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ABSTRACT

Gamma-aminobutyric acid (GABA) is a crucial inhibitory neurotransmitter within the central nervous system, 
with an extensive distribution throughout the brain, and is involved in 40% of adult vertebrate inhibitory synapses. 
Polyphenols possess antioxidative and anti-inflammatory properties and can prevent harmful effects on health. The study 
aimed to optimize enzyme-assisted extraction (EAE) conditions, including temperature (°C), time (min), and enzyme 
concentration (%), to maximize the content of GABA and total polyphenol content (TPC) from germinated mung beans 
using response surface methodology. The findings demonstrated that the data were well-suited to be represented by two 
quadratic regression equations for the GABA and TPC contents, with high R2 values. The optimal extraction conditions 
were predicted to be a temperature of 53°C, a time of 62 min, and an enzyme concentration of 2.2%. Under those 
conditions, the maximum content of GABA (57.01 mg/g, dw) and TPC (6.52 mg GAE/g, dw) was achieved as predicted. 
In conclusion, this study successfully optimized the EAE process to obtain a highly enriched extract with increased 
GABA and TPC contents. The findings open avenues for utilizing this optimized extract in multiple applications, ranging 
from consumer products to pharmaceutical advancements, thereby harnessing the benefits of GABA and polyphenols.

ARTICLE HIGHLIGHTS

•	 Response surface methodology was used to optimize enzyme-
assisted extraction conditions for Gamma-aminobutyric acid and 
polyphenols.

•	 The conditions significantly affected the Gamma-aminobutyric 
acid and polyphenols contents of the mung bean extract.

•	 The maximum content of Gamma-aminobutyric acid and 
polyphenols could be obtained using green and environmental-
friendly techniques.

1. INTRODUCTION

Beans are known to synthesize several bioactive compounds that 
possess nutritional value during the germination process. According to 
Huang et al., [1] germination is a cost-effective and efficient process that 
modifies the physical properties of the beans and synthesizes bioactive 
compounds that have a positive impact on human health. Moreover, it 
breaks down high-molecular-weight compounds into simpler molecules 
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that are more nutritious and easier for the human body to absorb. 
During this process, cellular components undergo transformations, and 
new compounds are formed that affect the biochemical properties of 
the beans. It enhances their quality by activating enzyme activity in 
germinated beans and converting proteins, carbohydrates, and lipids 
into simpler forms [2]. Germinated mung beans, for instance, exhibit 
an increase the nutritional content and improve protein digestibility, 
while also accumulating various bioactive compounds such as gamma-
aminobutyric acid (GABA) and polyphenols [3], among others. 
Importantly, unwanted components such as alkaloids, tannins, and 
phytates are reduced during the germination process [4].

GABA is a non-protein amino acid containing four carbon atoms and having 
a molecular formula of C4H9NO2. It is synthesized from glutamic acid in 
the cytoplasm by a non-reversible reaction that removes the carboxyl group 
and releases CO2 through the specific enzyme glutamate decarboxylase 
in secretory cells when stimulated externally. GABA is found in various 
vegetables and germinated seeds such as grains, beans, soybeans, brown 
rice, sesame seeds, lentils, and peas [5-7]. According to Sarasa et al. [8], 
GABA plays a significant role as an inhibitory neurotransmitter that 
suppresses the transmission of nerve impulses, regulates blood pressure, 
controls stress responses, and modulates sleep, and is one of the ingredients 
in tranquilizers. GABA also plays a vital role in promoting human health by 
reducing nervous tension, improving sleep quality, alleviating symptoms of 
nervous disorders, and stimulating immune cell production.
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Similarly, it is reported that polyphenols in various seeds, such as 
germinated rice, increased during germination [9]. Plant phenolic 
compounds have the ability to protect against ultraviolet radiation or 
prevent disease-causing agents, as well as enhance the color of plants. 
Due to their presence in all parts of the plant, these compounds are 
integral components of the human diet. In addition, polyphenols act 
as anti-mutagenic, anti-allergic, anti-inflammatory, and antibacterial 
agents [10]. Polyphenols have antioxidant activity and can prevent 
cardiovascular diseases through their antioxidative mechanisms and 
by reducing the impact of harmful cholesterol [11]. According to 
Avinash et al. [12], extracts derived from Atibala (Abutilon indicum) 
and its polyphenolic compounds exhibit strong inhibitory effects on 
Pseudomonas aeruginosa biofilm. These results hold promise for their 
potential utilization in the future for the design and development of 
innovative drugs.

