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Malva sylvestris is a medicinal herb recognized for its abundant antioxidants and phenolic
compounds, which play a key role in its beneficial health effects. The study optimized the
ultrasound-assisted extraction (UAE) of phenolic compounds from Malva sylvestris leaves using
response surface methodology (RSM). Extraction parameters including time (10-30 min), solvent-
to-solid ratio (50-250 mL/g), and ethanol concentration (0—100%) were investigated. The highest
total phenolic content (TPC: 260.404 + 19.450 mg GAE/L) was obtained at 20 min, 250 mL/g, and
100% ethanol, while the highest antioxidant activity (AOA: 78.964 + 0.564%) was achieved at 20
min, 50 mL/g, and 0% ethanol. The UAE process was optimized to maximize TPC and AOA under
the following conditions: 100% ethanol, 250 mL/g solvent to solid ratio, 20 min extraction time,
50% ultrasonic power, and 45 °C. Under these conditions, the predicted TPC was 240.55 mg
GAE/L, closely matching the experimental value of 242.47 + 2.18 mg GAE/L (RMSE: 0.624).
Similarly, the predicted AOA was 64.92%, while the experimental value was 63.66 + 2.82%
(RMSE: 0.771), confirming model accuracy.
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Introduction

Plants are a valuable source of bioactive compounds
with a range of applications. The isolation of these
compounds from plants is vital due to their potential use as
functional ingredients in food products. These compounds
can provide health benefits (Zbik et al., 2023).

Plant foods contain four main polyphenol groups
(flavonoids, stilbenes, lignins and phenolic acids) and offer
many health benefits thanks to their antioxidant capacity.
These compounds prevent diseases associated with
oxidative stress, e.g. cancer and diabetes, by eliminating
free radicals and reactive oxygen species (Shi et al., 2022).
The antioxidant capacity of plants is one of the most widely
studied biological properties in the field of food and health
(Amigo-Benavent et al., 2014). Antioxidants, which
scavenge free radicals and active oxygen species, are found
in fruits, vegetables and plants (Akbari et al., 2022).

The plant known as ‘“common mallow” (Malva
sylvestris L.) has different names, including ‘Panirak”,
“Khabazi”, “Tole” in Iran, “Malva” or “Marva” in Italy,
“Malva” in Portugal, and “Ebegumeci” or “Komecotu” in
Turkey (Tabaraki et al., 2012). Malva sylvestris (MS) is used
in folk medicine for a number of purposes. Although most
plants exhibit therapeutic properties, the pharmacological

This work is licensed under Creative Commons Attribution 4.0 International License

effects of malva are generally attributed to its leaves and
flowers, mainly because of the presence of some flavonoids
and mucilages in these parts (Mousavi et al., 2021). MS is
rich in phytochemicals and is traditionally used to treat
various conditions, with its extract showing anticancer, anti-
inflammatory, antioxidant, and antimicrobial properties,
which arise from the presence of compounds such as
flavonoids (including flavonols), mucilage, and folic acid
that contribute to its antioxidant, antiviral, and
pharmacological activities (Batiha et al., 2023; Irfan et al.,
2021). The total phenolic content (TPC) and antioxidant
activity (AOA) of Malva sylvestris have been investigated
in various studies employing different extraction techniques,
including methanol extraction followed by column
chromatography (CC), ultrasound-assisted extraction (UAE)
and agitated bed extraction (ABE), methanol extraction, and
exhaustive maceration methods, respectively (Bimakr et al.,
2017; Irfan et al., 2021; Mohajer et al., 2016; Shadid et al.,
2021). Who also performed UAE of MS, reported that under
optimal conditions (48 °C, 110 W, 48.77 min) the DPPH
scavenging activity and TPC were 71.12 + 0.15% and
152.25 £ 0.14 mg GAE/g, respectively. In the present study,
however, the optimal conditions for DPPH scavenging (45
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°C, 50 W, 20 min) resulted in a higher DPPH activity of
77.768 +3.257% and a TPC of 260.404 + 9.450 mg GAE/L
(Bimakr et al., 2017).

