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The increasing demand for functional foods enriched with bioactive compounds has encouraged the
exploration of advanced extraction techniques. Stevia rebaudiana, a natural herb rich in bioactive
compounds with antioxidant, anti-inflammatory, and anti-diabetic properties, shows considerable potential
for functional food applications. This study optimized microwave assisted extraction (MAE) and ultrasound
assisted extraction (UAE) to maximize the recovery of stevia's secondary bioactive metabolites. Single-
factor analysis revealed that a 50% ethanol concentration at 50 °C significantly (p < 0.05) increased the
phenolic content by 33.06% compared to water as a solvent. Second-order quadratic models developed
using response surface methodology (RSM) showed strong statistical significance (p < 0.0001) and high
adjusted R? values, ranging from 0.8893-0.9533 for MAE and 0.9177-0.9326 for UAE, confirming model
reliability. Comparative experimental design analysis indicated that MAE outperformed UAE, yielding 8.07%,
11.34%, and 5.82% higher total phenolic content (TPC), total flavonoid content (TFC), and antioxidant
activity (AA), respectively, with 58.33% less extraction time. Artificial neural networks coupled with genetic
algorithm (ANN-GA) models further improved predictive accuracy, with the MAE model achieving an R® of
0.9985 and a mean squared error (MSE) of 0.7029, outperforming the UAE model (R? of 0.9981 and MSE of
0.8362). The ANN-GA predicted optimized MAE conditions of 5.15 min extraction time, 284.05 W
microwave power, 53.10% ethanol concentration, and 53.89 °C temperature, yielded higher TPC, TFC, and
AA values with minimal error. These results established MAE as a more efficient, sustainable, and effective
method for extracting bioactive compounds from stevia leaves compared to UAE.

Sustainable food processing demands green extraction technologies that maximize the recovery of bioactive compounds while reducing environmental impacts.
Conventional methods are both time- and solvent-intensive, often degrading heat-sensitive bioactive compounds. Ultrasound-assisted extraction (UAE) and

microwave-assisted extraction (MAE) offer eco-friendly alternatives, enabling rapid, high-yield recovery of stevia's bioactive metabolites through acoustic cavitation
and dielectric heating, respectively. These methods minimize solvent and energy use while maintaining the structural and functional integrity of bioactive
compounds, thereby supporting global sustainability goals. To further enhance efficiency and scalability, green bioprocessing increasingly employs statistical
optimization and machine learning models, such as response surface methodology (RSM) and artificial neural networks integrated with genetic algorithms (ANN-

GA).

1 Introduction

other classes of nitrogen-containing compounds, are known for
their strong antioxidant and anti-inflammatory properties.*

The rising prevalence of diet-related health issues has increased
awareness of the importance of dietary choices, leading to
a growing demand for food products enriched with bioactive
compounds that provide both essential nutrients and addi-
tional health benefits."” The secondary metabolites of bioactive
compounds, such as polyphenols, terpenoids, alkaloids, and
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Through their ability to scavenge free radicals, mitigate oxida-
tive stress, and modulate inflammatory pathways, they play
a crucial role in reducing the risk of chronic diseases.* As
a result, functional foods enriched with bioactive compounds
have gained considerable attention for their potential to
support overall health and well-being.>* This shift in consumer
preferences has driven the food industry to focus on developing
advanced processing technologies. These technologies are
designed to preserve nutritional quality and bioactive
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compounds, while simultaneously ensuring product safety,
environmental sustainability, and minimal quality degradation.

Among many sources of bioactive compounds, Stevia
rebaudiana (stevia) stands out as a promising natural herb with
significant therapeutic potential."*” As a nutraceutical, stevia is
rich in bioactive compounds that support its health-promoting
properties.® It is considered safe, cost-effective, and widely
accessible, making it a preferred alternative to dietary sugar,
particularly as a low (or no)-calorie sweetener with a sweetness
intensity approximately 250-300 times that of sucrose.**™°
Beyond its sweetening role, stevia leaves contain a diverse
spectrum of phytochemicals that enhance its nutraceutical
value.® These include phenolic compounds such as phenolic
acids (chlorogenic, caffeic, ferulic, vanillic, syringic, and iso-
chlorogenic acids) and flavonoids (diosmin, rutin, quercetin,
kaempferol, luteolin, apigenin, diosmetin, and casticin), which
largely contribute to its strong antioxidant potential.**"*** In
addition, lipids and fatty acids (linolenic, palmitic, oleic, and
stearidonic acids), polysaccharides (including inulin-type fruc-
tooligosaccharides and oligosaccharides), vitamins (such as
folic acid, vitamin C, and vitamin B2), amino acids (i-tyrosine
and p-tryptophan), and essential minerals have also been re-
ported.»**'* Moreover, stevia offers various potential health
benefits, including antioxidant, antimicrobial, and anti-
inflammatory effects, as well as the ability to regulate blood
sugar and lipids metabolism. These properties, along with
possible anti-cancer effects, highlight its potential as a valuable
ingredient for future functional foods.***"

The extraction of secondary metabolites from stevia has
remained challenging for decades, as conventional methods are
often time-consuming and inefficient.”” Hydrodistillation,
maceration, and Soxhlet extraction are widely used extraction
methods; however, they require extended processing times and,
high solvent and energy consumption, and may lead to the
degradation of heat-sensitive compounds, reducing their
bioactive properties.'® The yield and quality of these bioactive
compounds are heavily influenced by factors such as the
extraction method, solvent type, and solvent polarity."*>® To
these limitations, researchers have explored
advanced techniques like supercritical fluid extraction (SFE),
subcritical solvent extraction (SSE), pulsed electric field extrac-
tion (PEF), pressurized liquid extraction (PLE), ultrasound
assisted extraction (UAE), microwave assisted extraction (MAE),
and enzyme assisted extraction (EAE).>'*'>?* These innovative
methods not only improve efficiency and reduce extraction time
but also, in some cases, reduce environmental impact while
maximizing the recovery of valuable bioactive compounds.

Among these advanced techniques, UAE and MAE have
gained significant attention due to their efficiency, eco-friendli-
ness, and ability to preserve bioactive compounds.>'>*>* UAE
utilizes acoustic cavitation, where high-frequency sound waves
generate microscopic bubbles that collapse, creating localized
high temperatures and pressures.** This process disrupts plant
cell walls, enhancing the release of bioactive compounds into the
solvent.”® On the other hand, MAE applies microwave energy to
heat the solvent and plant material through dielectric heating,
which accelerates mass transfer and improves extraction yield.”

overcome
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Both techniques offer rapid and effective extraction while mini-
mizing solvent use, energy consumption, and thermal degrada-
tion of heat-sensitive compounds. Their ability to optimize
extraction efficiency, while maintaining the integrity of bioactive
compounds makes UAE and MAE promising green extraction
technologies for applications in functional foods and other
industries requiring high-quality bioactive extracts.>*'* However,
existing comparative analyses of these techniques for stevia
leaves are limited, thereby highlighting the significance of the
present study in advancing scientific understanding.

