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A B S T R A C T   

Leucaena leucocephala (Lam.) de Wit seeds, also known as river tamarind, contain sulfhydryl 
compounds that exhibit antioxidant effects. However, these seeds also possess a toxic effect from 
mimosine. In this study, the river tamarind seeds were extracted using a natural deep eutectic 
solvent (NADES) based UAE. Among six NADES compositions screened, choline chloride-glycerol 
(ChCl-Gly) and choline chloride-sucrose (ChCl-Suc) were selected to be further optimized using a 
Box-Behnken Design in the RSM. The optimization of total sulfhydryl content was performed in 
17 runs using three variables, namely water content in NADES (39%, 41%, and 43%), extraction 
time (5, 10, and 15 min), and the liquid-solid ratio (3, 5, and 7 mL/g). The highest concentration 
of sulfhydryls was obtained from ChCl-Gly-UAE (0.89 mg/g sample) under the conditions of a 
water content in NADES of 41% (v/v) and a liquid-solid ratio of 3 mL/g for 15 min, followed by 
that of from ChCl-Suc-UAE extract under the conditions of water content in NADES of 43% (v/v) 
and the liquid-solid ratio of 3 mL/g for 10 min with total sulfhydryl level was 0.67 mg/g sample. 
The maceration method using 30% ethanol resulted in the lowest level of sulfhydryls with a value 
of 0.52 mg/g. The mimosine compounds obtained in the NADES-based UAE (ChCl-Suc and ChCl- 
Gly) extracts were 4.95 and 7.67 mg/g, respectively, while 12.56 mg/g in the 30% ethanol- 
maceration extract. The surface morphology of L. leucocephala seed before and after extraction 
was analyzed using scanning electron microscopy. Therefore, it can be concluded that the use of 
ChCl-Suc and ChCl-Gly in NADES-based UAE is more selective in attracting sulfhydryl compounds 
than that of 30% ethanol-maceration extraction.   
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1. Introduction 

Leucaena leucocephala (Lam.) de Wit, which belongs to the Fabaceae family, is a perennial legume plant that can live for a long time 
[1]. The river tamarind, a common name for this plant, contains chemical constituents that have been proven to exhibit biological 
activities such as antioxidant, antidiabetic [2], and anticancer [3]. These phytochemicals are mainly found in the leaves and seeds [4]. 

The distinctive aroma from the seeds of river tamarind indicates the presence of sulfhydryl compounds (thiols) [5]. Based on the 
study done by Wardatun et al. (2020), the total sulfhydryl level in the river tamarind seeds was found to be higher than those of other 
Fabaceae family plants, including in Parkia speciosa Hassk and Archidendron jiringa (Jack) I. C. Nielsen [6]. 

Sulfhydryl groups can act as essential antioxidants to protect cells from oxidative stress by interacting with the electrophilic groups 
of reactive oxygen species (ROS) [7]. Furthermore, thiols can also be used as chelating agents to detoxify heavy metal ions such as Pb, 
Hg, and Cd [8]. However, the extraction of sulfhydryls from the L. leucocephala seeds is quite challenging due to other toxic com-
pounds in the seeds, such as mimosine [6,9]. Therefore, the proper extraction method is critical in attracting optimum levels of desired 
compounds while eliminating unwanted compounds. 

The extraction of sulfhydryls from the river tamarind seeds has been successfully demonstrated by Wardatun et al. (2020) using the 
maceration method with 30% ethanol [6]. Unfortunately, such a conventional method is ineffective as it needs lots of solvents and is 
time-consuming [10]. Furthermore, using semi-polar solvents like ethanol could attract polar and non-polar compounds. Thus, the 
method does not efficiently extract targeted compounds in the material. In addition, the use of organic solvent is unfavorable due to its 
properties which are flammable, volatile, toxic, carcinogenic, and non-biodegradable [11]. 