Bioactive components in plants are valuable and
extracting them is important for industries like
bioengineering and pharmaceuticals and the extraction is a
key step in the production process. The technology used
affects consumption, product quality and yield. Therefore,
choosing and optimizing the extraction process is
important for efficiency and quality (Shen et al., 2023).
Recently, new non-thermal extraction techniques have
been developed. One of these techniques, UAE, is
considered by the Environmental Protection Agency, USA
(EPA) to comply with green chemistry principles (Azmir
et al.,, 2013; United States Environmental Protection
Agency, n.d.). UAE is an innovative technique used to
obtain bioactive components from plant materials. UAE
works by using sound waves at frequencies above 20 kHz
to create cycles of expansion and compression in liquid
media. This leads to the formation of bubbles which
collapse, creating high-speed liquid jets. The jets break
down cell walls and release their contents (Wang & Weller,
2006). UAE has been observed to increase extraction rate,
reduce processing time and provide higher yields. This
technique has great potential for efficient and sustainable
extraction of bioactive components in the food industry
(Vilkhu et al., 2008). The efficiency of the method depends
on several factors, including extraction time, temperature,
ultrasonic power, solvent to solid ratio and solvent type.
With UAE, solvents such as ethanol, other alcohols and
their solutions are usually used (Carpentieri et al., 2021).
Several studies were reported the effective use of ethanol
and water mixtures in UAE for extracting polyphenols, and
antioxidants from various plant sources (Ameer et al.,
2022; Paleologou et al., 2016). Ethanol was selected as the
extraction solvent due to its multiple advantages in the
extraction of bioactive compounds from plant materials.
It’s a food-grade solvent approved as safe (GRAS) by the
FDA (Food and Drug Administration), making it suitable
for use on food and nutraceutical products (Ameer et al.,
2022). By mathematically optimizing these parameters,
UAE achieves higher extraction yields and improved
process efficiency, establishing it as a preferred method for
obtaining biologically active compounds (Syahir et al.,
2020).

The extraction yield depends on many factors. There is
no one best way to extract bioactive compounds from
different plants. This means it is essential to optimize for
each type of plant. Traditional single-variable methods are
labour-intensive and do not show interactions between
variables. Response Surface Methodology (RSM) is a
multivariate statistical tool that allows the evaluation of
interactions with fewer experimental runs. RSM has been
widely applied to optimize the extraction of many
compounds from plants (Pandey et al., 2018). It employs
mathematical and statistical analysis to predict the
behavior of data sets based on the available information.
Prior to the implementation of RSM, it is essential to select
an experimental design that delineates the experimental
region and determines the experiments to be conducted. If
the data set is non-linear, a quadratic experimental design
such as a three-level factorial, Box-Behnken design
(BBD), central composite or Doehlert design should be

used (Bezerra et al., 2008). In the present study, the BBD
was utilized for the purpose of evaluating the extraction
efficiency of UAE.

The present study used response RSM to optimize
extraction of polyphenolic compounds from MS.
Operating UAE variables (ethanol ratio, solvent to solid
ratio and extraction time) affect TPC and AOA of bioactive
compounds. These were evaluated and optimized using a
RSM employing a three-variable, three-level BBD. The
combination of UAE and RSM for the extraction of
polyphenolic compounds from MS has been scarcely
investigated, with only one study reported to date Bimakr
et al. (2017) highlighting the novelty of the present study.
In this context, the study aims to contribute to the efficient
production of biologically active compounds.

Materials and Methods

Materials

The dried herb of MS was purchased from a local
market in Ankara. Folin Ciocalteu (FC) reagent, sodium
carbonate (99.5% pure), gallic acid (Sigma-Aldrich,
Merck, Darmstadt, Germany), DPPH (2,2-Diphenyl-1-
Picrylhydrazyl), and ethanol (IsoLab Chemicals, Eschau,
Germany) (96%) were provided. All solutions have been
prepared using distilled water obtained from a commercial
lab scale unit (Heal Force Smart Mini Combined Water
Device, ASTM Type 1 and Type 3, Shanghai, China).