To further enhance the optimization of the UAE and MAE
processes, response surface methodology (RSM) has been
widely applied to model and optimize the extraction condi-
tions.”® Within RSM, the central composite rotatable design
(CCRD) is widely used as it integrates factorial, axial, and center
points to ensure efficient coverage and robust modeling with
fewer runs than a full factorial design.”****” While effective in
analyzing variable interactions, RSM has inherent limitations in
capturing highly complex and non-linear relationships within
the process. In contrast, artificial neural networks (ANNs),
inspired by biological neural systems, offer a data-driven
modeling approach capable of learning intricate, nonlinear
dependencies between input and output variables. When
coupled with optimization techniques such as genetic algo-
rithm (GA), which mimic evolutionary principles to search for
global optima, ANN can significantly improve prediction accu-
racy and process optimization.>***” Similarly, integrating RSM
with ANN provides a robust framework for precise modeling
and prediction, thereby enhancing the efficiency of bioactive
compound recovery.>?*>

Due to the limited literature on the simultaneous evaluation
of MAE and UAE under the influence of four independent
variables (extraction time, temperature, microwave power/
ultrasound amplitude, and solvent concentration), this study
presents a novel comparative framework. A central composite
rotatable design (CCRD) within the response surface method-
ology (RSM) was first employed to examine the linear and
interactive effects of the selected variables. To address the
limitations of RSM in modeling nonlinear and complex rela-
tionships, an artificial neural network (ANN) coupled with
a genetic algorithm (GA) model was developed. This ANN-GA
hybrid approach enhanced predictive accuracy and facilitated
more efficient optimization of the extraction conditions.

The objectives of this study are:

e To quantify the secondary metabolites, specifically total
phenolic content (TPC) and total flavonoid content (TFC), and
also evaluate the antioxidant activity (AA) in stevia extracts ob-
tained through MAE and UAE techniques.

¢ To develop, optimize, and validate RSM and ANN-GA models
for predicting the secondary metabolites with minimal error.

2 Materials and methods

2.1 Chemicals and reagents

2,2-Diphenyl-2-picrylhydrazyl (DPPH, 95.0%), aluminum chlo-
ride anhydrous powder (AICl;, 98%), ethanol (EtOH, 99%),
Folin-Ciocalteu reagent (FCR), gallic acid (99.5%), sodium
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carbonate anhydrous (Na,COjz, 99.0%), sodium hydroxide
(NaOH, 97.0%), quercetin (QC, 95%), and sodium nitrite
(NaNO,, 98.0%) were procured from Merck Life Science Pvt.
Ltd., India.

2.2 Sample preparation

Based on our previous work, Kumar and Tripathy,* stevia leaves
dried using an indirect mode solar dryer (ISD) with an average
leaf temperature of 55.87 & 1.10 °C were used for the extraction
process. The dried leaves were finely ground using a mechanical
grinder (Bajaj Rex 500 W, India) and passed through a 60-mesh
B.S.S. sieve to achieve a uniform particle size of approximately
250 microns. The resulting powder, with a moisture content of
5.94 + 0.32% (wet basis), was stored in dark, air-tight polybags
in a deep freezer (CFHT405, VOLTAS, India) maintained at —18
°C until further experimentation. A sample-to-solvent ratio of
1:10 g mL " was utilized, following previous studies,'***2%2° ag
it has been reported to maximize the extraction efficiency of
bioactive compounds.

2.3 Single factor at a time (SFAT) experimentation

Evaluating the influence of each parameter on phenolic content
was essential for establishing the optimal extraction conditions.
In the SFAT study, temperature was initially varied from 30-60 ©
C in 5 °C increments, while keeping the extraction time fixed at
20 min in distilled water with continuous stirring at 200 rpm.
After identifying the temperature that maximized TPC, further
experiments were conducted by replacing distilled water with
EtOH at varying concentrations (0-100% in 25% increments)
under identical extraction conditions. Once the optimal
temperature and EtOH concentration were determined, exper-
iments were repeated across the same temperature range to
further assess its effect on TPC, using EtOH instead of distilled
water, while keeping the extraction time constant. To determine
the optimal power range for MAE and the amplitude range for
UAE, the values were set between 150 and 450 W and 30-60%,
respectively, while maintaining a fixed extraction time of 20
min. Additionally, the influence of extraction time on TPC was
investigated for both MAE and UAE by varying the time from 3
to 24 min, while keeping all other parameters constant at their
identified optimal values. Once the optimum conditions were
identified from these seven experimental plans (as shown in
Table S1), the parameter ranges for CCRD were established to
enable optimization, improve prediction, and assess non-linear
second-order polynomial interactions.

2.4 Experimental design parameters for stevia extraction

2.4.1 MAE experimental procedure. MAE was performed
using a NuWav-Uno microwave extraction system (NpTech
Analytical Technologies Pvt. Ltd., India), equipped with a digital
control interface for precise regulation of extraction time and
microwave power. Based upon the SFAT experimentation
(maximum recovery), experimental runs were carried out at
varying time (X;: 4-6 min), microwave power (X,: 250-350 W),
solvent concentration (Xz: 45-55%), and temperature (X,: 45-55
°C). After that, the extracted solution was subjected to
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centrifugation at 5000xg for 15 min at 4 °C using an RC 4100F
centrifuge (Elektrocraft Pvt. Ltd., India) to separate the super-
natant. The supernatant was then carefully collected and
filtered through Whatman No. 42 filter paper to eliminate
residual particulates. The filtered extracts were transferred to
storage containers and stored at —18 °C in a deep freezer until
further analysis.

2.4.2 UAE experimental procedure. UAE was performed
using an ultrasonic system (PRO650, iGene Labserve Private
Limited, India), with a maximum input power of 650 W, using
a 6 mm probe operating at a frequency of 20 kHz. Based upon
the SFAT experimentation, experimental runs were carried out
at varying time (A: 10-14 min), ultrasonic amplitude (B: 35-
45%), temperature (C: 45-55 °C), solvent concentration (D: 45-
55%). Following UAE treatment, the supernatant was separated
and handled similarly to MAE.

2.5 Evaluation of TPC, TFC, and antioxidant activity of the
stevia extract

2.5.1 Folin-Ciocalteu reagent (FCR) colorimetric method.
TPC in the stevia extract was determined using the FCR method,
as described in our previous work.** The absorbance of the
extract was measured at 760 nm using a UV-vis spectropho-
tometer (UV-2602, LABOMED INC., USA). Gallic acid at
a concentration of 0.1 mg mL~ " was used as the standard, and
TPC was expressed as mg of gallic acid equivalent per gram of
dry weight of the stevia sample (mg GAE per g sample).

2.5.2  Aluminum chloride (AICl;) colorimetric method. TFC
was determined using the AICl; colorimetric method, as
described in our previous work.** The absorbance of the incu-
bated extract was measured at 510 nm using a UV-vis spectro-
photometer. Quercetin at a concentration of 0.01 mg mL ™" was
used as the standard and TFC was measured in mg of quercetin
equivalent per gram of dry weight of the sample (mg QE per g
sample).

2.5.3 Antioxidant activity. The antioxidant activity of the
stevia extract was evaluated using the DPPH radical scavenging
assay, following the method described by Ali et al.** with slight
modifications. A reaction mixture was prepared by adding 0.2
mL of diluted ethanolic extract to 0.95 mL of freshly prepared
DPPH solution and 2.85 mL of EtOH. The mixture was then
incubated in the dark at 28 °C for 30 min to ensure complete
reaction. After incubation, the absorbance was measured at
517 nm using a UV-vis spectrophotometer. The percentage

inhibition of DPPH radicals was calculated using the following
eqn (1):
Antioxidant activity (AA, %) = (M

Ab. )><100 (1)

where Ab. and Abg. represent the absorbance of the control and
stevia extract, respectively.

2.6 Experimental design using RSM

MAE and UAE were systematically compared under the influ-
ence of four independent variables. A CCRD with five levels (—«,
—1, 0, +1, +«) was employed within the RSM framework to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental range of coded values for the central composite rotatable design (CCRD) in response surface methodology (RSM)*

Symbol Independent variables Units Coded variable ranges
For MAE

—2 (or —a) -1 0 +1 +2 (or +a)
X, Time min 3 4 5 6 7
X, Power w 200 250 300 350 400
X, Solvent concentration % 40 45 50 55 60
Xy Temperature °C 40 45 50 55 60
For UAE
A Time min 8 10 12 14 16
B Amplitude % 30 35 40 45 50
C Solvent concentration % 40 45 50 55 60
D Temperature °C 40 45 50 55 60

% Here, MAE represents microwave assisted extraction and UAE denotes ultrasound assisted extraction.

evaluate the effects and second-order interactions of these
variables (as shown in Table 1). Statistical modeling, prediction,
and optimization were performed using Design Expert 13 (Stat-
Ease Inc., Minneapolis, USA).

