In recent years, ultrasonic extraction (20 - 100
kHz) has been studied as a green method for
extracting bioactive compounds from plant materials
(Sayem et al, 2024; Sang et al, 2025). It is based on
the propagation of sound waves in a liquid medium, in
which the implosion of cavitational bubbles disrupts
plant cell walls, facilitating solvent diffusion and
releasing phytochemicals (Dhanani et al,, 2015). This
method offers several advantages, including a short
extraction time, reduced solvent demand, reduced
degradation of bioactive compounds, improved
preservation of biological activity, higher yields, and
lower energy consumption compared to conventional
extraction techniques (Hernandez-Estrada et al,, 2024;
Tesoro et al,, 2022).
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In this context, it has been reported that ultrasonic
extraction (using a 35 kHz ultrasound bath at 480
Watts for 15 min) is sufficient to obtain higher amounts
of phenols and L-DOPA from M. pruriens seeds than
the reflux method, in a shorter processing time.
Nonetheless, the authors suggested that further
research is needed to develop a mathematical model
to optimize the extraction process for higher yields of
bioactive compounds from M. pruriens (Dhanani et al,,
2015). Additionally, Aware et al. (2019) optimized the
ultrasonic  extraction process of flavonoids from
Mucuna  macrocarpa  using  response  surface
methodology, employing an ultrasound bath and
considering the extraction time (5 — 15 min) and
ultrasound power (10 — 30 W) as variables, with water
as the solvent. They reported that ultrasound is more
efficient at extracting bioactive flavonoids from M.
macrocarpa than static or shaking extraction.
Additionally, it is essential to mention that no studies
have been performed on the extraction of flavonoids
from M. pruriens seed powder by ultrasound coupled
with a sonicator probe, where several studies have
reported that ultrasound-assisted extraction using a
sonicator probe is more effective than ultrasound bath
to extract bioactive molecules from plant tissues
(Anaya-Esparza et al., 2023; Chemat et al., 2019).
Nonetheless, it is crucial to recognize that certain
plant-based compounds can be toxic, a multifaceted
issue shaped by factors such as their structural
properties, dosage, and timing of exposure (Bhardwaj
et al,, 2024). In this context, over the last twenty years,
Caenorhabditis elegans has been extensively used as a
model organism in drug discovery and to investigate
the in vivo mechanisms of bioactive compounds. This
invertebrate model is particularly advantageous for
studying the toxicity of phytochemicals from M.
pruriens seeds due to its short life cycle, predictable
development, easy cultivation, and small size
(Rangsinth et al., 2019; Zarroug et al., 2023). Previous
investigations have examined the potential of M.
pruriens seed extracts to inhibit the aggregation of the
alpha-synuclein protein and their neuroprotective
effects in transgenic C. elegans strains (Anjaneyulu et
al, 2020). However, the toxicity of M. pruriens seed
extracts obtained by various extraction methods
remains unexplored in this model. Furthermore, the
existing literature on the ultrasound-assisted extraction
of flavonoids from M. pruriens seeds is limited.
Therefore, this work aimed to evaluated the effect of
ultrasound power (Xup: 80% — 100%), pulse cycle (Xec:
11 = 3:1 s on/off), and extraction time (Xgr: 2 — 6 min)
on flavonoids extraction from M. pruriens seed powder
by ultrasound and compare their effectiveness against
magnetic  stirring,  evaluating  their ~ antioxidant
properties and toxicity against C. elegans.
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2. Methodology

2.1 Details of plant material and reagents

The M. pruriens seeds were purchased from an online
marketplace (Figure 1a). Seeds of uniform size were
carefully chosen, excluding damaged specimens, and
pulverized using an industrial-grade impact mill
(Retsch SR300, Germany). The resulting M. pruriens
seed powder was sifted through a steel mesh screen
(Humboldt, AASHTO M92, IL, USA) to yield a fine
powder of 500 pm (Figure 1b). The seed powder was
stored in polystyrene containers at room temperature
pending analysis. The reagents and solvents used in
this investigation were of analytical or HPLC grade.

Figure 1. Mucuna pruriens seeds (a) and powder seed (b).

Additionally, a structural analysis of the M. pruriens
seed powder was performed using FTIR, with a
spectrometer coupled to attenuated total reflectance
(Agilent Cary 630 FTIR, Australia) at room temperature
and wavelengths ranging from 4000 to 450 cm, with
24 scans and a resolution of 2 cm™. The FTIR spectra
of M. pruriens seed powder is shown in Figure 2, which
is consistent with previous reports for M. pruriens
seeds (see supplementary material, Table S1).

2.2 First phase: Optimization of the ultrasound-
assisted extraction method

2.2.1 Experimental design

The experimental design was formulated using
Statistica version 10 software (StatSoft, Tulsa, OK, USA).
A Box-Behnken design for three coded factors (Xue,
X, and Xe), three levels (<1, 0, +1), and three central
points (15 experimental runs) was implemented to
identify the optimal conditions for ultrasound-assisted
extraction of total flavonoids (Yr4, mg CE/g). The three
independent variables examined were ultrasound
power (Xue, 80%, 90%, and 100%), pulse cycle (Xec, 1:1,
271, and 3:1s on/off intervals), and extraction time (Xg7,
2,4, and 6 min). Extraction runs were performed in a
random sequence to minimize systematic errors.