MS Sample Preparation

The dried leaves were ground into a powder for 15 s
using a stainless-steel grinder (Kiwi 4812 Coffee and Spice
Grinder, Istanbul, Turkey). The particle size of the
resulting powder was calculated as 0.127 + 0.01 mm using
the Image] program (National Institute of Health,
Bethesda, Md., USA) (Maille et al., 2021).

Methods

Experimental Design

The experimental setup followed a three-level, three-
factor Box—Behnken design, which was carried out to
achieve the highest possible values of the dependent
variables. The experimental design was carried out using
Minitab® Release 17.1.0 (Minitab Inc., State College, PA,
USA). A total of 15 experimental runs were conducted,
comprising 12 different process conditions with coded
values (-1, 0, 1) and their corresponding uncoded values
for the independent variables, along with 3 centre points
(Table 1). Two replications were made for this design. The
three independent variables, each evaluated at three levels,
were ethanol ratio (Xi: 0%, 50%, 100%), solvent-to-solid
ratio (Xz: 25, 150, 250 mL/g), and extraction time (Xs: 10,
20, 30 min). TPC and AOA were considered as the
dependent variables (Table 2).

Ultrasonic-assisted Extraction

The extraction was performed using a 600-W
ultrasound equipment with 6 mm probe (JY92-1IN; Ningbo
Scientz Biotech Co Ltd., China) (Figure 1). For all
experimental runs, a constant solvent volume of 100 mL
was used. To achieve the target solvent-to-solid ratios of
50, 150, and 250 mL/g, the amount of powdered M.
sylvestris sample was adjusted to 2.00 g, 0.67 g, and 0.40
g, respectively.
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Table 1. Experimental Runs with Uncoded and Coded Factor Levels in Box-Behnken Design

Factors Units I Uncode(:)d levels 1
Ethanol ratio (X1) % 0 50 100
Solvent to solid ratio (X3) mL/g 50 150 250
Time (X3) min 10 20 30
Run X X5 X3
1 0 50 20
2 100 50 20
3 0 250 20
4 100 250 20
5 0 150 10
6 100 150 10
7 0 150 30
8 100 150 30
9 50 50 10
10 50 250 10
11 50 50 30
12 50 250 30
13 50 150 20
14 50 150 20
15 50 150 20
Table 2. Experimental results of TPC, AOA after variable extraction methods in MS, mean and standard deviations
Independent variables Dependent variables
Runs (X1) Ethanol (X2) Solvent to (X;) Time (min) Total phenolic content Antioxidant activity
ratio (%) solid ratio (mL/g) } (TPC) (mg GAE/L) (AOA) (DPPH%)
1 0 50 20 97.772 £ 4.862 78.964 + 0.564
2 100 50 20 101.039 +4.619 62.400 £ 1.712
3 0 250 20 99.491 £+ 0.486 77.768 £3.257
4 100 250 20 260.404 + 9.450 41.940 +7.474
5 0 150 10 73.876 £ 5.592 76.439 + 0.877
6 100 150 10 117.714 £ 8.139 46.236 = 0.000
7 0 150 30 72.157 £2.188 74.446 + 1.566
8 100 150 30 201.265 + 7.377 60.275 +£9.583
9 50 50 10 91.583 £ 8.266 77.325 £1.503
10 50 250 10 75.767 + 5.835 72.764 £3.319
11 50 50 30 75.767 + 4.862 67.981 +1.084
12 50 250 30 108.259 + 6.226 26.129 £ 16.785
13 50 150 20 113.245 + 6.807 76.041 £ 1.691
14 50 150 20 112.213 +5.074 74.269 £ 0.939
15 50 150 20 108.775 + 6.532 71.346 +7.578
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Figure 1. Response surface plot of TPC (mg GAE/L) of MSE as a function of ethanol ratio and solvent to solid ratio (a),
ethanol ratio and time (b), and solvent to solid ratio and time (c).