2.7 ANN and ANN-GA modeling

The experimental data obtained from MAE and UAE, following
the CCRD, were used to train the neural network in MATLAB
R2014a (MathWorks, Inc., MA, USA). The neural network design
process involved data collection, network creation, configura-
tion, weight and bias initialization, training, validation, and
testing. A multilayer perceptron (MLP) network architecture was
implemented, consisting of three layers: input, hidden, and
output, where independent variables formed the input layer,
and three response variables were assigned as the output layer
(as shown in Table 1 and Fig. 7(a)). The feedforward process
involved propagating the input data through the network,
passing through the hidden layers, and computing the output
predictions. To ensure reproducibility, the random seed was set
using rng(‘default’); before model training, ensuring consistent
initialization of network weights and biases across different
runs. For validation and testing, 90 data points were split into
training (80%), validation (10%), and testing (10%). To optimize
the model, hidden layer sizes of 7-10 neurons were tested, with
L2 regularization (A = 0.10) was applied to prevent overfitting.
The model was trained using a feedforward network with the
Levenberg-Marquardt backpropagation (trainlm) algorithm for
up to 1000 cycles, minimizing the mean squared error (MSE)
between predicted and actual values. The backpropagation
process adjusted the network weights by computing the
gradient of the error with respect to each weight and updating
them in the direction that minimized the loss function. The
hyperbolic tangent sigmoid (tansig) transfer function was
applied in the hidden layer to introduce non-linearity in feature
extraction. However, the linear (purelin) transfer function was
used in the output layer to ensure a direct mapping between the
network output and target values (as shown in Fig. 7(a)). Early
stopping was applied when test performance dropped below
0.5, in order to improve computational efficiency with

© 2025 The Author(s). Published by the Royal Society of Chemistry

unnecessary training. A genetic algorithm (GA) was employed to
optimize key hyperparameters, including the number of hidden
neurons and the learning rate. It was also used to determine the
optimal connection weights and bias values by selecting an
appropriate population size, defining the number of genetic
generations, and designing a fitness function to enhance model
performance. The final integrated ANN model was selected
based on the lowest MSE and the highest correlation coefficient
(R), ensuring optimal predictive accuracy.

2.8 Statistical analysis

The effectiveness of the applied modeling techniques,
including the RSM and ANN model, was evaluated using
statistical performance metrics such as the coefficient of
determination (R*), adjusted R?>, MSE, root mean squared error
(RMSE), mean absolute deviation (MAD), and mean absolute
percentage error (MAPE), as reported by Kumar and Tripathy®
and mentioned in eqn (2)-(6). The analysis was conducted using
MATLAB R2014a (MathWorks, Inc., MA, USA) for ANN-based
modeling, Design Expert13 for RSM predictions, Microsoft
Excel 2019 (Microsoft Corporation, Redmond, WA, USA), and
OriginPro 2021 (OriginLab Corporation, Northampton, MA,
USA) for statistical computations and validation.

MSE = 1 3 (Yoo~ Fye) @

RMSE = {% > (Yous = ) ) ®

MAD = 3™ (Yo = Y| @

Rt % (o™ Y> ®)
2 (Yoos = V)
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1-R)(N-1)

Adjusted R? = |1 — (— 6
j N-z-1) (6)
where, N, Yexp.s, f/pre‘i, Yexp',-, and z represents the number of
experimental runs, the experimental value of the i/ run, the
predicted value of the i run, the average of experimental

values, and the number of model parameters, respectively.

3 Results and discussion
3.1 Single factor at a time (SFAT) experimental analysis

3.1.1 Effect of the solvent type and temperature on TPC
extraction. Table S1 presents the results of SFAT experiments
conducted to determine the optimal conditions for extracting
TPC from stevia extract. These data were used to select the
parameter ranges for further optimization using CCRD in RSM.
Table S1 is divided into seven experimental plans, each inves-
tigating the effect of a specific parameter on TPC extraction. In
the first experimental plan, it was found that TPC increased
significantly (p < 0.05) with temperature up to 50 °C when using
distilled water (as the solvent), reaching a maximum of 42.94 +
0.42 mg GAE per g sample. However, beyond 50 °C, TPC
declined, indicating potential degradation of phenolic
compounds at higher temperatures. In the second experimental
plan, EtOH concentration was varied from 0-100% while
maintaining a fixed temperature of 50 °C. TPC significantly
increased (p < 0.05) with rising EtOH concentration, reaching an
optimal value of 54.04 £+ 0.52 mg GAE per g sample at 50%.
Beyond this point, higher EtOH concentrations led to a slight
decline in TPC, indicating that 50% EtOH is both optimal and
economical for extraction. Similarly, Carbonell-Capella et al.**
observed a 20.28% increase in TPC at 50% EtOH concentration,
attributed to enhanced mass transfer between the solvent and
solid phase resulting from increased permeability of plant
tissues. In the third experimental plan, the effect of temperature
was analyzed at the optimal solvent concentration for phenolic
compound extraction. It was found that TPC significantly
increased (p < 0.05) up to 57.14 + 0.72 mg GAE per g sample at
50 °C. Beyond this temperature, TPC declined, similar to the
trend observed with distilled water extraction. This suggests
that while high temperatures have the potential to improve
mass transport and disturb the plant matrix, they also raise the
possibility of thermal damage.”** Similarly, Che Sulaiman
et al.* reported the highest phenolic yield from Clinacanthus
nutans Lindau leaves at 60 °C, with a significant decline
observed beyond 80 °C. In conclusion, the SFAT plan showed
that ethanolic extraction at 50 °C yielded 25.85% more TPC than
water extraction. The fourth to seventh experimental plans are
discussed in the following subsections for more clarity.

3.1.2 Effect of microwave power and time on TPC extrac-
tion during MAE. Based on the first three experimental plans,
the temperature and EtOH extraction conditions were fixed for
subsequent experiments. In the fourth experimental plan (Table
S1), the effect of microwave power on TPC was analyzed,
showing a significant increase (p < 0.05) up to 61.69 + 0.33 mg
GAE per g sample at 300 W, followed by a decline at higher

power levels due to temperature induced degradation.
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Following these findings, the fifth experimental plan examined
the effect of extraction time under optimized conditions (50%
EtOH concentration, 50 °C, and 300 W), revealing that TPC
increased with time, reaching a maximum of 66.95 £+ 0.36 mg
GAE per g sample at 6 min. However, a significant (p < 0.05)
decline was observed beyond 300 W, suggesting that prolonged
microwave exposure may lead to degradation or polymerization
of phenolic compounds.*® Bin Mokaizh et al** reported
a reduction in bioactive compound recovery above 50 °C when
microwave power exceeded 400 W, indicating that higher power
inputs may induce carbonization of the plant material. A
similar trend was observed in MAE of phenolic compounds
from Euphorbia hirta leaves, where morphological alterations
and reduced thermal stability were evident under elevated
processing conditions.*