2.2.2 Ultrasound-assisted extraction

Flavonoids were extracted using an ultrasonic probe (6
mm in diameter) coupled to a high-intensity ultrasonic
processor (XMSJ, PZ-550LI, Zhengzhou City, China)
with an output power of 550 watts and a frequency of
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20 kHz. The process involved mixing 500 mg of M.
pruriens seed powder with 25 mL of acidified ethanol-
water (80:20 v/v, 2% v/v HCl at 2 M) solution (Pérez-
Jiménez et al, 2008). An ice bath maintained a
constant extraction temperature (25 + 2 °C). After
sonication under specific experimental conditions, cold
centrifugation was performed at 4 °C (Hermle Z32HK;
Wehingen, Germany) for 10 min (8000 x g). Then, the
supernatants were gathered and stored at -20 °C for
subsequent analysis.

2.2.3 Determination of total flavonoids

To determine the total flavonoid content, 430 plL of a
5% w/v sodium nitrate solution (Sigma-Aldrich, USA)
was added to a conical tube, mixed with 100 pL of M.
pruriens extract, and incubated for 5 minutes.
Subsequently, 300 pL of 10% aluminum chloride
(Golden-Bell, Mexico) was added, and the mixture was
incubated for an additional minute. Then, 400 uL of
sodium hydroxide (NaOH 1 M) was added and
homogenized using a vortex mixer, and 200 L of the
mixture was placed in a 96-well plate and read at a
wavelength of 490 nm (Khorasani Esmaeili, Mat Taha,
Mohajer, & Banisalam, 2015) in a microplate reader
(ACCURIS  Instruments, SmartReader MR-9600,
Nankin, China). A calibration curve (R2 = 0.999) was
constructed with catechin (Sigma-Aldrich, USA), and
the results were expressed as mg equivalents of
catechin per gram of dry extract (mg QE/qg).

It must be noted that this study was conducted in three
experimental phases, as outlined in Figure 3.
Following the ultrasound extractions, response surface
methodology was employed to identify optimal
ultrasound conditions for extracting total flavonoids
from M. pruriens seed powder. Consequently, a 2"-
order polynomial model incorporating all terms (linear,
quadratic, and interaction) was employed to predict
the response (Equation 1).

n n n
Y:b0+ Z (b[)([) + Z (b[xi) + j;i (bUXIXJ) + &£

V)
Y: is the projected response (total flavonoids), by is
model constant, b; are model coefficients in its linear
form, b; are model coefficients in its quadratic form, by
is the model interaction coefficient, xi and xj stands for
the coded levels of the independent variable
(ultrasound power, pulse cycle, and extraction time),
and € is the experimental error.
The F-ratio was utilized to evaluate model suitability. A
lack-of-fit test was employed to assess the adequacy of
the fitted model. Concurrently, the R-square and R-
adjusted values were examined at a 95% confidence
interval to evaluate model performance.
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Figure 2. FTIR spectra of Mucuna pruriens seed powder.
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2.24 Modeling and optimization of extraction
process parameters

2.2.5 Experimental validation of optimal ultrasound-
assisted extraction

The  optimal  ultrasound-assisted  extraction
conditions (85% ultrasound power, 3:1s on/off pulse
cycle, and 5 min extraction time), obtained through
response surface methodology analysis for total
flavonoids, were experimentally validated to assess
the model's accuracy by comparing predicted and
experimental values.

2.2.6 Statistical analysis

Response surface methodology and analysis of
variance (ANOVA; p < 0.05) were used to analyze
data obtained in the first phase. Tukey's test (o =
0.05) was employed to compare the extraction runs
from the Box-Behnken design (p < 0.05). The results
were analyzed using STATISTICA software version 10
(Statsoft, Tulsa, OK, USA). Data were presented as
means + standard deviation. All experiments
(extractions and measurements) were performed in
triplicate (n=3).

2.3 Second phase: Magnetic stirring extraction
Magnetic stirring extraction was conducted by
mixing 500 mg of M. pruriens seed powder with 25
mL of acidified ethanol-water (80:20 v/v with 2% v/v
HCI at 2M) solution (Pérez-Jiménez et al., 2008) in
an amber glass bottle and agitated at room
temperature (25 °C) at 400 rpm for 60 min, using a
magnetic  stirrer  (Thermo  Fisher  Scientific,
Cimarec+, SP88857100, MA, USA), followed by cold
centrifugation at 4 °C (8000xg) for 10 min. The
supernatants were gathered and stored at -20 °C
for further analysis.