The successful extraction of bioactive compounds from plant 
materials, especially germinated mung beans, strongly depends on 
the appropriate selection of extraction methods. Modern techniques 
such as ultrasound-assisted extraction, microwave-assisted extraction, 
and enzyme-assisted extraction (EAE) offer notable advantages over 
conventional methods such as maceration, percolation, and Soxhlet 
extraction. As a result, these advanced methods find wider applications 
in the food, cosmetics, and pharmaceutical industries  [13]. The 
choice of suitable extraction methods depends on the nature of the 
raw material, the preparation process, and energy consumption. It 
is necessary to choose a method that minimizes the loss of natural 
bioactive compounds, consumes less energy, yields the highest amount 
of bioactive compounds, and is environmentally friendly. Among them, 
EAE stands out as an environmentally friendly method, as it not only 
reduces extraction time but also enhances extraction efficiency and 
cost-effectiveness. Moreover, EAE is known for its gentle extraction 
technology, making it a highly promising alternative to conventional 
extraction methods [14]. EAE has found extensive application in 
obtaining bioactive compounds from a range of plant sources, such as 
flavonoids (naringin) from citrus peels [15,16], total phenolics from 
pomegranate peels [17], and bioactive peptides with high antioxidant 
activity from okara protein [18].

EAE mainly relies on the specific catalytic ability of enzymes 
and the catalytic reaction occurring under mild conditions in an 
aqueous environment [19]. Enzymes are used in the extraction 
process because they break down the cell structure of plant material, 
thereby significantly improving the efficiency of extracting bioactive 
compounds from plants. Through enzyme hydrolysis, the cell walls are 
broken down, leading to enhanced cell permeability and enabling the 
extraction of bioactive compounds in substantial yields. The selection 
of enzymes is contingent upon the intrinsic characteristics of individual 
source materials and the desired constituents. For instance, previous 
studies have demonstrated the use of cellulase enzymes for extracting 
bioactive compounds from mung bean skin [20], while enzymes from 
the protease group, such as alcalase and papain, have been employed 
for extracting proteins and amino acids from seeds  [21]. Since 
GABA represents an amino acid from which phenolic compounds are 
synthesized, alcalase has proven to be the leading enzyme selected 
for extracting bioactive compounds from germinated mung beans. To 
effectively use enzymes for the extraction process, a comprehensive 
understanding of the enzyme’s catalytic properties, mode of action, 
and the ideal conditions of the enzyme that best suit the chosen plant 
material is essential. The necessary parameters for each individual 
process related to the release of bioactive compounds with enzyme 
assistance include material-to-water ratio, temperature, time, and 

enzyme concentration [16]. Moreover, it is necessary to investigate the 
cell composition of the raw material before selecting an appropriate 
enzyme or combination of enzymes [22]. Therefore, the EAE process 
requires a clear understanding of the nature of the raw material, the 
selection of enzymes for different purposes, and the establishment of 
optimal conditions for the extraction process.

To determine the parameters of the EAE process and optimize the factors 
affecting it, such as raw material-water ratio, extraction temperature, 
extraction time, and enzyme concentration during extraction, the 
research investigated the factors that affect the extraction process and 
optimized these factors to achieve the utmost amount of bioactive 
compounds in the resultant extract using alcalase enzyme.

2. MATERIALS AND METHODS

2.1. Materials
For this study, alcalase 2.5 L PF with an activity of 2.5 AU-A/g was 
acquired from Novozymes (Denmark). All chemicals and reagents used, 
including ethanol, sodium hypochlorite, sodium carbonate anhydrous, 
phenol, boric acid, and Folin–Ciocalteu, were of analytical grade and 
obtained from Merck (Germany). The standard substances, namely 
GABA and gallic acid, were procured from Sigma Aldrich (USA).

Mung beans of the DX208 variety were obtained from the Southern 
Seed Corporation, Vietnam. The beans were selected by removing 
broken beans, flat beans, and impurities and stored at 10–12°C in a 
refrigerator to prevent spoilage. They were soaked in water with a ratio 
of 1:5 (w/w) at the temperature of 30°C for 8 h [23]. After soaking, 
they were washed with water and spread out on a stainless steel tray in 
a 1 cm layer. The tray was then placed inside an incubator set at 35°C 
with 90% humidity for 12  h [24]. After incubation, the germinated 
mung beans were taken out of the incubator, and washed with distilled 
water to remove the mucilaginous substances that might have formed 
on the surface. Afterward, they were allowed to to drain for 10 min. 
Subsequently, they were packaged and stored at a temperature of 
−18°C to be utilized for further extraction experiments.