3.1.3 Effect of ultrasonic amplitude and time on TPC
extraction during UAE. In the sixth experimental plan (Table
S1), the effect of ultrasonic amplitude on TPC was analyzed
under the previously optimized conditions. The results showed
that TPC increased with amplitude, reaching a maximum of
58.92 + 0.56 mg GAE per g sample at 45% amplitude. However,
further increases in amplitude led to a significant (p < 0.05)
decline in TPC, likely due to excessive cavitation effects. Simi-
larly, in the seventh experimental plan, the effect of extraction
time on TPC was analyzed under optimized UAE conditions
(50% EtOH, 50 °C, and 45% amplitude). The results revealed
that TPC increased with time, reaching a maximum of 62.47 £
0.48 mg GAE per g sample at 10 min. However, prolonged
extraction led to a significant decline in TPC, likely due to
extended ultrasonic exposure or polymerization.>**>*

3.1.4 Selection of parameter ranges for CCRD in RSM
based on SFAT. CCRD was employed to evaluate factorial points
beyond the defined factor levels by incorporating axial (+«)
points, allowing for a more comprehensive analysis of nonlin-
earity. Based on the SFAT experimental plan, the analysis
determined that the optimal ranges for significant TPC extrac-
tion were 45-55 °C for temperature and 45-55% for EtOH
concentration. For MAE, the selected ranges for further opti-
mization were 4-6 min for extraction time and 250-350 W for
microwave power. Similarly, for UAE, the chosen ranges were
10-14 min for extraction time and 35-45% for ultrasonic
amplitude (Table S1). These ranges were further optimized
using CCRD in RSM for TPC, TFC, and AA of stevia extract.

3.2 RSM modeling: 3D surface analysis and interaction
effects of parameters

3.2.1 Model fitting and adequacy for both MAE and UAE
extraction techniques. The response data for MAE and UAE,
presented in Table 2 and 3, respectively, were used to develop
second-order quadratic models. These models were constructed
using multiple regression analysis within the CCRD framework
of RSM, incorporating five levels of coded variables (as detailed
in Table 1) to evaluate model adequacy, statistical significance,
and predictive accuracy. The statistical significance and overall
adequacy of the models were evaluated using ANOVA, as pre-
sented in Table 4 and 5. The final predictive equations were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Quadratic model coefficients and ANOVA results for microwave assisted extraction (MAE) of dried stevia leaf extract®

MAE of stevia leaf extract

Model parameters Coefficient TPC TFC AA
Intercept Bo —401.8392%%* —483.5334%%%* —788.8028%**
Model

X;-time (min) 61 +1.6656* +13.3695* +54.1611%*
X,-power (W) B, +0.5018%* +0.5753%%* +1.1542%%*
X;-solvent concentration (%) B3 +7.7123%%%* +7.1202%%* +12.3353%%*
X,-temperature (°C) B4 +7.1616** +8.1527%* +7.9953%%*
Interaction

X; X X, Bz +0.0104 +0.0005 +0.0152

X, X X3 Bi3 +0.0941 +0.0951* —0.1258

X; X X, Bia —0.0762 —0.1199%* +0.0675

X, X X3 Bas —0.0007 —0.0001 +0.0034

X, x X, Baa +0.0002 —0.0010 —0.0039

X; X X, Bas +0.0347* +0.0075 +0.1253%*
Second order

X,? 811 —0.4953 —1.1920%** —5.2072%%*
X,? B2z —0.0009%** —0.0008*** —0.0018%**
X;? Bas —0.0937%** —0.0766%** —0.1794%%*
X2 Baa —0.0839%** —0.0752%%* —0.1277%%*
R? 0.9428 0.9758 0.9480
Adjusted RrR? 0.8893 0.9533 0.8994
Predicted R* 0.7048 0.8971 0.7751
p-Value <0.0001 *** <0.0001 *** <0.0001 ***
F Value 17.65 43.27 19.53

Lack of fit 0.1126 0.5664 0.5331

“ Here, TPC represents the total phenolic content (mg GAE per g sample), TFC denotes the total flavonoid content (mg QE per g sample), and AA
refers to the antioxidant activity or inhibition (%). QE refers to quercetin equivalent, and GAE signifies gallic acid equivalent. Significance levels: *p

<0.05, **p < 0.01, and ***p < 0.001. Model equation: Y(; (rpc or TFC or AA))

= Bo +81X1 + B2X5 + B3X5 + B4Xs +812(X1 X Xp) + B13(X1 X X3) + B1a(Xy X Xg) +

B23(Xa x X3) + B2a(Xa2 X Xy) + B3a(Xz x X,) + B11Xa® + B2aXo” + B33Xs” + BaaXs®.

derived from the regression coefficients of the target responses.
These models demonstrated strong statistical significance,
confirmed by highly significant p-values (p < 0.0001) and F-
values ranging from 17.6479 to 43.2707 for MAE (as shown in
Table S2-S4) and 24.1014 to 29.6698 for UAE (as shown in Table
S5-S7). These results confirm the adequacy of the developed
models and their reliable predictive capability. Model perfor-
mance was further evaluated using multiple goodness-of-fit
metrics. The coefficient of determination (R*) values were
0.9522-0.9801 for MAE (as shown in Fig. S1) and 0.9574-0.9651
for UAE (as shown in Fig. S2), demonstrating a strong correla-
tion between predicted and experimental values. The adjusted
R* values, which account for the number of predictors, were
0.8893-0.9533 for MAE and 0.9177-0.9326 for UAE, confirming
the model's ability to explain a substantial proportion of the
observed variance while minimizing the risk of overfitting.
Furthermore, the predicted R* values, which assess the model's
predictive reliability, ranged from 0.7048 to 0.8971 for MAE and
0.7813 to 0.8276 for UAE, indicating strong predictive perfor-
mance and consistency with experimental data. The lack-of-fit
confirmed the adequacy of the quadratic models, as all
responses exhibited statistically non-significant p-values (p >
0.05), indicating no significant discrepancy between the

© 2025 The Author(s). Published by the Royal Society of Chemistry

predicted and experimental values. Specifically, for MAE, the
lack-of-fit p-values were 0.1126 for TPC, 0.5664 for TFC, and
0.5331 for AA, while for UAE, the corresponding values were
0.2048, 0.1495, and 0.1206, respectively. These results suggested
that the models accurately represent the experimental data
without systematic bias.

Tables 4 and S2-S4 present the statistical analysis of MAE,
revealing that the independent variables exhibited distinct
significance patterns across the response variables. Ethanol
concentration (X3) showed the highest significance (p < 0.0001)
for TPC, TFC, and AA due to its dual role in optimizing solvent
polarity for polyphenol solubility and facilitating cell wall
disruption through hydrogen bond formation. Extraction time
(X1) demonstrated a greater impact on AA (p < 0.0001) compared
to TPC (p = 0.0208) or TFC (p = 0.0390), reflecting the kinetic
requirements of antioxidant extraction, where sufficient time is
needed for thermolabile antioxidant release but excessive
exposure risks phenolic degradation. Microwave power (X,)
exerted a more significant effect on AA and TFC (p < 0.0001)
than on TPC (p = 0.0037), as flavonoids and antioxidants
exhibited greater thermal and dielectric susceptibility, facili-
tating enhanced cell disruption and improved mass transfer
during extraction.”® Most notably, temperature (X,) showed

Sustainable Food Technol,, 2025, 3, 2170-2191 | 2177
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Table 5 Quadratic model coefficients and ANOVA results for ultrasound assisted extraction (UAE) of dried stevia leaf extract®

UAE of stevia leaf extract

Model parameters Coefficient TPC TFC AA
Intercept 56 —626.0202*** —408.2041*** —1128.2389%**
Linear terms

A-Time (min) 5’] +5.6163** +5.9028%** +12.8208**
B-Power (W) 6’2 +8.8415%** +5.5969%** +16.8781%%*
C-Solvent concentration (%) 8, +8.7792%** +5.0305%** +13.1541%%*
D-Temperature (°C) 8, +9.4641*** +5.7492%%* +16.6926%**
Interaction