2.4 Third phase: Comparison of extraction methods
in vitro and in vivo

2.4.1 Determination of total flavonoids

The extracts obtained from previous sections (2.2.5
and 2.3) were used to quantify the total flavonoid
content, following the method described in Section
2.2.3. The efficacy of ultrasound-assisted extraction
was evaluated using Equation (2), with total
flavonoid content as the response variable (Aguilar-

Hernandez et al., 2019).
Effectiveness (n-times)=
Total flavonoids by UAE (g)

Total flavonoids by conventional extraction (g)

@

2.4.2 Antioxidant capacity by ABTS, DPPH, and
FRAP

The extracts obtained from the previous sections
(2.2.5 and 2.3) were used to assess the antioxidant
capacity of M. pruriens seed extracts (ABTS, DPPH,
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and FRAP). For assessing DPPHe radical (2,2-
diphenyl-1-picrylhydrazyl) scavenging activity, a 96-
well plate was used, where 260 uL of DPPH solution
(Sigma Aldrich, USA) at 190 uM was mixed with 40
L of the M. pruriens seed extract. This mixture was
then incubated with agitation (200 rpm) for 30 min
in the dark. Subsequently, the absorbance was
measured at 517 nm using a plate reader A
calibration curve (R? = 0.992) was generated using
the Trolox standard (Sigma-Aldrich, USA), and the
results were reported as millimoles of Trolox
equivalents per gram (mmol TE/g) (Prior et al.,
2005). The DPPH reagent was mixed with methanol
and prepared 15 min before use.

To evaluate the ABTSe+ [2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)] radical scav-
enging capacity, 35 pL of the extract was combined
with 265 plL of ABTS solution (Sigma Aldrich, USA)
in a 96-well plate. The mixture was then shaken at
200 rpm in the dark for 10 min. The absorbance was
recorded at 734 nm using a plate reader. A calibra-
tion curve (R? = 0.999) was constructed with the
Trolox standard (Sigma-Aldrich, USA), and the
results were reported as millimole Trolox equivalent
per gram (mmol TE/g) (Re et al., 1999). The ABTSe*
solution was made by mixing ABTS reagent (7 mM)
and potassium persulfate buffer (245 mM)
overnight (16 h) and diluted with phosphate buffer
(pH 7.4) to an absorbance of 0.7+0.02 at 734 in a
UV-Vis spectrophotometer (UV-5100PC, Shangai
Metash Instruments CO, LTD, China).

To conduct the FRAP (Ferric Reducing Antioxidant
Power) assay, 264 uL of FRAP solution, 36 pL of
extract, and 9 plL of distilled water were mixed in a
test tube. This mixture was shaken (200 rpm) in the
dark (30 min). Then the absorbance (595 nm) was
measured in a plate reader, using 200 pL of the mix-
ture added to a 96-well plate (Benzie & Strain,
1996). A calibration curve (R? = 0.997) was
constructed using a Trolox standard (Sigma-Aldrich,
USA), and results were expressed as millimole Trolox
equivalent per gram (mmol TE/g). The FRAP
solution consisted of acetate buffer (0.3 M, pH 3.6),
FeCl; (20 mM), and TPTZ (2,4,6-tris(2-pyridyl)
triazine; 10 mM) at a 10:1:1 volume ratio.

2.4.3 High-Performance Liquid Chromatography
(HPLC) analysis

To identify phenolic compounds in M. pruriens seed
extracts obtained under optimal ultrasound-assisted
extraction conditions and magnetic stirring extrac-
tion, HPLC analysis was performed using the method
of Aguilar-Hernédndez et al. (2019). The ethanolic
extracts were evaporated to dryness at room
temperature and redissolved into T mL of acidified
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water containing 2% acetic acid (v/v). Then, it was
filtered through 0.22 pum membrane filters and
injected (30 pL) into an HPLC system (Agilent
Technologies 1260 Infinity, Waldbronn, Germany-
equipp) equipped with a photodiode array detector
and a C18 reverse-phase column (250 mm long, 4.6
mm in diameter, 5 um particle size; Thermo Scientific,
Sunnyvale, CA, USA). The mobile phase consisted of
acidified water (2% acetic acid), designated as eluent
A, and a mixture of acidified water (0.5% acetic acid)
and methanol, designated as eluent B. The samples
and standards underwent analysis through a
gradient program starting 0% B (0 - 35 min),
following to 35% B (35 - 55 min), and increasing to
75% B (55 - 60 min), and 100% B (60 - 70 min), and
returning to 0% B, all at a flow rate of 0.4 mL/min.
The peak areas were detected at 280 and 320 nm.
Quantification of flavonoid acids was performed
using a calibration curve of standards ranging from
0.5 to 300 pg/mL, expressed in ug/100 g.

2.4.4 Toxicity against C. elegans

The toxicity of M. pruriens seed extract was assessed
using C. elegans N2 wild-type nematodes obtained
from the Caenorhabditis Genetics Center (CGC,
Minnesota, USA). Experiments were performed on
1-day adult age-synchronized worms, following
standard methods. The nematodes were grown at
20 °C on Petri dishes containing nematode growth
medium and Escherichia coli OP50 bacteria as their
food supply (Gallegos-Saucedo et al, 2020). To
assess toxicity, 10 age-synchronized N2 nematodes
were transferred into 96-well  microplates
containing M9 culture medium and varying
concentrations of M. pruriens seed extract (50 -
1000 pg/ml), prepared by ultrasound-assisted

Table 1
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extraction with magnetic stirring. Subsequently, the
nematodes were incubated at 20 °C for 24 h. For
the negative control, nematodes were incubated in
M9 culture medium. Following the incubation
period, nematode viability was evaluated by
assessing their sensitivity to tactile stimuli using a
platinum wire. The results of three independent
assays, each conducted in triplicate, were averaged
(Leite et al., 2020).