2.2. Preliminary Experiments to Determine the Suitable 
Conditions for EAE
Preliminary experiments were conducted to investigate the factors 
influencing the extraction of bioactive compounds from germinated 
mung beans. About 3  g of germinated mung beans, sourced from 
the stock kept at −18°C, were mixed with an appropriate amount of 
water (Section 2.2.1) and ground in a laboratory blender for 2 min. 
The resulting slurry was then adjusted to pH  8 using a 1M NaOH 
solution  [21]. EAE was carried out under varying conditions, 
including the mung bean-to-water ratio, temperature, time, and 
enzyme concentration. After hydrolysis, the alcalase was inactivated 
by placing the solution in a heat bath at 95°C for 10 min. The resulting 
hydrolysate was then cooled, and centrifuged at 5000 rpm at 4°C for 
15 min, and the upper portion of the solution was collected, filtered, 
and stored at a low temperature of 10–12°C for a short period of 
approximately 2 h for the analysis of GABA and polyphenol contents. 
The results of the previous experiment served as the basis for the 
subsequent experiments.

2.2.1. The effects of the ratio of mung bean to water
Different mung bean-to-solvent ratios (w/w) of 1:5, 1:10, 1:15, 1:20, 
and 1:25 were investigated. The fixed factors, including 1% (w/w) 
enzyme concentration and an incubation temperature of 40°C for 
30 min, were used.
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2.2.2. The effect of temperature
Hydrolysis was carried out by placing the bean solution in a water bath 
at temperatures of 40, 50, and 60°C for 30 min.

2.2.3. The effect of time
The investigated time of hydrolysis was 30, 60, and 90 min at the mung 
bean-to-water ratio and the temperature obtained from the previous 
experiments.

2.2.4. The effect of enzyme concentration
Different concentrations of alcalase of 1%, 2%, 3%, and 4% (w/w) 
were investigated. Enzymatic hydrolysis was conducted by placing the 
mung bean slurry in a water bath at the temperature for the duration 
determined from the previous experiments.

2.3. Optimization of Extraction Conditions
After identifying the independent factors in the preliminary 
experiments, the response surface methodology (RSM) was employed 
to optimize the extraction conditions. A Box-Behnken design (BBD) 
with 3 experimental factors, each at 3 different levels [Table  1], 
was used for this purpose. The investigated factors were extraction 
temperature, extraction time, and enzyme concentration. The efficiency 
of the extraction conditions of germinated mung beans was evaluated 
based on the GABA and polyphenols contents present in the extract.

2.4. Analytical Methods
2.4.1. Determination of moisture content
Gravimetric analysis of the moisture content in germinated mung 
beans and their extracts was performed using the AnD MX-50 moisture 
analyzer (A and D Company, Ltd., Tokyo, Japan).

2.4.2. Determination of GABA
The procedure described by Watchararparpaiboon et al. [25], with 
slight modifications, was used to determine the GABA content in 
germinated mung beans through spectrophotometric analysis. To 
elaborate, 0.6 mL of the extracted solution was pipetted into a test tube, 
followed by the addition of 0.4 mL of 0.4 M borate buffer mixture and 
2 mL of 6% phenol reagent. Then, 2 mL of 7.5% NaOCl reagent was 
added, and the tube was vigorously shaken for 5 min. The resulting 
mixture was incubated at 90°C for 10 min, followed by cooling on ice 
for another 10 min. The absorbance of the solution was measured at 
a wavelength of 630 nm using a spectrophotometer (Spectro UV 11, 
Germany). GABA served as a standard in this analysis and the results 
were expressed as milligrams (mg) of GABA per gram of dry weight 
(dw) of the sample (mg GABA/g, dw).

2.4.3. Determination of total polyphenol content (TPC)
To determine the TPC in the germinated mung bean extract, the 
modified method of Złotek et al. [26] was used. The extracted solution 
(0.5  mL) was mixed with 2  mL of distilled water, followed by the 
addition of 0.5 mL of Folin–Ciocalteu reagent (at a ratio of 1:10, v/v) 
and 2 mL of 7.0% Na2CO3. The mixture was then thoroughly shaken 
and allowed to stand at room temperature for an hour. The absorbance 

of the solution was measured at 765  nm using a spectrophotometer 
(Spectro UV 11, Germany). The results were expressed as milligrams 
of gallic acid equivalents (GAE) per gram of dry weight (dw) of the 
sample (mg GAE/g, dw), with gallic acid being used as the standard.