The design of sustainable and environmentally friendly natural product extraction processes is a current approach that researchers 
widely used to develop more efficient extraction methods. Natural deep eutectic solvents (NADES) were first introduced by Choi et al. 
(2011) and can be expressed as a “green solvent” [12]. NADES as an extraction solvent is often used in applications in the pharma-
ceutical field because it has beneficial properties, including adjustable viscosity, a broad extraction capability, stability in the liquid 
state at room temperature, low volatility, non-flammability, low toxicity, sustainability, inexpensive, environmentally friendly, and 
bio-degradable [13–17]. In addition, NADES can extract polar and non-polar compounds based explicitly on their composition and has 
better results than conventional solvents such as water, ethanol, and methanol [18]. Many studies have successfully applied NADESs in 
extraction such as alkaloids [19], anthocyanins [20], saponins [21], phenyletanes and phenylpropanoids [22], steroidal saponins [23], 
phlorotannins [24], polysaccharides [25], carotenoids and hydrophylic vitamins [26]. 

The prolonged extraction time and the excessive use of solvents caused the ultrasound-assisted extraction (UAE) method to become 
a new method that is more efficient and can increase the efficiency of compound extraction [26]. The combination of UAE and NADES 
is expected to realize the concept of sustainable green extraction [27]. One of the advantages of NADES-UAE is that the method can 
attract higher active compounds selectively with lower levels of toxic compounds in a relatively short time compared to conventional 
methods [28,29]. 

The successful extraction of polar bioactive compounds from plants, such as rutin, caffeine, and chlorogenic acid using NADES 
choline chloride-sugar alcohol combined with the UAE method has been reported in a few studies [30,31]. Other studies done by Dai 
et al. were also successfully used lactic acid, glucose, choline chloride, fructose, and sucrose to extract metabolite compounds from 
natural products [32–35]. However, the application of NADES-based UAE on sulfhydryls and mimosine from L. leucochepala seed has 
never been reported. 

The main objective of this study was to design and optimize the extraction conditions of targeted secondary metabolites (sulfhydryl 
compounds) from L. leucocephala seeds using NADES with a composition of choline chloride, and sugars (simple sugars and sugar 
alcohols) such as sucrose, fructose, glucose, glycerol, sorbitol, and 1,2-propanediol with the UAE method. The study consists of two 
phases. In the initial step, we evaluated the effectiveness of two types of NADES compositions, including choline chloride-simple sugars 
and choline chloride-sugar alcohols. The selected NADES compositions were then subjected to the optimization of extraction pa-
rameters, including the NADES-water ratio, solid-liquid ratio, and extraction time determined using response surface methodology 
(RSM). The optimum conditions were achieved when the total sulfhydryl level obtained from L. leucochephala seeds using NADES-UAE 
was high. The unwanted compound, mimosine, was low compared to the 30% ethanol maceration results. 

2. Materials and method 

2.1. Materials 

2.1.1. Plant material 
The commercial of L. leucocephala seeds was purchased from e-Commerce, Banten, Indonesia. The sample was authenticated by 

Herbarium Bogoriense, Bogor Botanical Garden, Bogor, West Java, Indonesia, and the voucher specimen (15/LPP-FFUI/VII/2021) was 
deposited at Pharmacognosy – Phytochemistry Laboratory, Faculty of Pharmacy, Universitas Indonesia. 

2.1.2. Chemical materials 
Chemical materials used in this study include glucose (≥99.5%) (Merk, Germany), fructose (≥99%) (Merk, Germany), sucrose 

(Merk, Germany), glycerol (≥99.5%) (P&G Chemicals Malaysia through PT. Brataco, Indonesia), sorbitol and 1,2-propanediol 
(Pharmaceutical grade) (Dow Chemical Pacific Thailand through PT. Brataco, Indonesia), choline chloride (99%) (Xi’an Rongsheng 
Biotechnology Co., Ltd., Tiongkok), L-glutathione reduced ≥98.0% (GSH) standard, 5-5′-dithiobis-(2-nitrobenzoic acid) (DTNB: Ell-
man’s reagent) ≥ 98%, and L-mimosine standard (≥98%) (Sigma-Aldrich through PT. Indofa Utama Multi-Core, Indonesia). 
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2.2. Extraction process 

2.2.1. Maceration method 
The maceration process was carried out based on our previous studies [36]. Briefly, the dried L. leucochepala seed powder (50 g) 

was macerated for 24 h with 250 mL of 30% ethanol at room temperature. The residue from the maceration process was re-macerated 
twice using 150 mL and 100 mL of solvent consecutively. The extract solution was separated from the residue, pooled into a 
round-bottom flask, and then subjected to vacuum evaporator (Buchi Switzerland) at 60 ◦C until viscous extract was obtained. The 
obtained extract (5.41 g) was put into a vial and then sealed with aluminum foil to avoid direct light exposure. 