2.4.4 Statistical analysis

Total flavonoids, DPPH, ABTS, FRAP and HPLC
analysis data were examined using a Student T-test
(o = 0.05), using STATISTICA software version 10
(Statsoft, Tulsa, OK, USA). On the other hand, for the
toxicity test, data were analyzed using a one-way
ANOVA (p < 0.05; p < 0.01; p < 0.001; p < 0.0001)
with Dunnett’s multiple comparison test performed
using GraphPad Prism software v.8.0.1 (GraphPad
Software, Inc, San Diego, CA, USA). Data were
presented as means + standard deviation. All
experiments (extractions and measurements) were
performed in triplicate (n = 3).

3. Results and discussion

3.1 Ultrasonic extraction of flavonoids from Mucuna
pruriens seed powder

Some studies have reported that M. pruriens seeds
contain phenolic acids and flavonoids (Aware et al.,
2019; Nwaoguikpe et al.,, 2011). Table 1 presents the
experimental runs, including the predicted and ex-
perimental values of total flavonoids, along with
their relative error. The results showed statistically
significant differences in ultrasound-assisted extrac-
tion of flavonoids across different experimental
conditions (p < 0.05).

Box-Behnken design, observed and estimated values of total flavonoids, and the error rate following ultrasonic extraction from Mucuna

pruriens seed powder

Run Predictors’ Response variables Relative error
Xup (%) Xpc (s on/off) Xer (min) Experimental FLA? Predicted FLA3 (%)
1 90 31 2 76.42 + 1.28ab 76.00 0.55
2 90 31 6 7519 £ 0.21b 7534 -0.19
3 90 211 4 70.65 + 0.53de 70.33 0.45
4 100 2:1 6 77.03 £ 0.21a 76.88 0.19
5 90 11 6 72.79 £ 0.09¢c 72.94 -0.20
6 90 211 4 70.12 £ 0.12e 70.28 -022
7 90 211 2 68.07 + 0.21f 69.07 —1.44
8 80 31 4 76.48 + 0.42ab 76.63 -0.19
9 80 11 4 65.55 + 0.12h 65.70 -0.22
10 80 211 6 71.88 + 0.53cd 773 0.20
1 100 11 4 72.47 + 0.53c 72.59 -0.16
12 80 211 2 66.61 + 0.42gh 66.46 0.22
13 100 31 4 67.41 + 0.32fg 67.53 -0.17
14 90 2:1 4 70.71 + 0.40de 70.33 0.54
15 90 11 2 66.67 + 0.12fgh 66.25 0.63

All values are means + standard deviation (n = 3). Different letters in the column indicate statistically significant differences between
treatments, as determined by the Tukey test (o = 0.05). Xgr: Extraction time; Xpc: Pulse cycle; Xyp: Ultrasound power; FLA: Total flavonoids
(mg CE/g dry basis). 'Catechin equivalent; ?Values were predicted using a 2"%-order polynomic equation, R? = 0.9889.
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The highest total flavonoid content was achieved at
100% ultrasound power, a 2:1 s on/off pulse cycle,
and 6 min of extraction time (77.03 mg CE/g) or at
80% ultrasound power, 3:1s on/off pulse cycle, and
4 min of extraction time (76.48 mg CE/g).
Ultrasound power and pulse cycle influence total
flavonoid outcomes, but they are also affected by
the pulse cycle. These values are higher than those
reported for recovering flavonoids from M. pruriens
seed powder soaked during 24 h (42 mg/g) or
boiled to 98 °C for 60 min (35 mg/g) (Nwaoguikpe
et al., 201).

The effectiveness of ultrasound-assisted extraction
is due to the cavitation phenomenon (microbubble
implosion and microjets), which enhances flavonoid
extraction and recovery by breaking down plant cell
walls and allowing better solvent penetration into
plant material (Vinatoru et al., 2017). Moreover, the
pulsed mode of ultrasound may reduce the
formation of cavitation bubbles but enhance
bubble collapse strength (Kumar & Srinivasa Rao,
2020). In contrast, extraction time is a critical
parameter in UAE, as prolonged extraction times
may degrade bioactive compounds (Albarri &
Sahin, 2023; Hosseini et al, 2019). Therefore,
achieving an optimal balance between extraction
time and pulse cycle is crucial. It has been observed
that shorter extraction times necessitate higher duty
cycles to quickly break down cell walls; however,
these effects are influenced by the matrix
composition (Kobus et al., 2022). Some studies have
demonstrated that ultrasound-assisted extraction is
a viable alternative to efficiently extract L-DOPA
from M. pruriens seeds (Tesoro et al., 2022) and
flavonoids from seeds of other Mucuna species,
such as M. macrocarpa (Aware et al., 2019).