2.5. Statistical Analyses
The experiments were performed in triplicate, and the measurements 
were also done in triplicate. Statistical analysis was performed using 
one-way analysis of variance (ANOVA), and the least significant 
difference post hoc test at a significance level of 5% (P < 0.05) to 
identify significant differences between mean values. SPSS software 
version  25.0 (IBM Corp., Armonk, NY, USA) was used for data 
analysis, and the mean values with error bars were plotted using Excel 
version 2016 (Microsoft, Seattle, WA, USA).

To analyze the content of GABA and TPC, quadratic regression 
equations were created using JMP software version 13.0 (SAS Institute 
Inc., Cary, NC, USA). Additionally, three-dimensional (3D) surface and 
two-dimensional (2D) contour plots were generated to visualize the 
relationship between the variables. The models’ adequacy was assessed 
based on the coefficient of determination (R2) and the lack of fit. A second-
order polynomial equation was utilized to express the relationship 
between the content of GABA (Y1) and TPC (Y2) as a function of the 
independent variables. The equation was expressed as follows:

Yi = ao + a1X1 + a2X2 + a3X3 + a11X
2
1 + a22X

2
2 + a33X

2
3 + a12X1X2 + 

a13X1X3 + a23X2X3

Where, Yi represents the response variables, ao is a constant, ai, aii, aij 
are the linear, quadratic and interactive coefficients, respectively. Xi, 
Xj are the levels of the independent variables.

By keeping all terms in the equation, even those that may not 
individually demonstrate statistical significane, the model maintains a 
consistent and cohesive representation of the data and the underlying 
interactions between the variables.

3. RESULTS AND DISCUSSION

3.1. Preliminary Experiments to Determine the Suitable 
Conditions for EAE
3.1.1. The effects of the ratio of mung bean to water
Water plays a crucial role in enzymatic hydrolysis, supporting the 
reaction and the dynamic nature of the enzyme and its products [22]. 
A  low solid-liquid ratio leads to the formation of a highly viscous 
solution, making it difficult for the enzyme and substrate to come into 
contact. However, if the ratio of raw material and solvent is too high, it 
dilutes the product and increases liquid waste and emulsification, thereby 
increasing the cost of waste treatment and emulsion removal [27]. The 
ratio of raw material to water is not fixed and depends on the type and 
properties of the raw materials, typically ranging from 10 to 40 (w/w). 
For germinated mung beans, the ratio of raw material to water affects 
the content of bioactive compounds extracted, as shown in Figure 1.

According to statistical analysis, the influence of the mung bean-to-
water ratio on the GABA and TPC contents was found to be significant 
(P < 0.001). Based on Figure 1, the mung bean-to-water ratio increased 
from 1:5 to 1:20, resulting in a rapid increase in the content of GABA 
and TPC, with the highest GABA content reaching 34.66 mg/g, dw 
[Figure 1a], and the highest TPC content reaching 3.41 mg GAE/g, dw 
[Figure 1b] at a ratio of 1:20. However, when the ratio was increased 
further, the content of these compounds tended to decrease. In the 

Table 1: Code and uncoded levels for the three independent variables.

Independent variable Coded variable level

−1 0 1

Temperature (X1, °C) 40 50 60

Time (X2, min) 40 60 80

Enzyme concentration (X3, %) 1 2 3
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initial stage, increasing the amount of water facilitated the contact 
between the water and the mung beans, thereby increasing the release 
of bioactive compounds in germinated mung beans. In the later stage, 
the increased water amount resulted in product dilution, limiting the 
release of bioactive compounds. Therefore, the mung bean-to-water 
ratio of 1:20 was found to be the most suitable and was selected for 
further optimization experiments.

3.1.2. The effects of temperature
Temperature affects the activity of enzymes and increases the reaction 
rate to the optimal level. The temperature above the point where 
enzymes become denatured is similar to the inactivity of proteins and 
the degradation of bioactive compounds. Depending on the type of 
enzyme, the hydrolysis process occurs at different temperatures for 
different raw materials, but most studies have conducted extractions 
at temperatures ranging from 30 to 60°C, and the enzyme activity 
decreases at 80°C. High temperatures require more energy and result 
in low-value products. Choosing an appropriate extraction temperature 
makes the hydrolysis reaction faster and yields valuable products. 
The impact of temperature on the extraction process of bioactive 
compounds is demonstrated in Figure 2.