A XB 5’12 +0.0611 +0.0593* +0.3047%*
AxC ﬁ/n +0.1112%* +0.0135 +0.1600

A XD 5’14 —0.0353 +0.0019 —0.0370
BxC 6/23 —0.0072 —0.0026 +0.0311

B xD 5’24 +0.0055 —0.0219* —0.0911%*
CxD 5’34 +0.0074 +0.0201%* +0.0558
Second order

A 8, —0.4750%%* —0.3595%** —1.2574%%*
B? 5’22 —0.1246%%* —0.0608%** —0.2127%%%*
c> 5;; —0.1049%** —0.0576%** —0.1809%**
D? 5;4 —0.0936%** —0.0575%%%* —0.1482%%*
R* 0.9651 0.9643 0.9574
Adjusted R? 0.9326 0.9310 0.9177
Predicted R* 0.8276 0.8191 0.7813
p-Value <0.0001 *** <0.0001 *** <0.0001 ***
FValue 29.6698 28.9515 24.1014
Lack of fit 0.2048 0.1495 0.1206

% Here, TPC represents the total phenolic content (mg GAE per g sample), TFC denotes the total flavonoid content (mg QE per g sample), and AA
refers to the antioxidant activity or inhibition (%). QE refers to quercetin equivalent, and GAE signifies gallic acid equivalent. Significance levels: *p

< 0.05, *p < 0.01, and **¥p < 0.001. Model equation: Y rpc orTrCoras)) = 6;) + 6,1A + ﬁ’zB+ ﬁ;CJr ﬁ;D + 6’12(A x B) + 6’]3(A x C)
+B14(4 % D) + B33 (B x C) + By (B x D) + B34(C x D) + By, (4) + B (B) + B33(C7) + By (D).

exceptional significance for AA (p = 0.0003) relative to TPC (p =
0.0077) and TFC (p = 0.0030), directly reflecting AA's noticeable
temperature sensitivity, where optimal thermal conditions are
crucial for both antioxidant compound stability and activity
preservation, while moderately elevated temperatures suffice
for phenolic compound extraction. The second-order poly-
nomial regression models derived from the MAE process are
shown in eqn (7)-(9).

Yo ey (mg GAE per g sample) = —401.8392
+ 1.6656X, + 0.5018X, + 7.7123X;
+7.1616X, + 0.0104X, X5 + 0.0941 X, X3
— 0.0762X, X4 — 0.0007.X>X5 + 0.0002.X>X,4
+0.0347X5X4 — 0.4953X,% — 0.0009.X>
— 0.0937X3% — 0.0839.X,° 7)

Y, 1rc) (mg QE per g sample) = —483.5334
+ 13.3695X, + 0.5753X, + 7.1202.X;
+ 8.1527X4 + 0.0005X, X, + 0.0951.X; X3
— 0.1199X, X4 — 0.0001X,X5 — 0.0010X,X,

2178 | Sustainable Food Technol., 2025, 3, 2170-2191

+0.0075X3X, — 1.1920X,% — 0.0008 X,>
—0.0766X5> — 0.0752X,* (8)

Ya.an(%) = —788.8028 + 54.1611X, + 1.1542X,
+12.3353X3 + 7.9953X, + 0.0152X, X,
— 0.1258 X, X5 + 0.0675X, X, + 0.0034X,X3
— 0.0039X, X, + 0.1253X3X, — 5.2972X,>
— 0.0018X5% — 0.1794X5% — 0.1277X,? (9)

The ANOVA results for UAE (as shown in Tables 5 and S5-S7)
revealed distinct significance patterns for extraction time (4),
ultrasonic amplitude (B), solvent concentration (C), and
temperature (D), highlighting their fundamental influence on
mass transfer, cavitation intensity, and solvent-solute interac-
tions. Solvent concentration (C) emerges as the most critical
parameter, showing extremely high significance (p < 0.0001) for
TPC, TFC, and AA due to EtOH's dual role in optimizing poly-
phenol solubility through polarity and enhancing cavitation
induced cell disruption. Amplitude (B) exerts particularly strong
effects on TFC (F = 37.63; p < 0.0001) and AA (F = 17.76; p =
0.0008) compared to TPC, reflecting that ultrasonic energy more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiently liberates bound flavonoids and influences antioxi-
dant activity through cavitation intensity. Temperature (D)
shows exceptional significance for AA (p < 0.0001) relative to
TPC and TFC, highlighting the thermal sensitivity of antioxi-
dant compounds that require precise temperature control to
prevent degradation. Time (A), significant for all responses,
demonstrates varying influence, most critical for AA (p =
0.0062) due to the kinetic requirements of antioxidant extrac-
tion, moderately important for TFC (p = 0.0003), and least
influential for TPC (p = 0.0031). These differential significances
are further evidenced by substantial quadratic terms, confirm-
ing nonlinear relationships between process parameters and
extraction efficiency. The observed significance patterns are
consistent with underlying physicochemical principles. Solvent
exerted the strongest influence due to extraction thermody-
namics, while amplitude enhanced bioactive compounds
release through mechanical disruption; temperature affected
antioxidant stability, and extraction time reflected compound-
specific kinetic behavior. These findings highlight that solvent
concentration and ultrasonic amplitude are critical for opti-
mizing TFC and AA yields in UAE, whereas extraction time and
temperature show minimal influence on TPC recovery. The
second-order polynomial regression models—derived from the
UAE process are shown in eqn (10)-(12).

Y. 1pcy (mg GAE per g sample) = —626.0202
+5.61634 + 8.8415B + 8.7792C + 9.4641D
+0.06114B + 0.11124C — 0.03534D
— 0.0072BC + 0.0055BD + 0.0074CD — 0.47504>
— 0.12468% — 0.1049C* — 0.0936D” (10)
Y >, trc) (mg QE per g sample) = —408.2041
+ 5.90284 + 5.5969B + 5.0305C + 5.7492D
+ 0.05934B + 0.01354C + 0.00194D
— 0.0026BC — 0.0219BD + 0.0201CD
—0.35954 — 0.06088% — 0.0576C* — 0.0575D° (11)
Yio.an) (%) = —1128.2389 + 12.82084 + 16.8781B
+ 13.1541C + 16.6926D + 0.30474B
+ 0.16004C — 0.03704D + 0.0311BC
— 0.0911BD + 0.0558CD — 1.257447
—0.21278% — 0.1809C* — 0.1482D° (12)
MAE and UAE exhibited distinct interaction and quadratic
effects, with variations in statistical significance highlighting
differences in energy delivery mechanisms, mass transfer
behavior, and solvent-solute interactions. In MAE, the extrac-
tion process was significantly influenced by the interaction
between X; and X, (p = 0.0219). This interaction highlights the
synergistic influence of thermal energy and solvent polarity,
which together enhance polyphenol solubility and diffusion
efficiency.>* For TFC extraction, time exhibited significant
interaction with solvent concentration (X; x X3, p = 0.0226) and
temperature (X; X X,, p = 0.0059), indicating that extended
exposure under optimal solvent and temperature conditions
enhances flavonoid release via improved mass transfer.’* For
AA, the interaction between X; and X, (p = 0.0030) was the most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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statistically significant, highlighting the importance of solvent
polarity and precise temperature control in maximizing anti-
oxidant yield while limiting oxidative degradation. Similarly,
UAE demonstrated significant interaction effects between A and
C (p = 0.0034 for TPC), indicating the role of solvent assisted
cavitational disruption in enhancing polyphenol extraction.'®*
For TFC, varied interactions were observed, including A x B (p =
0.0152), B x D (p = 0.0235), and C x D (p = 0.0354), reflecting
the combined effect of solvent dynamics and acoustic cavitation
intensity in flavonoid extraction. For AA, interaction between B
and D (p = 0.0089) and A and B (p = 0.0011) highlighted the
essential role of cavitation energy in enhancing antioxidant
extraction while preventing oxidative losses.>® Furthermore,
highly significant quadratic effects (p < 0.0001) were observed
for all process parameters in both MAE and UAE, indicating
strong nonlinear relationships between independent variables
and responses, with the exception of extraction time (X;%) in
MAE for TPC. In MAE, the quadratic terms for microwave power
(X,?), solvent concentration (X;*), and temperature (X,>) were
highly significant (p < 0.0001), reflecting critical thresholds
where dielectric heating and thermal degradation strongly
influenced the extraction efficiency. However, the quadratic
effect of time (X,% p = 0.0750) on TPC was not statistically
significant, suggesting a predominantly linear relationship with
this parameter. Similarly, UAE showed dominant quadratic
responses for all independent variables (4%, B, C?, and D?, with
p < 0.0001), highlighting the nonlinear effects of cavitation
intensity, solvent polarity, and mass transfer on the extraction
of target stevia metabolites.