The sample solution was prepared to analyze the total sulfhydryl levels, 500 mg of the obtained concentrated extract was dissolved 
with distilled water (DW) in a 5-mL volumetric flask. The solution was then subjected to a microplate reader to determine the total 
sulfhydryl levels in the extract. 500 mg of concentrated extract were dissolved in 2.0 mL of DW to analyze the mimosine level. After 
that, 30 mg of activated carbon was added. The solution was then boiled for 15 min. Next, the solution was filtered using a syringe 
(Axiva 0.45 μm) into a 5-mL volumetric flask. About 2.5 mL of 0.1 N HCl was added into the flask and diluted with DW to the level of 
the etched line. 

2.2.2. NADES-based ultrasonic assisted extraction (UAE) method 

2.2.2.1. Screening and preparation of NADES types composition. The NADES components and the molar ratio used (Table 1) were based 
on the previous studies that have successfully demonstrated the use of NADES combination to extract polar bioactive compounds from 
plants [30,31,37]. NADES is a mixture of hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) (Zafarani-Moattar et al., 
2020). In this study, the combination of sugar (simple sugar and sugar alcohol) as HBD and choline chloride as HBA was chosen since 
the ingredients are easy to obtain, affordable, and less toxic. The NADES preparation process was performed using the heating and 
stirring methods. The ingredients were added together according to a predetermined molar ratio and heated at a temperature of 80 ◦C. 
The solution was considered stable if it remained clear throughout storage. 

Six NADES were produced by mixing choline chloride with simple sugars (glucose, sucrose, and fructose) or sugar alcohols 
(glycerol, sorbitol, and 1,2-propanediol) based on the composition given in Table 1. Each NADES composition for the screening was 
prepared by adding 70% (v/v) of water into NADES (10 mL of NADES was mixed with 7 mL of water); or the mixture contains 59% of 
NADES and 41% of water. 

2.2.2.2. Optimization of extraction process by NADES-based UAE method. The process of extraction was conducted using NADES-based 
UAE according to previous studies with some modifications on the NADES types composition [38–40]. Briefly, 5 g of powdered sample 
were put into a closed glass bottle. The amount of NADES solution was added, followed by the sonication process according to the 
specific extraction conditions, as shown in Table 2. The obtained NADES extraction liquid was moved into a tube and centrifuged at 
4500 rpm for 17 min. Subsequently, the solid and liquid parts were separated by filtration using a 0.45 μm cellulose acetate membrane. 
The obtained extract was then stored in closed vials and protected from light. 

The solubilizing and extraction abilities of each synthesized NADES were evaluated by quantifying the total sulfhydryl contents in 
the obtained extract. The extraction conditions, as follows: liquid-solid ratio of 5 mL/g, 41% water content, and 10 min of sonication 
time, were kept the same for all the investigated NADES. 

2.3. Determination of sulfhydryl content 

Before quantifying the total sulfhydryl groups (TSH), the analytical method used (microplate reader) was validated. The validation 
details can be seen in Supplementary data 1. 

The total sulfhydryl level (TSH) was examined using Ellman’s method, with slight modifications for adjusting tools specification [6, 
41–43]. Briefly, 600 μL of samples and 2400 μL of 200 mM potassium phosphate buffer (K2HPO4/NaOH) pH 7.4 were added to 300 μL 
of 1 mM DTNB reagent and vortexed for 10 s. Then the mixed solutions were kept at room temperature for 2 min. Next, the absorbance 
of each sample (200 μL) was measured using a 96-well microplate reader at the maximum wavelength of 416 nm. The TSH was 
expressed as a reduced L-glutathione (GSH) equivalent. 