Statistical analysis indicated that the effects of incubation temperature 
significantly influenced the quantity of GABA (P < 0.01) and TPC 
(P < 0.05). As depicted in Figure 2, when the incubation temperature 
increased from 40 to 50°C, the amount of GABA increased and quickly 
reached a value of 35.86  mg/g, dw. When the temperature further 
increased to 60°C, the amount of GABA tended to decrease. These 
findings align with previous reports that employed alcalase enzyme at 
moderate temperatures for protein extraction from soybeans [28] or oil 
palm leaves [29]. Therefore, a temperature of 50°C was selected as the 
central point for optimization experiments.

3.1.3. The effects of time
The degradation process of cellular constituents can be enhanced 
by prolonging the hydrolysis time, which varies depending on the 
solvent and raw material source. Depending on the type of enzyme 
and the specific mechanisms involved, the time required may differ. 
However, prolonged exposure leads to the oxidation of bioactive 
compounds [30]. The results align with the findings reported in 
previous research, which demonstrate that an extended hydrolysis time 
leads to a reduction in extraction yield attributed to the degradation 
of bioactive compounds  [28,31]. Figure  3 demonstrates the GABA 
and TPC contents in the extract affected by the extraction durations 
of 30–90 min. According to statistical analysis, the influence of the 
extraction duration on the amount of GABA (P < 0.001) and TPC 
(P < 0.01) was found to be significant.

As can be seen in Figure 3, the enzyme extraction duration increased 
from 30 to 60  min, the total amount of GABA and polyphenols 
increased rapidly and reached the highest values of 51.32 mg/g, dw 
and 4.21 mg GAE/g, dw, respectively. When the processing time was 
prolonged beyond the optimum, the amount of bioactive compounds 
tended to decrease. Since the time exceeded the optimal level, the 
enzyme activity decreased, and the amount of bioactive compounds 
could be destroyed. Therefore, the incubation time of 60  min was 
chosen for the subsequent optimization experiments.

3.1.4. The effects of enzyme concentration
The ratio of enzyme to substrate is a fundamental factor that 
significantly affects the cost of the enzyme and the economy of the 
process. In general, the typical range of enzyme concentration used 
in experiments is between 0.2% and 3.0% [32]. At high enzyme 
concentrations, the formation of emulsions may occur, making it 
difficult to release bioactive compounds. As such, it is desirable to 
determine the most suitable enzyme concentration to achieve the 

Figure 1: The effect of the mung bean-to-water ratio on the content of 
gamma-aminobutyric acid (a) and total polyphenols (b). Values in a column 
not sharing a superscript letter (a, b, c, d, e) are significantly different from each 

other (P < 0.05).

b

a

Figure 2: The effects of incubation temperature on on the content of 
gamma-aminobutyric acid (a) and total polyphenols (b). Values in a column 

not sharing a superscript letter (a, b, c) are significantly different from each 
other (P < 0.05).

b

a
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highest amount of bioactive compounds in the resultant extract. 
Figure 4 shows the amount of GABA and TPC impacted by the various 
enzyme concentrations. In addition, statistical analysis indicated that 

the enzyme concentration significantly affects the amount of GABA 
and TPC (P < 0.001).

Upon increasing the enzyme concentration to 1% and 2%, the 
highest quantities of GABA and TPC reached were 57.71 mg/g, dw 
and 4.95 mg GAE/g, dw, respectively. However, upon surpassing a 
certain threshold of enzyme concentration, the amount of bioactive 
compounds displayed a tendency to decrease. This phenomenon can 
be attributed to the excessive amount of enzyme that can cause an 
intense hydrolysis reaction and a subsequent increase in bioactive 
compounds. Nonetheless, beyond a certain threshold, the enzyme 
reaction can attain equilibrium, and the hydrolysis reaction may 
not continue, leading to no further enhancement in the bioactive 
compound content and potentially even causing a decline. According 
to Fu et al. [33], when all substrate molecules are fully bound to the 
enzyme’s active site, the extraction process achieves its maximum 
yield as bioactive compounds are released from the material. 
However, increasing the enzyme quantity beyond this point leads 
to an excess of enzymes without a corresponding increase in the 
extraction yield. Moreover, excessive enzyme concentrations not 
only waste resources but can also negatively impact the extraction 
process, possibly inhibiting or interfering with the enzymatic 
reactions necessary for the extraction of desired compounds. 
Consequently, an enzyme concentration of 2% was chosen for the 
subsequent optimization experiments.