The solvent system consisted of ethanol-water
mixtures prepared at different volume fractions (0%, 50%,
and 100% v/v) using distilled water (Table 1). For each
trial, 100 mL of the mixture was ultrasonicated in a 250 mL
beaker. The probe was inserted to its safe depth, and a
temperature probe along with an ice bath maintained the
mixture at 45 °C. Ultrasound irradiation was performed for
10, 20 and 30 minutes. Considering that the highest

extraction yield in the referenced study was achieved at
50% ultrasonic power, we similarly set the ultrasonic
power to 50% in our experiments (Boateng et al., 2023). At
the end of the extraction processes, the samples were
centrifuged at 3500 rpm for 5 min (Electro.mag M 815 P
Laboratory Centrifuge, Istanbul, Tiirkiye). The supernatant
and sediment were stored at —80 °C (Nuve DF490 Deep
Freezer, Ankara, Tirkiye).
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TPC Analysis of Malva slyvestris Extract (MSE)

The total phenolic content (TPC) of the MSE was
determined using the Folin—Ciocalteu method as previously
described with slight modifications (Hossain et al., 2020). The
extracts were prepared at a concentration of 0.25 mg of solid
matter per 1 mL of solution. Accordingly, a conversion factor
of 0.25 was applied to express the total phenolic content as mg
GAE/g dry weight, facilitating direct comparison with
literature values. Folin-Ciocalteu analysis was performed
using a 1 cm, 2 mL glass cuvette. Briefly, 0.5 mL of the
sample extract was mixed with 2 mL of Folin—Ciocalteu
reagent (0.2 N) and 2.5 mL of 7.5% sodium carbonate
solution. The reaction mixture was incubated at room
temperature in the dark for 2 hours. The absorbance of the
samples was measured at 765 nm using a UV-VIS
spectrophotometer (T80+ UV/VIS Spectrophotometer, PG
Instruments Ltd., China). A calibration curve prepared with
gallic acid (0-500 mg/L) was used, and the results were
expressed as milligrams of gallic acid equivalent per total
phenolic content of MSE (mg GAE/L).

AOA Analysis of Malva sylvestris Extract (MSE)

The DPPH radical scavenging activity was determined
according to the method of Brand-Williams et al. (1995)
with slight modifications as described by (Hussain et al.,
2022). First, 0.75 mL of the extracted sample was mixed
with 0,6 mM DPPH solution prepared with 1.25 mL of
methanol. Then, the mixture was vortexed vigorously for
40 s and after incubation at 25°C for 60 min, the
absorbance value at 517 nm was measured using a UV-VIS
Spectrophotometer (T80+ UV/VIS Spectrophotometer, PG
Instruments Ltd., China). DPPH radical scavenging
activity was calculated as follows in Eq 2:

DPPH (%) — A{control}_A{sample) x 100 (1)
A{contrul}
Where Aconroris the absorbance of the control and A ampre
is the absorbance of the extract.

Modelling and Optimization

The effects of the independent factors on TPC (Y1) and
AOA (Y2) in MSE were described by the mathematical
function Y = f(X1, X2, X3) using the Response Surface
Methodology module in Minitab. Experimental observations
were fitted to a second-order polynomial equation to calculate
the regression parameters. The general quadratic model
employed in RSM is presented in Eq. 1.

Y = Bo + XTIy BiX; + Xie BuXP + Xi; Bijxix; (2)

The response variable (AOA, TPC) was denoted by
‘Y’, the independent variables (ethanol ratio, solvent to
solid ratio and extraction time) by ‘Xi’ and ‘Xj’, and ‘k’ is
the number of variables that were tested. o, Bi, Bii and Bj
represent the coefficients of the fixed, linear, quadratic and
interaction effects, respectively.

Assessment of Model Accuracy for AOA and TPC
Using RMSE

The model was validated by comparing the predicted
values with the experimental results. The Root Mean
Square Error (RMSE) was used to evaluate the consistency
between predicted and observed TPC and AOA values.
This metric was used to validate the accuracy and

reliability of the response surface regression models by
quantifying the differences between predicted and
observed data, with lower RMSE values indicating better
model fit. RMSE values were calculated using Eq 3 and 4.