Table 1 
Different types of NADES.  

No. NADES Types Mole Ratio 

HBA HBD Abbreviation 

1 Choline chloride Sucrose ChCl-Suc 1:1 
2 Choline chloride Fructose ChCl-Fru 1:1 
3 Choline chloride Glucose ChCl-Glu 1:1 
4 Choline chloride Glycerol ChCl-Gly 1:1 
5 Choline chloride Sorbitol ChCl-Sor 4:1 
6 Choline chloride 1,2-Propanediol ChCl-Pro 1:1  
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2.4. Determination of mimosine levels 

Preliminary to the determination of mimosine levels, analytical method validation was conducted. The validation details can be 
found in Supplementary data 2. 

Mimosine content in L. leucochepala seeds extract was quantified using a rapid colorimetric method [36,44–46], with slight 
modification for adjusting tools specification. Briefly, 200 μl of the prepared sample solution was pipetted and then put into a 5 mL 
conical flask. Subsequently, 400 μl of 0.1 N HCl and 200 μl of 0.5% FeCl3 in 0.1 N HCl were added and diluted with DW until the level of 
the etched line. The mixture was maintained at room temperature for 10 min before being analyzed at 534 nm, as the maximum 
wavelength, using a spectrophotometer UV-VIS. 

2.5. Design experiments for optimizing NADES-based UAE 

NADES-based UAE of sulfhydryl was conducted in three different factors and levels, including NADES-water ratio (A), extraction 
time (B), and liquid-solid ratio (C), as shown in Table 2. Seventeen experimental runs with random order of five central point rep-
lications for response surface testing, were simulated by the RSM with a three-factor and three-level design method. The multilinear 
quadratic regression equation was applied in the response surface analysis to forecast the dependent variables and assess the effects of 
NADES-based UAE condition factor, as follows (1): 

Y= β0 + βAA + βBB + βCC + βABAB + βACAC + βBCBC + βAAA2 + βBBB2 + βCCC2 (1) 

The effect of each factor was analyzed using analysis of variance (ANOVA). The final model included terms with a 95% confidence 
interval (p < 0.05) and those required to maintain the hierarchy of model terms. The best-fitted model was developed using a multiple 
linear regression analysis. The model validity was assessed using F-values, p-values, Lack of Fit, coefficient of determination (R2), 
estimated coefficient, and variance inflation factor (VIF). Optimal extraction conditions were calculated to maximize the extraction 
efficiency of all target compounds simultaneously. The model adequacy was confirmed by extraction under the predicted optimal 
conditions in triplicate. The experimental design, optimization, and construction of three-dimensional response surface plots were 
performed using the licensed version of Design Expert 12 software (Stat-Ease, Minneapolis, USA). The data and graphical figures for 
the total sulfhydryl levels and comparison of sulfhydryl and mimosine content in L. leucochepala were statistically analyzed (ANOVA) 
and created using GraphPad Prism 9.5.1. (Free Trial). 

Table 2 
Experimental design.  

Factors Unit Symbol Level 

Low (− 1) Mid (0) High (1) 

Water content in NADES % (v/v) A 39 41 43 
Extraction Time Min B 5 10 15 
Liquid-Solid Ratio mL/g C 3 5 7  

Fig. 1. Total sulfhydryl levels of L. leucochepala seed extract obtained from various NADES types composition (ChCl: choline chloride; Gly: glycerol; 
Sor: sorbitol; Pro: 1,2-propanediol; Suc: sucrose; Fru: fructose; Glu: glucose). 
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2.6. Surface morphology of L. leucocephala seed powder 

The comparison of surface morphology of the samples before and after the extraction process (maceration and sonication) were 
observed using JOEL scanning electron microscopy (JSM-5510LV) according to literature [47–49]. Briefly, Powdered L. leucocephala 
seeds (before and after sonication) were placed on a carbon plate and laminated with a palladium-gold thin layer to create a conductive 
surface. The procedure was performed under a vacuum. Then the samples were subjected and directly screened under SEM at various 
magnifications and 20 kV. 