3.2. Optimization of EAE Conditions
3.2.1. Fitting the model
The RSM employs mathematical and statistical techniques to optimize 
experimental processes while minimizing the number of trials required. 
Table  2 shows the findings of the experiments in terms of GABA 
and TPC contents. The ANOVA results determined that the second-
order equation was a suitable representation of the experimental 
data, with high R2 coefficients of 0.97 and 0.95 for GABA and TPC, 
respectively. The predicted values closely matched the experimental 
data acquired from the RSM design [Table 2]. Moreover, the ANOVA 
results demonstrated that the two quadratic regression equations were 
highly significant (P < 0.01), but the lack of fit was non-significant 
(P > 0.05) in either model [Table  3]. These findings indicate that 
the quadratic regression models accurately describe the effect of the 
independent variables investigated, i.e., temperature, time, and enzyme 
concentration, on the content of GABA and TPC.

As shown in Table  3, the significance of the quadratic polynomial 
model coefficients is presented, and they were evaluated using t ratios 
and P-values at a given significance level. A higher absolute t-ratio and 
a lower P-value signify a greater impact on the relevant variables [34]. 
The variables that had the greatest effect on GABA content were the 
quadratic terms of X3, X1, and X2, as well as the interaction terms of 
X1 and X3, followed by the linear terms of X1 and X2. The lack of fit 
of the established mathematical model was found to be non-significant 
(P > 0.05), indicating a good fit of the model to the experimental data. 
The R2 coefficient of 0.967 indicates that 96.7% of the GABA content 
can be explained by this model.

Regarding TPC content, the quadratic terms of enzyme concentration, 
time, and temperature were the most influential factors, while the 
linear term of time also made a significant contribution. In contrast, 
the interaction among the three independent variables had a non-
significant effect on TPC content (P > 0.05). The lack of fit of the 
mathematical model developed to predict the TPC content was also 

Figure 3: The effects the effects of incubation time on the content of 
gamma-aminobutyric acid (a) and total polyphenols (b). Values in a column 

not sharing a superscript letter (a, b, c) are significantly different from each 
other (P < 0.05).

b

a

Figure 4: The effects of enzyme concentration on the gamma-aminobutyric 
acid content (a) and total polyphenols (b).

b

a
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non-significant (P > 0.05), and it had an R2 coefficient of 0.946, 
indicating that the model explains approximately 94.6% of the 
variation in TPC content.

3.2.2. Response surface optimization of GABA content
To assess the model’s fit and determine the ideal levels of the 
independent variables for the content of GABA in germinated mung 
bean extract, 3D surface and 2D contour plots were utilized. The 
response surface plot displays the relationship between the independent 
variables and the responses, providing a visual representation of how 

the content of GABA is affected by changes in temperature, time, 
and enzyme concentration. On the other hand, the contour plot aids 
in visualizing the shape of the response surface and helps identify 
regions of optimal response. Hence, these plots are useful tools for 
evaluating the model’s accuracy [35] and guiding the selection of the 
most favorable conditions to maximize the GABA content during the 
extraction process.

Table  3 presents the impact of temperature, time, and enzyme 
concentration on the content of GABA, as represented by the 
coefficients of the quadratic regression equation. The corresponding 
response surface and contour charts representing the content 
of GABA based on these coefficients are shown in Figure  5. In 
general, all regression coefficients of the equation had a statistically 
significant influence on the content of GABA, except for the linear 
term of X2 and the interaction terms of X1 and X2 and X2 and X3 
(P >  0.05). Figure  5a indicates that increasing the incubation 
temperature from 40 to 54°C and the time from 40 to 62 min, with a 
constant enzyme concentration of 2%, led to a substantial increase 
in GABA content. However, the content of GABA gradually 
decreased with increasing temperature and time, up to 60°C and 
80  min, respectively. Similarly, at a constant incubation time of 
60  min [Figure  5b], the GABA content exhibited a similar trend 
with varying temperatures (40–54°C) and enzyme concentration 
(1–2.2%). As shown in Figure 5c, the content of GABA increased 
when time and enzyme concentration was increased at a constant 
incubation temperature of 50°C. The critical values of incubation 
temperature, time, and enzyme concentration for GABA extraction 
were 54°C, 62 min, and 2.2%, respectively. At this point, the GABA 
content was about 57.06 mg/g, dw. These findings provide valuable 
insights into the optimum conditions for maximizing the GABA 
content during the extraction process.