3.2 Response surface methodology analysis for
flavonoids from Mucuna pruriens seed powder

Response surface method was used to establish the
optimal ultrasound-assisted extraction conditions
for the recovery of flavonoids from M. pruriens seed
powder. The statistically significant effects of the
independent variables (Xup, Xpc, and Xer) on the
UAE of FLAs were evaluated by analysis of variance
(ANOVA) at a 95% confidence level (p < 0.05)
(Table S2). The statistical analysis reveals that all
independent variables were significant (p < 0.05),
except for Xpc? (p > 0.05). Furthermore, the lack of
significant values (p > 0.05) in the ANOVA
suggested that the proposed model is not
significant for total flavonoid extraction, indicating
good predictive capabilities (Rheem, 2023).
Furthermore, the high determination coefficient (R?
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= 0.9889) indicated strong agreement between
experimental and predicted observations, with
errors below 2% (Table 1). Aware et al. (2019)
reported that during the ultrasound-assisted
extraction of flavonoids from Mucuna macrocarpa
beans, the extraction time and ultrasonic power
were significant (p < 0.05) in the ANOVA model;
however, the interactive effect of extraction time
and ultrasonic power was non-significant (p > 0.05).
Moreover, the authors reported that ANOVA
models for flavonoids exhibited a non-significant
lack-of-fit (p-value: 0.0764) and a determination
coefficient of 0.9856. Several studies have shown
that in the optimization of ultrasound-assisted
processes for extracting bioactive compounds from
plant sources, specific components of the ANOVA
model may be statistically insignificant without
compromising the model's predictive capabilities
(Fernandez-Barbero et al, 2019, Hernédndez-
Estrada et al., 2024; Rashad et al., 2023).

The mathematical model (Equation 3) for total
flavonoids was constructed using the estimated
regression coefficients, with statistically
nonsignificant (p > 0.05) coefficients omitted to
improve the model's predictive power (Table S3), as
suggested by Jabbar et al. (2015). The polynomial
model exhibited a determination coefficient greater
than 0.97, indicating strong agreement between the
predicted and experimental data. This aligns with
findings from diverse studies that applied
ultrasound-assisted extraction to recover bioactive
compounds from plant materials, reporting
determination coefficient values ranging from 0.85
to 0.99 (Anaya-Esparza et al, 2018; Hernéandez-
Estrada et al., 2024; Jabbar et al., 2015).

Total flavonoids (mg CE/g; R°= 0.9759) = -193.03 +
5.20Xup — 0.02Xur” — 84.58Xp” + 181X’ + 0.15Xup*Xpc —
0.10Xus”*Xp? =0.002Xus”*Xe — 2.73Xup*Xer + 0.01IXusXer
= 0.92Xec*Xer (3)

The interactive effects of independent variables
(Xue, Xpc, and Xer) on the total flavonoid content in
M. pruriens seed powder are illustrated by elliptical
response surface plots (Figure 4a, b, and ¢). These
plots help visualize the optimal region for
maximizing flavonoid recovery. The findings
indicate that ultrasound-assisted extraction of
flavonoids from M. pruriens seed powder occurred
under all experimental conditions, regardless of
ultrasound power, pulse cycle, or extraction time.
For a 11 s on/off pulse cycle, extracting high
flavonoid content requires 100% ultrasound power
for at least 6 min (Figure 4a). With a 2:1 s on/off
pulse cycle, the maximum flavonoid content can be
obtained by using 100% ultrasound power for 6 min
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(Figure 4b). In contrast, a 3:1 s on/off pulse cycle
demands 80% — 85% of ultrasound power for 6 min
to achieve a high flavonoid recovery content
(Figure 4c). According to Albarri & Sahin (2024), the
extraction time and ultrasonic power significantly
influenced the recovery vyield of phenolic
compounds extracted from Moringa oleifera leaves
by ultrasound. Furthermore, the effect of extraction
time and ultrasound power on the ultrasound-
assisted extraction process is dependent on the
pulse cycle, which reduces the number of cavitation
bubbles but enhances the intensity of bubble
collapse (Kumar & Srinivasa Rao, 2020). Moreover,
it has been indicated that the pulse cycle
significantly influences bubble formation (growth
and implosion) during cavitation, enhancing or
affecting the extraction process (Anaya-Esparza,
Ramos-Aguirre, Zamora-Gasga, Yahia, & Montalvo-
Gonzalez, 2018).

a)At 1:1 s on/off pulse cycle

SRR

Total flavonoids
(mg CE/g DW)

Total flavonoids
(mg CE/g DW)
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Additionally, the Pareto Chart at a 95% confidence
level shows the effects of the linear, quadratic, and
interaction terms of the independent variables on
the extraction of flavonoids by ultrasound (Figure
4f). The most critical parameters for extracting fla-
vonoids from M. pruriens seed powder by ultra-
sound were the interactive effect of XUP*XPC (neg-
ative effect), followed by Xer and Xpc (positive ef-
fects). It has been reported that adequate extraction
time and ultrasound pulse cycle settings can pro-
mote bubble formation during cavitation, thereby
enhancing cellular disruption and compound
extraction. Furthermore, pulsed ultrasound mode
applied during the extraction process allows for
better control of temperature (reduced thermal
gradients) and facilitates the release of phenolic
compounds (Kumar & Srinivasa Rao, 2020).