3. Results and discussion 

3.1. Preparation and selection of NADES 

The formation time needed to produce NADES was different depending on its compositions. NADES with the composition of ChCl- 
Gly and ChCl-Pro required faster time compared to ChCl-Suc, ChCl-Fru, ChCl-Glu, and ChCl-Sor. This is because glycerol and 1,2-pro-
panediol are liquid, while sucrose, fructose, and glucose are in solid form. In addition, the melting point of glycerol and 1,2-propane-
diol (18 ◦C and 59 ◦C, respectively) are lower than sorbitol (88–102 ◦C) in liquid form. Moreover, another factor that can affect the 
formation time is the number of hydroxyl group branches in HBD. The more complex the structure and hydroxyl groups in HBD, the 
more difficult it will be for the halide anion from HBA to bind to the hydroxyl group of HBD [50–52]n this case, sorbitol has six 
hydroxyl groups and a more complex structure than the other NADES, so it requires a longer formation time because the halide anions 
from HBA will be more difficult to bind to the HBD hydroxyl groups. 

The yield of total sulfhydryl levels derived from each NADES was different, as presented in Fig. 1. 
Fig. 1 depicts the total sulfhydryl content in the powdered tamarind river seeds extracted with different NADES compositions. 

Statistically, the sulfhydryl levels in extract derived from each NADES were significantly different except for ChCl-Gly (1:1) and ChCl- 
Suc (1:1) (p < 0.05). Among six observed NADES, the highest level of total sulfhydryls was recovered from ChCl-Gly (1:1) and ChCl-Suc 
(1:1) with the same concentration (0.37 mg/g sample). In contrast, the combination of choline chloride with 1,2-propanediol per-
formed the lowest sulfhydryl content (0.26 mg/g sample). The difference in sulfhydryl level in obtained extracts can be influenced by 
several factors, such as the physicochemical characteristics of the solvents, including the viscosity, polarity, surface tension, the water 
content in NADES, and the interaction of hydrogen bonds between NADES and other compounds can affect the level of desired 
compounds [53–55]. 

The NADES composition, ChCl-Gly (1:1) and ChCl-Suc (1:1), were then opted to be further optimized using RSM. These two sol-
vents were chosen since they attract higher sulfhydryl content in the river tamarind seed than other tested solvents. 

3.2. Optimization of NADES-based UAE process 

Two NADES compositions, ChCl-Gly and ChCl-Suc, were selected for the optimization extraction process based on the highest total 
sulfhydryl level obtained from the initial screening. To perform the optimization process, a Box-Behnken Design (BBD) involving 17 
runs was used to determine the effects of three experimental conditions, including water content in NADES (39, 41, and 43%v/v), 
extraction time (5, 10, and 15 min), and liquid-solid ratio (3, 5, and 7 mL/g) and each condition was performed in triplicate. BBD is 
easier and more efficient to apply in experiments than other RSM designs [50,56]. The BBD matrix for the experimental design and 
observed responses for sulfhydryl levels (mg/g sample) have been summarized in Table 3. 

Table 3 
The result of sulfhydryl content from L. leucocephala seed-based experimental design (17 trials) using RSM with BBD.  

Run Water content in NADES (%) Extraction time (Min) Liquid-solid ratio (ml/g) Sulfhydryl Content (mg/g) 

ChCl-Gly ChCl-Suc 

1 43 15 5 0.45 0.51 
2 41 15 7 0.37 0.32 
3 41 10 5 0.38 0.37 
4 43 5 5 0.21 0.44 
5 39 10 7 0.29 0.42 
6 43 10 3 0.36 0.67 
7 41 5 3 0.38 0.28 
8 41 10 5 0.39 0.36 
9 41 10 5 0.36 0.35 
10 39 10 3 0.57 0.37 
11 43 10 7 0.30 0.50 
12 41 15 3 0.89 0.30 
13 41 5 7 0.38 0.29 
14 41 10 5 0.32 0.39 
15 41 10 5 0.32 0.37 
16 39 5 5 0.30 0.31 
17 39 15 5 0.31 0.33  

I. Ahmad et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e20480

6

Table 3 shows that the highest concentration of sulfhydryls (0.89 mg/g sample) using ChCl-Gly as solvent was obtained from the 
conditions of 41% (v/v) of water content, the liquid-solid ratio of 3 mL/g, and an extraction time of 15 min (as can be seen in the run 
12). For ChCl-Suc, the highest sulfhydryl level was achieved from the extract with factor conditions: water content in NADES of 43% 
(v/v), sonication for 10 min, and the liquid-solid ratio of 3 mL/g samples (run 6). 