1 2
RMSEpop = \/;Z(AOAexp — AOAred) 3)
1 2
RMSEpc = \/;Z(TPCexp — TPCprea) 4)
Statistical Analysis

Response Surface Methodology module of the Minitab
was used to evaluate the effects of extraction conditions
(ethanol ratio, solvent to solid ratio and extraction time) on
TPC and AOA. Analysis of variance ANOVA was used to
determine the significance of linear, quadratic, and
interaction effects. Graphical processing was performed
using OriginPro 2025 software. The effects of three
independent variables were modeled with BBD and
second-degree polynomial regression models were created.
Model optimization was performed with the multiple
response optimization technique to determine the
conditions that would maximize both responses. A
verification experiment was performed to test the model
validity. Statistical significance was considered at p <0.05.

Results and Discussion

RSM of UAE Parameters for MS

BBD was used for analyzing the effect of three
independent variables (ethanol ratio, solvent to solid ratio
and extraction time) on two dependent variables for the
optimization of UAE extraction of bioactive compounds
present in MS. In Table 2, experimental data with mean +
standard deviation their responses for MS was presented.
The total phenolic content ranged from 72.157 to 260.404
(mg GAE/L); antioxidant activity ranged from 41.940 % to
78.964 % for the MSE.

The mathematical model formulas resulting from the
regression analysis of the BBD confirmed that the quadratic
polynomial models adequately described the effect of
ethanol ratio (Xi), solvent-to-solid ratio (Xz2), and extraction
time (Xs) on the antioxidant activity (AOA) and total
phenolic content (TPC) of MSE (Table 3). For AOA, the
model demonstrated a very high coefficient of determination
(R? = 94.90%) and adjusted R? (93.11%), indicating that
more than 93% of the variability could be explained by the
selected parameters. The lack-of-fit test was not significant
(p=0.757), confirming that the model reliably represents the
experimental data. Among the model terms, both linear and
quadratic effects of ethanol ratio (X1) were highly significant
(p <0.001), suggesting that solvent polarity played a critical
role in extracting antioxidant compounds. In the case of
TPC, the fitted model also showed satisfactory predictability
with R? of 87.20% and adjusted R? of 82.08%. Although
slightly lower than the AOA model, these values still
confirm the robustness of the equation. The lack-of-fit value
(p =0.133) was well above 0.05, demonstrating good model
adequacy. Overall, the statistical outcomes indicate that
ethanol concentration was the most decisive factor for both
responses, with additional contributions from solvent-to-
solid ratio and extraction time through quadratic and
interaction effects. The higher R? and adjusted R? values
obtained for AOA compared to TPC suggest that antioxidant
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activity is more consistently explained by the applied
extraction parameters, whereas phenolic content, being
chemically diverse, may be influenced by additional factors
beyond those tested.

Effect of UAE Parameters on TPC

TPC is a critical parameter in extraction processes as it
reflects the concentration of bioactive phenolic
compounds, which are essential for evaluating the
antioxidant, antimicrobial, and health-promoting potential
of plant-based extracts.(Rojas-Ocampo et al., 2021) The
UAE of phenolic compounds from plants is influenced by
ultrasound power, extraction time, ethanol ratio, solvent to
solid ratio, and particle size (Almusallam et al., 2021; Uca
& Giileg, 2024). The effect of the independent variables on
the TPC of the extract was evaluated and the mean values
of the experimental results are presented in Table 2. The
highest TPC value (260.40 + 19.45 mg GAE/L) was
achieved under the UAE conditions of 20 min extraction
time, 250 mL/g solvent-to-solid ratio, and 100% ethanol.
When expressed on a dry weight basis, this corresponds to
65.10 mg GAE/g. This value is comparable to the
maximum TPC previously reported for MSE obtained with
dichloromethane as the extraction solvent (73.31 mg
GAE/g) using conventional maceration followed by
solvent partitioning (Irfan et al., 2021). Although slightly
lower, the TPC obtained in the present study is notable
given that UAE was performed with ethanol, a food-grade
and non-toxic solvent, offering a safer and more
sustainable alternative.

In a study where MS leaves collected from Northwest
Algeria were extracted with methanol, the total phenolic
content was reported as 24.12 + 0.72 mg GAE/g, which
was lower than the TPC values obtained in the present
study (Mohammed et al., 2014).