3.2.3. Response surface optimization of TPC content
According to the statistical analysis, the linear term of X2 (P < 0.01) 
and quadratic terms of X1 (P < 0.05), X2 (P < 0.01), and X3 
(P < 0.01) had a significant impact on the TPC content of the mung 
bean extract, as shown in Table 3. Figure 6a shows the interactions 

Table 2: Experimental (Exp.) and predicted (Pred.) values of the GABA and TPC obtained from the Box‑Behnken design.

Exp. run X1 (°C) X2 (min) X3 (%) GABA (mg/g, dw) TPC (mg GAE/g, dw)

Temp. Time Enzyme Conc. Exp. Pred. Exp. Pred.

1 0 0 0 55.563 56.352 6.247 6.454

2 −1 −1 0 45.037 44.414 4.316 4.230

3 0 −1 −1 41.831 41.268 3.748 3.680

4 1 0 1 54.418 53.232 5.226 5.072

5 1 −1 0 51.281 50.881 4.87 4.736

6 0 1 −1 48.346 46.760 5.374 5.086

7 0 −1 1 45.938 47.524 4.198 4.486

8 0 0 0 57.453 56.352 6.858 6.454

9 −1 0 1 42.28 41.317 5.221 5.019

10 −1 0 −1 43.986 45.172 3.863 4.017

11 1 1 0 51.089 51.712 5.798 5.884

12 −1 1 0 48.606 49.006 5.057 5.191

13 0 0 0 56.039 56.352 6.256 6.454

14 0 1 1 46.891 47.454 5.122 5.190

15 1 0 −1 41.465 42.428 4.963 5.165
GABA: Gamma‑aminobutyric acid, TPC: Total polyphenol content.

Table 3: Regression coefficients of the fitted quadratic equation and 
standard errors for GABA and TPC.

Regression 
coefficienta

GABA (Y1) TPC (Y2)

Regression 
coefficients

t ratio Regression 
coefficients

t ratio

a0 56.352*** 59.71 6.454*** 32.27

Linear

a1 2.293* 3.97 0.3 2.45

a2 1.356 2.35 0.527** 4.31

a3 1.737* 3.01 0.227 1.86

Quadratic

a11 −3.781** −4.45 −0.618* −3.43

a22 −3.567** −4.19 −0.826** −4.58

a33 −7.033*** −8.27 −1.018** −5.64

Interaction

a12 −0.940 −1.15 0.047 0.27

a13 3.665** 4.48 −0.274 −1.58

a23 −1.391 −1.70 −0.176 −1.01

R2 0.967 0.946

P‑value of lack of fit 0.209 0.546
*P<0.05, ** P<0.01, *** P<0.001. aa0 is a constant, ai, aii, aij are the linear, quadratic, 
and interactive coefficients of the second‑order polynomial equation, respectively, 
GABA: Gamma‑aminobutyric acid, TPC: Total polyphenol content.
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between temperature and time on the TPC content. Similar to the 
GABA, content trend is shown in Figure  5a, medium extraction 
parameters of incubation temperature and duration yielded the 
greater TPC content of 6.56 (mg GAE/g, dw). In addition, a high 
TPC content was obtained at the moderate temperature and enzyme 
concentration [Figure  6b], or at the medium incubation time and 
enzyme concentration [Figure 6c]. Furthermore, the statistical results 
revealed that the maximum TPC content (6.57 mg GAE/g, dw) could 
be obtained at the predicted extraction conditions, which included 
an incubation temperature, time, and enzyme concentration of 52°C, 
65 min, and 2%, respectively.

The observed similar trend in the extraction conditions of the GABA 
and TPC contents can be attributed to the fact that these bioactive 
compounds are water soluble. As water is a major solvent used in 
the extraction process, it is likely that both GABA and TPC were 
efficiently extracted together with water under the investigated 
parameters. Additionally, the statistical analysis indicated that the 
quadratic terms of temperature, time, and enzyme concentration were 
significant independent variables that affected the content of GABA 
and TPC in both models. Specifically, under optimal parameters of 
incubation temperature and time, the optimal concentration of the 
alcalase enzyme played a crucial role in the extraction process. This 
can be explained by the fact that optimal enzyme concentration aids 
in breaking down the cell membrane, thereby enhancing the release of 

the bioactive compounds, leading to higher yields of GABA and TPC 
in the extract.