3.2.1. Analysis of variance (ANOVA) for optimization of NADES (ChCl-Gly) based UAE 
To investigate the significance and the correlation of independent variables with total sulfhydryl level, the experimental data were 

evaluated using the ANOVA. The model of quadratic regression was used as suggested in the Fit Summary. 
The ANOVA of the quadratic regression model (Table 4) indicates that the model was highly significant, with an F-value of 11.35 

with a shallow probability value of 0,0021 (p < 0.05). In addition, the coefficient of determination (R2), 0.9358, also demonstrated 
that the model could explain 93% of the variability in the response. Moreover, the Lack of Fit (LOF) F-value of 6.53 with a p-value of 
0.0508 (p > 0.05) implies that the LOF is not significant (the model fits well). 

From the p-values of each variable (p < 0.05), two linear coefficients (extraction time (B) and liquid-solid ratio (C)), one interactive 
coefficient (BC), and two quadratic coefficients (A2 and C2) seemed to be significant, which described that the terms had remarkable 
effects on sulfhydryls extraction. The water content in NADES did not significantly affect the sulfhydryl levels on the sample extracted 
with ChCl-Gly-based UAE. 

Table 5 shows that, when all factors are constant, the coefficient estimates represent the expected changes in the response per unit 
in factor values. The intercept value of 0.35 is the overall average response of all processes in the orthogonal design. The Variance 
Inflation Factor (VIF) value equals one when the factors involved are in an orthogonal position. VIF is a correlation parameter between 
factors. A VIF value greater than one indicates multicollinearity. The higher the VIF value, the worse the factor correlation. As a rough 
rule, a VIF of less than 10 is tolerable [57–60]. 

Furthermore, based on the analysis results was obtained the best model of the multilinear quadratic regression equation was as 
follows: 

Y1 = 0.35 – 0.019A + 0.094B – 0.11C + 0.055AB + 0.055AC – 0.13BC – 0.083A2 + 0.045B2 + 0.11C2,with R2 = 0.9358 (2) 

Y1 is the total sulfhydryl content from L. leucocephala seed using NADES (ChCl-Gly) based UAE, A is the water content in NADES, B 
is extraction time, and C is the liquid-solid ratio. The design space can be used to explored using this equation model (2) and the 

Table 4 
AVONA of ChCl-Gly and ChCl-Suc based UAE.  

Source Sum of Square df Mean Square F-Value p-Value 

ChCl-Gly based UAE 
Model 0.3407 9 0.0379 11.35 0.0021 
A- Water content in NADES 0.0030 1 0.0030 0.911 0.3717 
B-Extraction Time 0.0706 1 0.0706 21.15 0.0025 
C-Liquid-Solid Ratio 0.0930 1 0.0930 27.06 0.0012 
AB 0.0126 1 0.0126 3.77 0.0932 
AC 0.0123 1 0.0123 3.70 0.0960 
BC 0.0670 1 0.0670 20.08 0.0029 
A2 0.0291 1 0.0291 8.71 0.0213 
B2 0.0084 1 0.0084 2.51 0.1569 
C2 0.0506 1 0.0506 15.18 0.0059 
Residual 0.0234 7 0.0033   
Lack of Fit 0.0194 3 0.0065 6.53 0.0508 
Pure Error 0.0040 4 0.0010   
Cor Total 0.3640 16    
R2 = 0.9358; CV = 14.93%; Adj R2 = 0.8534  