In Figure 1, the 3D surface graph of the UAE
parameters on TPC extraction from MS was given. In these
3D graphs, the response was shown gradually from red to
purple, from high to low. At constant time (min), an
increase in ethanol ratio (%) and solvent to solid ratio
(mL/g) increases TPC (mg GAE/L). The statistically
significant X1 x X2 interaction (p <0.001) indicates that
these two factors have a synergistic effect on TPC shown
in the Figure 1 (a) and Table 3. A similar interaction was
observed in a previous study, which showed that higher
ethanol concentrations had a beneficial effect on TPC when
applied for longer periods (Brahmi et al., 2022). Another
study on propolis showed that the TPC increased with
higher ethanol, with the highest TPC recorded, indicating
that ethanol concentration affects phenolic compound

Food Science and Technology, 14(5): 1280-1288, 2026

extraction (Yusof et al., 2020). Smilar result demonstrated
in study (Almusallam et al., 2021) on UAE from palm
spikelets, the TPC of extract increased linearly as the
ethanol concentration was increased. Another study
showed that increasing the solvent to solid ratio improves
phenolic extraction (Ahmed et al., 2024). A higher solvent
to solid ratio enhances mass transfer and promotes greater
diffusion of polyphenols into the solvent during extraction
(Kim & Yoon, 2023).

At constant solvent to solid ratio (mL/g), increase in
ethanol ratio (%) and time (min) increases TPC. While the
increase in ethanol content significantly increased TPC
values (p <0.001), sonication time showed a positive effect
on TPC up to a moderate level (20 min). It was in line with
previous findings showing that increasing the ethanol
concentration up to 80% enhanced the extraction of
phenolic compounds from hog plum pulp via UAE
(Ahmed et al., 2022). However, the X32 term was negative
and significant (p <0.05), suggesting that prolonged
sonication may cause degradation of phenolic compounds
(Tran et al., 2023). The X1 x X3 interaction was significant
(p <0.05), suggesting that these two variables should be
optimized together. On the surface graph, the highest TPC
values were obtained with the combination of high ethanol
ratio (100%) and moderate sonication time (20 min) shown
in the Figure 1 (b) and Table 3. In a study consistent with
our findings, a significant interaction was observed
between ethanol concentration and extraction time. At a
fixed extraction time, increasing the ethanol concentration
enhanced TPC yield, with 90% ethanol producing more
phenolics at 120 minutes compared to 70%. However,
extending the extraction time further caused a decline in
phenolic activity in Curcuma zedoaria leaves. The optimal
extraction of phenolic compounds was achieved using 80—
90% ethanol for approximately 100 minutes, after which
TPC levels began to decrease (Azahar et al., 2017).

At a constant ethanol ratio, time increases TPC at a high
level (30 min) while the solvent to solid ratio increases
TPC up to a moderate level (150 mL/g) and decreases it as
it approaches a high level (250 mL/g). Due to an amount
of solvent was insufficient, the extraction of phenolic
components was limited. In addition, a high solid load may
reduce the diffusion efficiency. The X2 x X3 interaction
was significant (p <0.05). As a result, moderate solvent to
solid (150 mL/g) and long extraction time (30 min)
increase TPC shown in the Figure 1 (c) and Table 3.
Previous study extracted from potato peel waste showed
TPC peaks at an optimal solvent to solid ratio (70 mL/g)
and declines with excess solvent, likely due to reduced
diffusion or dilution (Algan Cavuldak, 2021).

Table 3. Optimized response polynomial equations fitted in quadratic model for MSE

R? P-  Adjusted Lack-
Responses Model formulas @) value  R2(%) of-fit
73.42-12.546X,*~0.854X,+1.010X3-10.38X,?
o
AOA (DPPH%) 142,625,242 36X X5 94.90 0.000 93.11 0.757
114.42+42.14X,3+27.18X,%+17.27X55+23.01X;%
TPC (mg GAE/L) | _ g 95% 20430 41X, X,21.32X X4+21.99X,X,° 87.20 0000 8208 0.133
Table 4. Predicted and experimental values using optimized conditions for maximum TPC and AOA
Response Predicted Value Experimental Value (Mean + SD) RMSE
TPC (mg GAE/L) 240.55 24247 +2.18 0.624
AOA (%) 64.92 63.66 £ 2.82 0.771
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Figure 2. Response surface plot of AOA (%) of MSE as a function of ethanol ratio and solvent to solid ratio (a), ethanol
ratio and time (b), and solvent to solid ratio and time (c).