3.2.2 Analysis of 3D response surface plots. Fig. 1-6 illus-
trate the quadratic relationships and factor interactions
affecting TPC, TFC, and AA in both MAE and UAE processes.
The curvature reveals optimal conditions and degradation
thresholds, while contour distortions show parameter syner-
gies, enabling comparative process optimization. During MAE,
the obtained TPC, TFC, and AA in stevia leaf extract ranged from
55.73 = 0.55 to 68.26 £ 0.43 mg GAE per g sample, 20.52 £ 0.11
to 31.97 + 0.15 mg QE per g sample, and 61.33 £ 0.11 to 95.30 +
0.05%, respectively. Fig. 1(a—c) illustrates that TPC yield
increases notably with microwave power, solvent concentration,
and temperature, reaching optimal levels around 310 4+ 20 W,
51 £ 2%, and 51 + 2 °C, respectively, at an extraction time of 5 +
0.5 min. As shown in Table 4, the positive interaction coeffi-
cients between time and power (8;, = +0.0104) and time and
solvent concentration (8y3 = +0.0941) indicate synergistic
effects that enhance TPC when these variables increase simul-
taneously. Fig. 1(d-e) illustrates the interaction of microwave
power with solvent concentration and temperature, where the
interaction between power and temperature (8,4 = +0.0002)
shows a negligible effect. However, the significant positive
interaction between solvent concentration and temperature (834
= +0.0347; p = 0.0219) in Fig. 1(f) suggests a combined
enhancing effect on phenolic extraction. The non-significant
quadratic effect of time (X;% p = 0.0750) indicates a plateau in
TPC near the optimal extraction time. Strong quadratic effects
of temperature (X,>) and solvent concentration (X;) (p < 0.0001)
further emphasize the curvature in the response surface. TPC
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Fig. 1 Response surface methodology (RSM) plots for microwave assisted extraction (MAE) of total phenolic content (TPC) from stevia extract.
The 3D response surface plots illustrate the effects of variable interactions on TPC yield: (a) power and time, (b) solvent concentration and time,
(c) temperature and power, (d) solvent concentration and power, (e) temperature and time, and (f) temperature and solvent concentration.
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Fig. 2 Response surface methodology (RSM) plots demonstrating the impact of variable interactions on the extraction yield of total flavonoid
content (TFC) from stevia using microwave assisted extraction (MAE). The 3D surface plots visualize the effects of paired variables: (a) microwave
power and time, (b) solvent concentration and time, (c) temperature and time, (d) solvent concentration and power, (e) temperature and power,
and (f) temperature and solvent concentration.
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Fig. 3 Response surface methodology (RSM) plots depicting the effects of independent variables on the antioxidant activity (AA) yield during
microwave assisted extraction (MAE) of stevia extract. The 3D response surfaces represent the interactions between variable pairs: (a) microwave
power and extraction time, (b) solvent concentration and extraction time, (c) temperature and microwave power, (d) solvent concentration and
microwave power, (e) temperature and extraction time, and (f) temperature and solvent concentration.

2182 | Sustainable Food Technol., 2025, 3, 2170-2191 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00329f

Open Access Article. Published on 11 September 2025. Downloaded on 3/21/2026 1:28:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Food Technology

=
ZZ
o o
o2

w 7o
| g N ’
o <L > o= “:“\‘?\\

TPC (mgGAE/g sample)
TPC (mgGAE/g sample)

() & (d)

TPC (mgGAE/g sample)
TPC (mgGAE/g sample)

TPC (mgGAE/g sample)
TPC (mgGAE/g sample)

Fig. 4 Response surface methodology (RSM) plots for ultrasound assisted extraction (UAE) of total phenolic content (TPC) from stevia extract.
The 3D response surface plots illustrate the effects of variable interactions on TPC yield: (a) amplitude and time, (b) solvent concentration and

time, (c) temperature and amplitude, (d) solvent concentration and amplitude, (e) temperature and time, and (f) temperature and solvent
concentration.
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Fig. 5 Response surface methodology (RSM) plots demonstrating the impact of variable interactions on the extraction yield of total flavonoid
content (TFC) from stevia using ultrasound assisted extraction (UAE). The 3D surface plots visualize the effects of paired variables: (a) amplitude

and time, (b) solvent concentration and time, (c) temperature and time, (d) solvent concentration and amplitude, (e) temperature and amplitude,

and (f) temperature and solvent concentration.
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yield peaks around 51 £ 2 °C and 51 + 2%, beyond which
thermal degradation likely reduces extraction efficiency. Simi-
larly, surface plots for TFC extraction (Fig. 2(a-f)) reveal critical
interactions between independent variables. In Fig. 2(a—c),
excessive microwave power and prolonged extraction time
resulted in the degradation of TFC, as indicated by the negative
quadratic coefficients (;; = —1.1920 and §,, = —0.0008, both
with p < 0.0001). These curvature effects are likely associated
with thermal or oxidative degradation occurring under inten-
sified processing conditions. The positive and statistically
significant interaction coefficient between extraction time and
solvent concentration (8;3 = +0.0951, p = 0.0226) indicates
a synergistic effect, wherein simultaneous increases in both
variables enhance the extraction of TFC. Fig. 2(d) demonstrates
that beyond a threshold, higher solvent concentration does not
improve extraction efficiency, even with increased microwave
power, indicating solvent saturation effects. The interaction
between temperature and microwave power in Fig. 2(e) further
confirms that both factors contribute synergistically to TFC
degradation. However, Fig. 2(f) highlights that balancing
temperature and solvent concentration is essential for maxi-
mizing yield, as their combined effect exhibits a well-defined
optimum. The 3D plots of antioxidant activity suggest that
prolonged extraction time, high microwave power, elevated
temperature, and excessive solvent concentration contribute to
extract's antioxidant degradation, as shown in Fig. 3(a-f).
During UAE, the TPC, TFC, and AA in stevia leaf extract
ranged from 46.10 + 0.64 to 63.16 + 1.58 mg GAE per g sample,
17.91 £ 0.16 to 28.71 £+ 0.70 mg QE per g sample, and 54.47 +
0.09 to 90.07 £ 0.02%, respectively. The linear coefficients for
time (4), ultrasonic amplitude (B), solvent concentration (C),
and temperature (D) were highly significant (p < 0.001), except
for time (4) in TPC (p = 0.0031) and AA (p = 0.0062), indicating
their direct contribution to improving the initial extraction
efficiency. The 3D response surface plots, along with significant
negative quadratic coefficients (p < 0.0001, except for TPC)
presented in Tables 4 and 5, confirmed a pronounced curvature
effect. This indicates that moderate increases in extraction
parameters enhance bioactive yield, whereas exceeding the
optimal levels results in compound degradation. Fig. 4(a—f)
highlights the optimal conditions for TPC extraction at around
41 £ 2% amplitude, 51 £ 2% solvent concentration, and 51 + 2
°C temperature, with an extraction time of 12 £+ 1 min. In TPC,
the highly significant positive interaction between A and C
(6/13 =+40.1112 with p = 0.0034) suggests that prolonged
extraction enhances solvent effectiveness in dissolving phenolic
compounds. Similarly, the 3D plots in Fig. 5(a-f) for TFC
extraction exhibit comparable trends in response to the inde-
pendent variables. The positive interaction between A and B
(8,, = +0.0593 with p = 0.0154) implies moderate synergy in
flavonoid release with prolonged ultrasonication. However, the
negative interaction between B and D (8,, = —0.0219 with p =
0.0235) denotes flavonoid degradation under the combined
effect of high ultrasonic amplitude and thermal stress. The
positive C x D interaction (f;, = +0.0201 with p = 0.054)
suggests that increasing temperature within an optimal range
improves flavonoid extraction. For AA (%), the 3D response
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surface plots (Fig. 6 (a-f)) and statistical coefficients exhibit
trends similar to TPC and TFC, characterized by a distinct
curvature effect, as indicated by the significant negative
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Fig. 7 (a) ANN architecture illustrating the layer configuration and
connectivity with schematic diagram of single perceptron, (b) training,
validation, and test performance curves showing the mean squared
error (MSE) over epochs for the MAE dataset, with the best validation
performance. (c) Regression plots for MAE, showing the relationship
between predicted and actual values along with the correlation
coefficient (R). (d) Validation MSE curve for the UAE dataset. (e)
Regression plots for UAE predictions. (f and g) Error histograms (20
bins) for MAE and UAE, illustrating the distribution of prediction errors
across training, validation, and test datasets.
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quadratic terms for A%, B, C*, and D* (p < 0.0001). The positive
interaction between A and B (6;2 = +0.3047 with p = 0.0011)
indicates that moderate increases in both parameters enhance
antioxidant activity; however, excessive ultrasonication may
trigger oxidative degradation, reducing overall extraction
efficiency.