b) At 2:1 s on/off pulse cycle
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Figure 4. Response surface plots (a,b,c) and Pareto (d) Chart indicating the effect of ultrasonic extraction on the total flavonoids content
from Mucuna pruriens seed powder at 1:1, 2.1, and 3:1 second on/off pulse cycle, respectively. Xgr: Extraction time; Xpc: Pulse cycle; Xup:
Ultrasonic power.
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3.3 Validation of the ultrasonic-assisted extraction
conditions for flavonoids from Mucuna pruriens
seed powder and comparison with magnetic
stirring extraction

The optimal ultrasound conditions for extracting
total flavonoids from M. pruriens seed powder were
85% ultrasound power and a 3:1 s-on/s-off pulse
cycle for 5 min, yielding a predicted flavonoid
content of 71.41-81.19 mg CE/g. These conditions
were experimentally validated (Table 2). The
experimental result (77.30 mg CE/g) showed strong
concordance with the predicted result (76.25 mg
CE/qg), confirming the adequacy and robustness of
the fitted model for response. Additionally, the
effectiveness of this optimal ultrasound-assisted
extraction was compared with the conventional
magnetic stirring extraction method. The total
flavonoid  content  when  ultrasound-assisted
extraction was applied (77.30 mg CE/g) was 1.27
times higher than magnetic stirring extraction
(60.92 mg CE/g, p < 0.05). However, the ultrasound
process exhibited a 90% reduction in time
compared to magnetic stirring extraction.

3.4 Antioxidant activity

Regarding  antioxidant  activity,  significant
differences were observed among extraction
methods for DPPH, ABTS, and FRAP (p < 0.05)
(Table 2). Significant differences in DPPH antioxidant
activity were observed between ultrasound-assisted
extraction (323.51 mmol TE/g) and magnetic stirring
(294.13 mmol TE/qg). For ABTS, the UAE (262.95
mmol TE/q) exhibited the lowest value compared to
magnetic stirring (266.44 mmol TE/g) (p < 0.05). In
contrast, the ultrasound-assisted extraction showed
the highest FRAP activity (259.07 mmol TE/g)
compared to magnetic stirring extraction (164.12
mmol TE/g) (p < 0.05). It has been reported that the
antioxidant activity measured by DPPH and ABTS
assays from Justicia spicigera extracts obtained by
ultrasound-assisted extraction did not exhibit
significant differences (p > 0.05) compared to
magnetic stirring but differed significantly from
thermal decoction extraction (p < 0.05) (Anaya-
Esparza et al., 2018).

Ramirez-Contreras

A 2020 study conducted by Jimoh et al. (2020)
observed that the extract derived from M. pruriens
seeds, at a concentration of 0.01 mg/mL, has the
capacity to inhibit approximately 80% of the DPPH
radical, with a value higher than that of rutin (ap-
proximately 60%). In another study, values ranging
from 29.28 to 123.43 mmol TE/g were reported for
this radical-linked activity in extracts from the pods
of Mucuna pruriens (including the seeds) (Avalos et
al., 2023). Meanwhile, for the ABTS radical, it has
been demonstrated that a concentration of 0.04
mg/mL of ethanolic extract from M. pruriens seeds
can inhibit nearly 100% of the radical (Jimoh et al.,
2020). Additionally, it has also been shown that the
M. pruriens seeds extract possesses good activity in
reducing the activity of ferric ions (0.66 mg
FeSO4/mg extract) compared to other standard an-
tioxidant compounds such as gallic acid and Trolox
(mean values of 0.36 and 0.55 mg FeSOs/mg,
respectively) (Chookiat et al., 2024). Therefore, by
contrasting the findings of this study with those pre-
viously conducted by other authors, it is suggested,
as proposed by Iftikar et al. (2020) that the bioactive
compounds present in M. pruriens seeds exhibit an-
tagonistic, neutral, or synergistic effects, which in-
fluenced the response in radical activity, as well as
in the antioxidant mechanism (via electron transfer-
ence, electron donation, or chelating metals).

3.5 HPLC analysis of M. pruriens seed powder
extracts

Regarding HPLC analysis, gallocatechin, epicate-
chin, and epigallocatechin were identified as the fla-
vonoids in M. pruriens seed extracts obtained using
an optimal ultrasound-assisted extraction and mag-
netic stirring method (Table 3). Under ultrasound-
assisted extraction, gallocatechin was the most
abundant flavonoid extracted (36,664 ug/100 g) fol-
lowed by epigallocatechin (7869 ug/100 g), and epi-
catechin (1206 ug/100 g), whereas under magnetic
stirring, similar pattern was observed, but in lower
contents (p < 0.05) for all identified flavonoids
(gallocatechin: 3257 ug/100 g; epigallocatechin:
1749 pg/100 g, and epicatechin: 318 pg/100 g).