Effect of UAE Parameters on AOA

Negative quadratic coefficients also indicated that
AOA did not increase linearly with higher ethanol
concentrations but rather reached an optimum point before
declining. The interaction between ethanol ratio and
solvent-to-solid ratio (XiX2) was significant at p < 0.05,
emphasizing the combined effect of solvent composition
and material loading on radical scavenging capacity.

Phenolic compounds are popular and important from a
biological perspective due to their antioxidant activity. The
most popular method for measuring antioxidant activity is
the DPPH radical scavenging activity method due to its
stability, reproducibility, simplicity and rapid approach
(Almusallam et al., 2021). 3D response surface plots were
generated to determine the relationship between AOA and
the experimental data of the variables and the interactions
between the tested variables. The effect of the independent
variables on the AOA of the extract was evaluated, and the
mean values of the experimental results are presented in
Table 2. Some AOA values exhibited relatively higher
standard deviations. This variability may be attributed to
the natural heterogeneity of plant matrices and minor
differences in extraction efficiency during UAE. The
highest AOA (78.964 + 0.564%) was obtained at 20 min
(time), 50 mL/g (solvent to solid ratio) and 0% (ethanol
ratio) UAE conditions. A previous microwave-assisted
extraction (MAE) (ethanol 80%, microwave power of
500W and radiation time of 17 min) study on MSE
obtained a result of 79.21 + 0.52% DPPH inhibition value
was achieved. In another study, UAE from MS at 48°C,
with an ultrasonic power of 110 W and an extraction time
of 48.77 minutes, resulted in a maximum DPPH
scavenging activity of 71.12 + 0.15%, which was similar
to the results obtained in our own study (Bimakr et al.,
2017; Mojarradi et al., 2024). In comparison, the present
study achieved a comparable antioxidant activity (up to
78.96 +£0.56%) using 50% ultrasonic power, 20 min of
extraction time, and water as a green, environmentally
friendly solvent.

In Figure 2, the 3D surface graph of the UAE
parameters on AOA extraction from MS was given. The
most significant factor affecting AOA values was the
ethanol ratio. According to the ANOVA results, the ethanol
ratio has been demonstrated to have a highly significant
effect on AOA (P <0.001). The linear effect of the solvent
to solid ratio was not significant (p > 0.05) but the square
term was significant (p < 0.05), indicating that this variable
has a curve-linear effect on AOA (Table 3). At constant
time, ethanol ratio increases, there was a significant
decrease in the AOA value. This indicates that compounds

with DPPH radical scavenging activity are more polar
(water-soluble). This result suggests that high ethanol ratio
(from 0% to 100%) negatively affects the antioxidant
activity. Although the effect of solvent to solid ratio was
weaker, AOA seems to increase slightly at moderate levels
(Table 3). The study on flaxseed extracts revealed that
antioxidant activity decreased with increasing ethanol
concentration (Waszkowiak & Gliszczynska-Swigto,
2016). Smilarly another study, DPPH radical scavenging
activity of the Melaleuca bracteata extract initially
increased and then decreased with rising ethanol
concentrations during a 3-day extraction, with the highest
antioxidant activity obtained at 20% ethanol. This suggests
that lower ethanol levels may be more effective for
extracting antioxidant compounds compared to higher
ethanol concentrations (Hou et al., 2016).