ChCl-Suc based UAE 
Model 0.15 9 0.017 26.84 0.0001 
A- Water content in NADES 0.058 1 0.058 94.31 <0.0001 
B-Extraction Time 0.0023 1 0.0023 3.70 0.0960 
C-Liquid-Solid Ratio 0.0013 1 0.0013 1.91 0.2097 
AB 0.0003 1 0.0003 0.56 0.4805 
AC 0.0121 1 0.0121 19.81 0.003 
BC 0.00003 1 0.00003 0.041 0.8461 
A2 0.051 1 0.051 82.27 <0.0001 
B2 0.027 1 0.027 43.71 0.0003 
C2 0.0006 1 0.0006 0.98 0.3544 
Residual 0.0043 7 0.00062   
Lack of Fit 0.0035 3 0.00118 6.01 0.0580 
Pure Error 0.0008 4 0.00019   
Cor Total 0.1535 16    
R2 = 0.9718; CV = 6.33%; Adj R2 = 0.979  
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equation is needed to determine the activity response mainly using different variable factor values. 
In addition, the obtained optimization results can be visualized as a three-dimensional (3D) response surface graph. Fig. 2 illus-

trates the relationships between the variables including water content in NADES and extraction time (Fig. 2(1)); water content in 
NADES and the ratio of solid to liquid (Fig. 2(2)); extraction time and the ratio of solid to liquid (Fig. 2(3)), which were plotted in a 3D 
response graph of sulfhydryl content from L. leulocephala seed. A cross-section of the graph reveals that the sulfhydryl level will be 
higher in the red area and lower in the light blue area (as shown in the contour plot) [61]. 

3.2.2. Analysis of variance (ANOVA) for optimization of NADES (ChCl-Suc) based UAE 
Meanwhile, the optimization of ChCl-Suc based UAE condition in extracting sulfhydryls content from L. leucocephala seed was 

obtained by analyzing the experimental data (Table 3) with quadratic regression model. The F-value of 26.86, as shown in Table 4, 
indicates that the model was highly significant (p < 0.05), where there is only a 0.01% chance such an F-value could occur due to noise. 
The Fit of the model was also expressed by the determination coefficients (R2), which was 0.9728, suggesting that the model could 
explain 97% of the variability in the response. Moreover, the LOF F-value of 6.01 with a p-value of 0.0580 (p > 0.05) implies that the 
model fits well since the LOF is insignificant. In addition, the greater reliability of the experiment was shown by a lower value of the 
coefficient of variance (CV) (6.33%). 

As presented in Table 4 (ChCl-Suc based UAE), the significance of each coefficient is indicated by the p-values. The significance of 

Table 5 
Coefficients in terms of codec factors for sulfhydryl extraction from L. leucocephala seeds.  

Factors Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

ChCl-Gly based UAE 
Intercept 0.35 1 0.026 0.29 0.41  
A – Water content in NADES − 0.019 1 0.020 − 0.068 0.029 1.00 
B – Extraction Time 0.094 1 0.020 0.046 0.14 1.00 
C – Liquid-Solid Ratio − 0.11 1 0.020 − 0.15 − 0.058 1.00 
AB 0.056 1 0.029 − 0.012 0.12 1.00 
AC 0.055 1 0.029 − 0.013 0.12 1.00 
BC − 0.13 1 0.029 − 0.20 − 0.061 1.01 
A2 − 0.083 1 0.028 − 0.15 − 0.016 1.01 
B2 0.045 1 0.028 − 0.022 0.11 1.01 
C2 0.11 1 0.028 0.043 0.18 1.01  

ChCl-Suc based UAE 
Intercept 0.37 1 0.011 0.34 0.39  
A – Water content in NADES 0.085 1 0.0088 0.064 0.011 1.00 
B – Extraction Time 0.017 1 0.0088 − 0.039 0.038 1.00 
C – Liquid-Solid Ratio − 0.012 1 0.0088 − 0.033 0.0086 1.00 
AB 0.0093 1 0.012 − 0.020 0.039 1.00 
AC − 0.055 1 0.012 − 0.085 − 0.026 1.00 
BC 0.0025 1 0.012 − 0.027 0.032 1.00 
A2 0.11 1 0.012 0.081 0.14 1.01 
B2 − 0.080 1 0.012 − 0.11 − 0.051 1.01 
C2 0.011 1 0.012 − 0.017 0.041 1.01  

Fig. 2. The three-dimensional (3D) contour of the response surface plot representing (1) extraction time and water content in NADES; (2) liquid- 
solid ratio and water content in NADES; and (3) liquid-solid ratio and extraction time on the response of sulfhydryl content from L. leucocephala seed 
using NADES (ChCl-Gly) based UAE. 
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the corresponding coefficient increases as the p-value decreases. One linear coefficient (water content in NADES (A)), one interactive 
coefficient (AC), and two quadratic coefficients (A2 and B2) notably impacted the extraction of sulfhydryls from the samples (p < 0.05). 