Table 2

Comparison of experimentally optimal ultrasound-assisted extraction conditions with the magnetic stirring extraction method
Parameter UAE 2MS
Total flavonoids (mg CE/g) 7730 + 0.65a 60.92 + 0.44b

DPPH (mmol TE/g)
ABTS (mmol TE/g)
FRAP (mmol TE/q)
Effectiveness (n-times 'UAE vs. MS) 1.27

32351+ 0.35a

262.95 + 0.17b
259.07 + 0.47a

294.13 + 0.74b
266.44 + 0.29a
164.19 + 0.31b

All values are means + standard deviation (n = 3). Different letters on each line indicate statistically significant differences in extraction
methods by Student's T-test (o = 0.05). 'UAE: Ultrasound-assisted extraction conditions at 85% ultrasound power, 3:1's on/off pulse cycle,
and 5 min extraction time. °MS: Magnetic stirring at 400 rpm for 60 min. *Effectiveness was calculated considering the total flavonoid

content for ultrasound extraction.
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Table 3

Ramirez-Contreras

Comparison of the flavonoid compound profile of M. pruriens seeds using conventional and ultrasound extraction

Identified flavonoids (ug/ 100 g)

UAE Conventional extraction

Gallocatechin
Epicatechin
Epigallocatechin

36664.88 + 750.92°
1206.03 + 20.97¢
7869.03 + 1046.58°

3257.91 + 170.92°
318.05 + 15.65°
1749.39 + 58.79°

Data are expressed as mean + SD (n = 3). Different lowercase letters indicate significant statistical differences between treatments by
Student T-test (o = 0.05) (p < 0.05). UAE: Ultrasound-assisted extraction using optimal extraction conditions.

Notably, the vyield of gallocatechin was approxi-
mately 11 times higher with ultrasound-assisted
extraction than with magnetic stirring extraction.
Moreover, the extraction yields of epigallocatechin
and epicatechin were 4.5 and 3.7 times higher,
respectively, with ultrasound-assisted extraction
than with magnetic stirring. Several studies have
demonstrated that cavitation bubbles generated by
the high-frequency ultrasound can disrupt the cell
walls of various plant matrices, thereby enhancing
the release of these compounds (Xiang et al., 2024).
In a previous study, different flavonoids were
identified in Mucuna pruriens seeds from methanol
acidified with formic acid 1%, such as catechin
(37000 pg/100g), epicatechin (31000 pg/100g), rutin
(362000 pg/100g), quercetin (587000 pg/100g),
kaempferol (73000 ug/100g), and luteolin (295000
1g/100g) (Adefegha et al., 2017). Additionally, it has
been reported that the presence of catechin (57800
1g/100g), quercetin 3-glucoside (13000 ug/100g),
and kaempferol 3-glucoside (19300 pg/100g) in M.
pruriens seeds, using methanol as solvent (Tavares
et al., 2020). Therefore, although previous studies
have identified compounds related to gallocate-
chin, such as catechin and epicatechin, no study to
date has quantified this flavonoid and epigallocate-
chin in the M. pruriens seeds. Gallocatechin
comprises two components, a flavan-3-ol structure
and a galloyl group. The biosynthesis of flavan-3-
ols and other flavonoid compounds, such as
epicatechin and epigallocatechin, occurs via the
primary shikimic acid-phenylpropanoid-flavonoid
pathway and involves four main derivatization
reactions, including hydroxylation, glycosylation,
acylation, and polyphenol condensation reactions
(Jiang et al, 2025). Catechins are a class of
flavonoids characterized by their diverse biological
activities, including  antimicrobial,  antifungal,
anticarcinogenic, and neuroprotective  effects,
which are attributed to their unique chemical
structure (Bae et al., 2020; Mita et al., 2024; Molina-
Hernandez et al., 2022). Furthermore, due to this
property, these compounds have been utilized in
the cosmetics industry, as they provide protection
against UV-induced effects and exhibit anti-
inflammatory  activity (Mita et al, 2024).
Additionally, during HPLC analysis, we detected a

signal not identified by any of our standards, with a
retention time exceeding 5 min (Figure 5).
Intharuksa et al. (2023) identified L-DOPA by HPLC
in M. pruriens seeds and in other Mucuna species,
with a retention time of approximately 5 min. Thus,
based on the literature, we hypothesize that this
signal may be attributable to L-DOPA (Intharuksa et
al., 2023; Rima et al.,, 2023; Vilairat et al., 2023).
The seeds of M. pruriens are known for their high L-
DOPA content. L-DOPA plays a crucial role as a pre-
cursor to the neurotransmitter dopamine. Unlike
externally administered dopamine, which cannot
cross the blood-brain barrier, L-DOPA can. This
characteristic makes L-DOPA an important thera-
peutic option for neurodegenerative disorders such
as Parkinson's disease, in which dopamine levels
within neurons are reduced (Ndayiragije et al.,
2024). Moreover, L-DOPA exhibits antioxidant
properties, which are advantageous in treating
conditions such as cancer, aging, cardiovascular,
neurodegenerative, and inflammatory diseases
(Yadav et al., 2023). Furthermore, in this study, we
identified  several phenolic acids, including
protocatechuic  acid,  caffeic  acid,  3,4-
dihydroxyphenylacetic acid, and neochlorogenic
acid, in extracts obtained by both methods (data
not shown). Some of these phenolic compounds
are consistent with those previously reported in
other studies; specifically, chlorogenic acid, caffeic
acid, and gallic acid have been identified in M.
pruriens seed extracts (Adefegha et al, 2017;
Tavares et al.,, 2020).