The interaction term XixXs in the regression model
was statistically significant (p <0.05), supporting that the
effect of ethanol ratio on AOA was dependent on time
(Table 3). At constant solvent to solid ratio AOA initially
decreased with increasing ethanol ratio, particularly at
higher extraction times. At lower ethanol ratios, AOA
values were consistently higher, especially when combined
with moderate to extended extraction times (20-30 min)
(Figure 2 (b)). Previous study reported that ultrasound-
assisted aqueous extraction of Mucuna macrocarpa beans
yielded a maximum DPPH radical scavenging activity of
99.37% using water as the sole solvent. This supports our
findings, indicating that aqueous solvents can enhance
antioxidant recovery due to better polarity compatibility
with active compounds (Aware et al., 2019). In another
study, the antioxidant capacity of the aqueous Bitter Melon
extract obtained under optimized conditions, evaluated by
DPPH and FRAP tests, was higher than that of 80% ethanol
extract (DPPH: 58.6 vs. 49.0 umol TE/g; FRAP: 91.9 vs.
83.5 umol TE/g) (Tan et al., 2014).

Although the X>xXs; interaction term was not
statistically significant in the regression model, the surface
indicates that both very low and high levels of these factors
tend to increase AOA, while moderate levels result in
reduced activity (Table 3). The 3D response surface plot
illustrates a concave interaction between the solvent to
solid ratio and extraction time on AOA. At constant ethanol
ratio, an increase in the solvent to solid ratio (50 mL/g or
250 mL/g) has been shown to increase AOA. A study on
the extraction of phenolic compounds from olive leaves
found that increasing the solvent to solid ratio had a
positive effect on the total phenolic content (Pinelo et al.,
2005). It was evident that as the extraction time increases,
the AOA also increases (Figure 2c).
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In the present study, it was observed that the extract
obtained using 100% ethanol exhibited the highest total
TPC, while at the same extraction condition, the AOA was
found to be the lowest. This unexpected inverse
relationship suggests that a higher phenolic content does
not necessarily correspond to greater antioxidant activity.
Several factors, such as the specific structure and reactivity
of phenolic compounds, the presence of non-antioxidant
phenolics, or potential antagonistic interactions between
compounds, may account for this discrepancy. Similar
observation was reported by Benjamaa et al. (2024); the
ethanolic extract of Euphorbia echinus flowers showed the
highest TPC, yet the aqueous extract of E. resinifera
propolis exhibited much higher antioxidant activity.
Despite high TPC values in some Euphorbia echinus
propolis extracts, antioxidant activity (ABTS, FRAP,
TAC) was low, indicating a negative TPC-AOA
correlation within the same solvent and highlighting that
higher phenolic content does not always equate to greater
antioxidant potential.

Optimization of Results

In present study, the UAE process was optimised to
achieve the maximum yield of TPC and AOA from MS
leaves. Following a thorough analysis using RSM, it was
determined that the most effective UAE conditions are as
follows: 100% ethanol concentration, a solvent to solid
ratio of 250 mL/g, and an extraction time of 20 minutes at
50% ultrasonic power and 45 °C extraction temperature.
Under these optimised conditions, the predicted TPC value
was 240.55 mg GAE/L, while the value obtained through
experimentation was 242.47 + 2.18 mg GAE/L, with a low
RMSE of 0.624. Smilarly, the predicted AOA was 64.92%,
while the experimental value was 63.66 + 2.82%, resulting
in an RMSE of 0.771 (Table 4).

Conclusions

UAE has emerged as a green, efficient, and time saving
technique for the recovery of phenolic compounds and
antioxidants from plant matrices. Among the variables
tested, ethanol concentration had the most significant
effect on both TPC and AOA. The results revealed that
while higher ethanol concentration (100%) was optimal for
maximum TPC, antioxidant activity was highest at 0%
ethanol, indicating that the compounds responsible for
antioxidant capacity are more effectively extracted in
aqueous environments. This polarity-dependent behavior
highlights the diverse nature of bioactives present in MS.
In the present study, the optimized UAE conditions yielded
a total phenolic content (TPC) 0f 242.47 + 2.18 mg GAE/L
and an antioxidant activity (AOA) of 63.66 + 2.82%. The
experimental values were found to be in close agreement
with the predicted values for both TPC and AOA
responses, indicating the adequacy and reliability of the
developed RSM model in optimizing the UAE conditions.
This demonstrates the effectiveness of UAE in extracting
phenolic compounds and antioxidants from MS leaves,
further supporting its potential as a sustainable technique
for developing functional food ingredients and natural
antioxidants.
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