3.2.4. Overall optimal extraction conditions and model validation
The main objective of this work was to identify the optimal parameters 
for EAE of GABA and TPC contents and a graphical optimization was 
conducted using the JMP software program. Maximizing the contents 
of GABA and TPC was the primary criterion, and Figure 7 shows that 
increasing incubation temperature, time, and enzyme concentration 
led to higher contents of these bioactive compounds. However, further 
increasing these independent variables resulted in a decrease in the 
bioactive compounds. This is consistent with previous studies that 
have shown that these variables can positively influence the extraction 
of various bioactive compounds [36-38]. Moreover, the increasing 
trend of GABA and TPC contents showed some slight differences. 
As a result, determining the precise optimal parameters is crucial 
to achieving the maximum yield of GABA and TPC in the resultant 
extract. This information is essential for optimizing the extraction 
process and obtaining a high-quality extract rich in these valuable 
bioactive compounds from germinated mung beans.

The second-order polynomial equations for predicting the content of 
GABA (1) and TPC (2) according to the practical EAE conditions, 
including temperature (X1, °C), time (X2, min), and enzyme 
concentration (%) are as follows:

Figure 5: (a-c) The 3D response surface and 2D contour plots of gamma-aminobutyric acid and total polyphenol content affected by temperature (X1), time (X2), 
and enzyme concentration (X3).

c

ba
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For GABA (Y1, mg/g, dw):
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Figure 7: Prediction profilers of gamma-aminobutyric acid and total polyphenol content as a function of temperature, time, and enzyme concentration.

Figure 6: (a-c) The 3D response surface and 2D contour plots of total polyphenol content affected by temperature (X1), time (X2), and enzyme concentration (X3).
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The prediction profiler from Figure 7 demonstrates that a combination 
of incubation temperature, time, and enzyme concentration could 
achieve the optimal content of GABA and TPC. The mathematical 
model used to predict the optimal theoretical values of GABA 
and TPC suggested that the optimal conditions for achieving 
these maximum values were a temperature of 53°C, a time of 
62 min, and an enzyme concentration of 2.2%. To test the model’s 
accuracy, an experiment was run at the optimal parameters with 
three replicates, and the measured values were compared with the 
anticipated values. The results in Table 4 indicate that the measured 
values were in good agreement with the predicted values, thereby 
validating the quadratic regression equation for forecasting ideal 
response values under these conditions. Therefore, the response 
surface optimization for EAE conditions for GABA and TPC is of 
practical value.

The use of enzymes in extraction processes is widely recognized as 
beneficial due to their high efficiency, mild extraction conditions, 
shorter extraction times, and preservation of the properties and stability 
of the extract. The content of GABA and TPC in the resulting extracts 
[Figures  4 and 7] was significantly higher compared to extraction 
processes without enzyme assistance. Thus, the optimization process 
for GABA and TPC using EAE could encourage processors to utilize 
enzymes to enhance extraction yields. The established optimal 
conditions can be applied in practical applications to produce extracts 
enriched with these bioactive compounds for various potential health 
and nutritional benefits. In addition, a forthcoming paper will report on 
a comparison of different extraction methods for their effect on GABA 
and TPC content, polyphenol composition, and bioactive compound 
purification.

4. CONCLUSION

The EAE conditions for extracting bioactive compounds from 
germinated mung were successfully optimized using the RSM 
with BBD. Under the mung bean-to-water ratio of 1:20, quadratic 
regression equations were generated, which were statistically 
adequate in describing and predicting the responses for the GABA 
(R2 = 0.97) and TPC (R2 = 0.95) contents in the extract. The optimal 
conditions were determined to be an incubation temperature (X1) of 
53°C, a time (X2) of 62 min, and an enzyme concentration (X3) of 
2.2%. The content of GABA and TPC in the extract was predicted 
to be 57.01  mg/g, dw and 6.52  mg GAE/g, dw, respectively. 
The optimized extract exhibits significant potential for direct 
incorporation into various products, including sports drinks, fruit 
juices, and other nutritional beverages. This extract also has the 
potential to be a great resource for the design and development 
of innovative medications, as it provides substantial amounts of 
GABA and polyphenols. Additionally, it is desirable to further 
quantify individual phenolic compounds and explore encapsulation 
technologies, such as encapsulation by freeze drying, for bioactive 
compounds including GABA and TPC. These approaches would 
extend the storage time and broaden the application prospects in the 
food and pharmaceutical industries, enhancing the versatility and 
stability of these beneficial compounds.
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