The comparative analysis between MAE and UAE demon-
strated that MAE exhibited enhanced extraction efficiency, with
the highest experimental TPC, TFC, and AA values increasing by
8.07%, 11.34%, and 5.82%, respectively, compared to those
obtained with UAE. The enhanced extraction efficiency
observed with MAE was achieved with 58.33% less extraction
time. This can be attributed to its rapid volumetric heating
mechanism. This mechanism promotes a more uniform
distribution of thermal energy throughout the sample matrix,
which in turn facilitates efficient cell wall disruption and
subsequent compound diffusion. However, UAE's dependence
on transient cavitation phenomena resulted in localized energy
hotspots and uneven compound extraction. Furthermore, pro-
longed ultrasonication duration in UAE likely induced thermal
degradation of thermolabile secondary metabolites, as evi-
denced by the comparatively lower yields of bioactive
Compounds.12,20,23,26,37

3.3 ANN model analysis

A systematic evaluation of hidden layer configurations was
performed to develop optimized ANN models for both MAE and
UAE techniques. Among the tested architectures (7-10
neurons), the 8-neuron hidden layer model (Fig. 7(a)) demon-
strated superior performance for both methods. For MAE, the
lowest mean squared error (MSE = 0.7029) was achieved at
epoch 9 with a high R* of 0.9985, indicating strong predictive
accuracy and fast convergence. In comparison, UAE showed
a slightly higher MSE of 0.8362 at epoch 13 with a lower R* of
0.9981. The training performance of the MAE model (Fig. 7(b))
showed well-aligned and smooth curves for training, validation,
and testing datasets, reflecting effective learning with minimal
overfitting. Whereas, the UAE model (Fig. 7(d)) showed greater
fluctuations, particularly in the validation and test phases,
suggesting unstable learning and potential overfitting.
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Regression plots (Fig. 7(c) and (e)) further confirmed the better
predictive performance of the MAE model, as shown by higher
regression coefficients and tighter data fitting. The final ANN
model architecture employed L2 regularization (A = 0.12), the
Levenberg-Marquardt training algorithm for efficient gradient-
based optimization, and a hybrid genetic algorithm for fine-
tuning hyperparameters. The use of the tansig activation func-
tion in the hidden layer and the purelin function in the output
layer facilitated effective nonlinear transformation and output
scaling with a network topology of 4-8-3. Fig. 7(f-g) presents the
error histograms with 20 bins for the MAE and UAE models. In
both cases, the majority of errors are densely concentrated
around zero, indicating high prediction accuracy and minimal
bias. The maximum observed errors were approximately +2.93
for MAE and +2.96 for UAE, reflecting the models' low error
tendency and overall reliability. Overall, the ANN model devel-
oped for MAE demonstrated greater robustness, precision, and
generalization capability compared to that for UAE.

3.4 Comparison of the developed RSM and ANN models

The predictive performance of RSM and ANN models for both
MAE and UAE techniques was assessed using statistical metrics
including MSE, RMSE, MAD, MAPE, R* and adjusted R*> as
presented in Table 6. For all responses (TPC, TFC, and AA), the
ANN models consistently outperformed the RSM models, as
evidenced by lower error values and higher adjusted R>.
Specifically, the adjusted R* values ranged from 0.9421 to 0.9832
for MAE and from 0.9499 to 0.9861 for UAE, confirming superior
prediction accuracy and reliability.

3.5 RSM and ANN model prediction and validation

Optimization of secondary metabolite extraction from stevia
was carried out using both RSM and ANN models, as presented
in Table 7. For MAE, RSM identified optimal conditions as an
extraction time (X;) of 4.31 min, a microwave power (X,) of
312.50 W, an ethanol concentration (X;) of 52.41%, and
a temperature (X,) of 52.10 °C. This model predicted maximum
yields of 67.10 mg GAE per g sample for Y(y rpc), 30.32 mg QE per
g sample for Y(;1rc), and 91.89% antioxidant inhibition for
Y(1,aa), With a desirability score of 0.879. In comparison, the

Table 6 Statistical evaluation of experimental and predicted responses from RSM and ANN models®

MAE UAE

TPC TFC AA TPC TFC AA
Performance metrics RSM ANN RSM ANN RSM ANN RSM ANN RSM ANN RSM ANN
MSE 0.9189 0.4753 0.2794 0.4329 6.2974 1.0733 0.8189 0.2591 0.3783 0.2744 4.5946 0.7757
RMSE 0.9586 0.6895 0.5219 0.6580 2.5095 1.0366 0.9049 0.5090 0.61509 0.5238 2.1435 0.8807
MAD 0.8303 0.5568 0.4536 0.5388 2.0413 0.5875 0.7243 0.3694 0.5197 0.4604 1.7627 0.5016
MAPE 1.3169 0.8929 1.7675 2.1246 2.4711 0.6870 1.3633 0.6506 2.2106 1.9677 2.3294 0.6082
R? 0.9428 0.9700 0.9758 0.9840 0.9480 0.9913 0.9651 0.9889 0.9643 0.9741 0.9574 0.9928
Adjusted R? 0.8893 0.9421 0.9528 0.9691 0.8994 0.9832 0.9325 0.9786 0.9309 0.9499 0.9177 0.9861