3.6 Effect of Mucuna pruriens seed extracts on C.
elegans worm mortality

Plant-derived products play a crucial role in
enhancing human health and preventing diseases.
However, high-dose, prolonged consumption of
nutraceuticals may lead to adverse effects
(Taroncher et al,, 2021). The invertebrate model C.
elegans is commonly employed to investigate the
toxicological and pharmacological effects of various
substances, including M. pruriens. In this study, a
dose-dependent reduction in survival was noted
following 24 h of exposure to M. pruriens seed ex-
tract (Figure 6). For the extract obtained by
ultrasound, the groups of worms exposed to doses
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ranging from 100 to 1000 pug/mL showed statistically
significant differences compared with the control
group maintained in M9 medium (Figure 6a). Simi-
larly, for the extract obtained via magnetic stirring,
the groups of worms exposed to doses ranging
from 100 to 1000 pg/mL also showed statistically
significant differences compared with the control
group in M9 (Figure 6b). In both cases, lower worm
survival was observed at higher concentrations of
M. pruriens extracts, regardless of the extraction
method.

The LCspvalues for both extracts were 143.65 ug/mL
for the M. pruriens extract obtained by the ultra-
sound method and 132.18 ug/mL for the extract ob-
tained under magnetic stirring (Table S4). Other
studies have documented the anthelmintic proper-
ties of plant extracts, compared with approved
pharmacological treatments for infections, such as
levamisole, when administered to this nematode
(Katiki et al., 2013; Widaad et al., 2022). In this
context, LCso values of 73 mg/mL, 0.65 mg/mL, 1.03
mg/mL, and 2.14 mg/mL have been established fol-
lowing the administration of extracts from Leucaena
leucocephala, Rhus typhina, Acer rubrum, and Rosa
multiflora, respectively. In contrast, a concentration

mAU
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of 8 mg/mL of levamisole is entirely lethal for this
organism. These observations suggest that the
extract of M. pruriens seeds may be a promising
candidate for anthelmintic activity compared with
other plant extracts. However, the harmful effects
that might result from ingesting this plant could be
attributed to the consumption of high doses of anti-
nutritional compounds, such as L-DOPA; moreover,
the intake of substantial quantities of M. pruriens
seeds, can result in adverse effects, including
digestive and neurological disorders in humans
(Kulkarni et al., 2025; Maillot, Schmitt, & Marteau,
2022). Our findings suggest a promising safety
margin for future pharmacological and toxicological
evaluations of M. pruriens seed powder in other
animal models, including vertebrates such as mice,
given the strong correlation between the LCso value
in C. elegans and the LDsq in murine models (Gao
et al.,, 2018). Moreover, further studies that conduct
a more thorough toxicity assessment, including
stress response evaluation, differentiation potential
assessment, and gene expression analysis, would
enhance our confidence in its safety profile and
provide a more detailed understanding of the seed
effects.
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Figure 5. Chromatograms of ultrasound-assisted extraction (a) and magnetic stirring extraction (b) of Mucuna pruriens seeds.
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b)
MS extraction (24 h)
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Figure 6. Toxicity of Mucuna pruriens seed powder from UAE and MS extraction. (a) The percentage of C. elegans mortality in MSPS from
UAE extraction. (b) The percentage of C. elegans mortality from MS extraction. Data is presented as means + SD and is compared to the
M9 buffer as the negative control. Statistical significance was performed using a one-way ANOVA with Dunnett's multiple comparison test
and is denoted by asterisks. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. n = 30 worms.

4. Conclusions

Mucuna pruriens seeds are extensively studied and
utilized for their medicinal properties. Conse-
quently, developing effective extraction techniques
to enhance the yield of bioactive compounds from
M. pruriens seed powder is a current research focus.
This study assessed various ultrasound-assisted ex-
traction parameters (ultrasound power, pulse cycle,
and extraction duration) to maximize flavonoid
recovery from M. pruriens seeds and successfully
optimized them using response surface methodol-
ogy. The predictive model was fitted to a 2nd-order
polynomial equation, with the interaction effect of
ultrasound power and pulse cycle being the most
influential. The optimal ultrasound-assisted extrac-
tion conditions (85% ultrasound power, 3:1 s on/off
pulse cycle, and 5 min extraction time) yielded a
1.27-fold higher total flavonoid content with
antioxidant properties compared to the magnetic
stirring method, in 90% less time. Additionally, we
examined both extraction methods using the
nematode C. elegans to assess the toxicological
impact of M. pruriens seeds. In both scenarios,
concentrations between 100 and 1000 pg/mL
significantly affected the survivability of C. elegans.
This research underscores the application of
ultrasound as a favorable alternative for extracting
flavonoids  from M. pruriens seeds. These
compounds show considerable potential for

therapeutic,  pharmaceutical, and  cosmetic
applications. Additional research is necessary to
evaluate the potential biological properties of M.
pruriens seed extracts and assess their toxicological
effects on other in vivo models.
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