% Here, MSE: mean squared error, RMSE: root mean squared error, MAD: mean absolute deviation, MAPE: mean absolute percentage error, MAE:
microwave assisted extraction, UAE: ultrasound assisted extraction, TPC: total phenolic content, TFC: total flavonoid content, AA: antioxidant
activity, RSM: response surface methodology, and ANN: artificial neural network.
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RSM model for UAE required a longer extraction time of 10.90
min, 40.62% ultrasonic amplitude, 52.15% ethanol concentra-
tion, and a temperature of 51.87 °C, predicting lower yields of
61.14 mg GAE per g sample for Y(;rpc), 27.52 mg QE per g
sample for Y(; rrc), and 87.89% antioxidant inhibition for Y, aa),
with a desirability score of 0.867. During this RSM-based
desirability function approach, extraction time was assigned
a minimization weight, while the responses were targeted for
maximization. To further fine-tune these conditions, an ANN
model combined with GA was utilized. The ANN-GA approach
predicted optimal conditions for MAE as 5.15 min, 284.05 W,
53.10% ethanol concentration, and 53.89 °C, estimating yields
of 67.53 mg GAE per g sample (TPC), 29.80 mg QE per g sample
(TFC), and 96.34% antioxidant inhibition (AA). For UAE, the opti-
mized parameters were 13.25 min, 41.25% ultrasonic amplitude,
52.71% ethanol concentration, and 50.36 °C, with predicted yields
of 62.37 mg GAE per g sample (TPC), 28.96 mg QE per g sample
(TFC), and 92.33% of antioxidant inhibition (AA). The ANN model
demonstrated robust optimization, converging after 87 genera-
tions for MAE and 96 generations for UAE.

Previous studies have shown that phenolic extraction from
stevia varies significantly based on the extraction method and
process parameters. For instance, Yilmaz et al.** reported a TPC
yield of 67.8 mg GAE per g sample using MAE at 16 min and 51 °C,
while UAE required 43 min at 50 °C to obtain a comparable value
of 68.6 mg GAE per g sample. Similarly, Kaur et al.*® found
28.59-32.44 mg GAE per g sample of TPC with 53.57-62.39%
inhibition of DPPH free radicals using UAE (50% ethanol
concentration, 50 °C, and 30 min). Ameer et al.* however, reported
only 25.76 mg GAE per g sample of TPC under supercritical fluid
extraction (40% ethanol concentration, 45 °C, and 225 bar). Zaidan
et al.”® found ethanolic extraction values of 6.65 mg GAE per g
sample of TPC and 10.91 mg QE per g sample of TFC (1:10
g mL™", 40 °C, 200 rpm for 90 min), and Ali et al* found
a maximum TPC of 41.00 £ 0.69 mg GAE per g sample and a TFC
of 22.66 + 0.04 mg QE per g sample using maceration (1:10
g mL™ ", 50% methanol concentration, 200 rpm for 60 min).

During experimental validation, the ANN-GA optimized
MAE and UAE processes in the present study exhibited higher
extraction efficiency and significant time savings compared to
previously reported results. The optimized MAE (ANN-GA)
process yielded 68.25 mg GAE per g sample for TPC, 29.90 mg
QE per g sample for TFC, and 95.98% of antioxidant inhibition
(AA) in just 5.15 min. In comparison, the optimized UAE (ANN-
GA) process achieved slightly lower yields of 62.81 mg GAE per g
sample for TPC, 28.59 mg QE per g sample for TFC, and 91.40%
antioxidant inhibition (AA) over a longer duration of 13 min.
Furthermore, the optimized values predicted by the ANN-GA
model for both MAE and UAE showed excellent agreement with
experimental results and outperformed the RSM model, with
relative percentage errors below 1.32% (as shown in Table 7).
Although the TPC values were comparable to those reported by
Yilmaz et al.** (67.8-68.6 mg GAE per g sample), the optimized
process in the present study achieved the same recovery with
67.81% and 69.77% shorter extraction time for MAE and UAE,
respectively. In comparison with Kaur et al.*® the optimized UAE
process achieved 1.94-2.20 times higher TPC recovery with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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46.49-70.62% greater antioxidant activity, while reducing the
extraction time by 56.67%. Furthermore, compared to the yield
reported by Zaidan et al.*® the present study's findings for TPC
and TFC were 9.44-10.27 times and 2.62-2.74 times higher,
respectively. Similarly, when compared to the results of Ali
et al.*® the TPC and TFC values were 1.53-1.66 times and 1.26-
1.32 times higher, respectively. Moreover, the ANN-GA opti-
mized MAE process demonstrated enhanced extraction effi-
ciency with moderate power input, reduced solvent
consumption, shorter extraction time, and efficient energy
utilization. Collectively, these outcomes establish MAE as
a sustainable, time-efficient, and highly effective approach for
the recovery of phenolics and related bioactive compounds
from Stevia rebaudiana.

4 Conclusion

Secondary bioactive compounds from Stevia rebaudiana are
well-known for their health-promoting properties, including
anti-inflammatory and antioxidant effects. This study aimed to
optimize MAE and UAE conditions using RSM and ANN-GA.
The findings revealed that MAE outperformed UAE under
optimized conditions, yielding a higher TPC of 65.12 + 0.35 mg
GAE per g sample, a TFC of 28.22 £ 0.26 mg QE per g sample,
and an AA of 87.28 £ 0.37%, compared to UAE's TPC of 59.77 +
0.53 mg GAE per g sample, TFC of 25.15 £ 0.27 mg QE per g, and
AA of 85.04 + 0.46%. MAE demonstrated an improvement of
8.95% in TPC, 12.21% in TFC, and 2.63% in AA over UAE while
also reducing the extraction time by 67.47%. The predicted R
values from RSM (0.7048-0.8971 for MAE and 0.7813-0.8276 for
UAE) indicated limitations in predictive accuracy, prompting
the adoption of an ANN-GA approach for enhanced model
performance and optimization. The ANN-GA model showed
superior predictive accuracy, with predicted values closely
matching experimental results and exhibiting lower errors than
RSM. Using ANN-GA, the optimized MAE conditions were
determined to be an extraction time of 5.15 min, a microwave
power of 284.05 W, an ethanol concentration of 53.10%, and
a temperature of 53.89 °C. Under these conditions, the extrac-
tion yielded 68.25 £ 0.20 mg GAE per g sample TPC, 29.90 +
0.19 mg QE per g sample TFC, and 95.98 + 0.39% AA. Compared
to UAE under ANN-GA optimization, MAE achieved an increase
of 8.66% in TPC, 4.60% in TFC, and 5.01% in AA while
demonstrating greater energy efficiency and a 60.38% reduction
in extraction time. These findings establish MAE as a more
sustainable and effective method for extracting bioactive
compounds from medicinal plants in general, offering signifi-
cant advantages over UAE in terms of both yield and environ-
mental impact.

Nomenclature

Symbols

3D Three dimensional

A Extraction time (min) for UAE

B Ultrasonic amplitude (%) for UAE

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Sustainable Food Technology

C Solvent concentration (%) for UAE

D Temperature (°C) for UAE

DPPH 2,2-Diphenyl-2-picrylhydrazyl

N Number of experimental runs

R Correlation coefficient

R’ Coefficient of determination

X1 Extraction time (min) for MAE

X2 Microwave power (W) for MAE

X3 Solvent concentration (%) for MAE

X4 Temperature (°C) for MAE

Yexp,i Experimental value of the i term

Yexp,i Mean experimental value of the i term
Y pre,i Predicted value of the i term
Abbreviations

AA Antioxidant activity (%)

ANN Artificial neural network

ANN-  Artificial neural network coupled with genetic
GA algorithm

CCRD  Central composite rotatable design

FCR Folin-Ciocalteu reagent

GA Genetic algorithm

GAE Gallic acid equivalent

MAE Microwave assisted extraction

MAPE  Mean absolute percentage error

MSE Mean squared error

QE Quercetin equivalent

RMSE  Root mean squared error

SFAT Single factor at a time

TFC Total flavonoid content (mg QE per g sample)
TPC Total phenolic content (mg GAE per g sample)
UAE Ultrasound assisted extraction
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