From Table 5 (ChCl-Suc), the intercept value of 0.37 indicates the overall average response of all processes in the orthogonal design. 
The Variance Inflation Factor (VIF) value equals one when the factors involved are in an orthogonal position. The VIF value is in the 
range of 1.00–4.00, which is the correlation parameter between factors (VIF <10 is tolerable) [57–60]. 

Based on the results was obtained the best model of the multilinear quadratic regression equation was as follows: 

Y2= 0.37 + 0.085A + 0.017B – 0.012C + 0.0093AB – 0.055AC + 0.0025BC + 0.11A2− 0.08B2+0.011C2,with R2= 0.9718 (3)  

where Y2 is sulfhydryl content from L. leucocephala seed using NADES (ChCl-Suc) based UAE, this equation model (3) can be used to 
navigate the design space. Fig. 3 depicts interaction effects between the extraction parameter factors on sulfhydryl level from 
L. leucocephala seed which are plotted in the 3D response graphs. The interaction between parameters includes the water content in 
NADES and extraction time (Fig. 3(1)); water content in NADES and liquid-solid ratio (Fig. 3(2)); and extraction time and liquid-solid 
ratio (Fig. 3(3)). 

3.2.3. The optimum condition of NADES-based UAE and the effect of interaction factors 
The optimal conditions of both NADES type compositions were determined by the RSM analysis using the licensed Design Expert 

v12 software. These conditions were derived from equations (2) and (3). The optimal conditions of ChCl-Gly based UAE was predicted 
using equation (2). The extraction process involved a water content of 41% and the liquid-solid ratio of 3 mL/g, with an extraction 
period of 15 min. This generated in a sulfhydryl level of 0.84 ± 0.06 mg/g. While for the conditions of NADES (ChCl-Suc) based UAE, 
equation (3) was employed to forecast the optimum parameters. The optimal circumstances were determined to be a water content of 
43% and a liquid-solid ratio of 3 mL/g for 10 min resulting 0.64 ± 0.03 mg/g of sulfhydryl content values. The predicted yields of 
sulfhydryl level (optimum condition) obtained from both ChCl-Gly based UAE and ChCl-Suc based UAE were confirmed by experi-
mental laboratory (in triplicate) resulting the actual data of sulfhydryl content of 0.89 ± 0.04 and 0.67 ± 0.36 mg/g, respectively. 

Due to its significance in the interactions between solutes and solvents, hydrogen bonding is a crucial in NADES based extraction 
[62]. The Cl and O atoms in ChCl-based NADES molecules exhibit a high electronegativity, enabling them to readily receive hydrogen 
and establish hydrogen bonding interactions with solvents and solutes. In a recent study, the molecular transport of HBD and choline 
cations (Ch+) in various DESs derived from ChCl was investigated. The structure of HBD was found to strongly influence the molecular 
mobility of the entire system [63]. The difference of sulfhydryl level obtained from various tested NADESs may be affected by a diverse 
range of interactions, including hydrogen bonding interactions and ionic interactions. In this study, ChCl-Gly and ChCl-Suc based 
NADES may increase diffusivity of sulfhydryls in ChCl-Gly and ChCl-Suc compared to other observed NADES compositions. However, 
the mechanism of the NADESs and sulfhydryls interactions needs to be further studied by investigating the thermodynamic charac-
teristics and solubility behavior of the synthesized NADESs in sulfhydryls. 

The effect of the water content in NADES based UAE ranged from 39 to 43% for both NADES compositions, ChCl-Gly and ChCl-Suc. 
The optimum conditions for ChCl-Gly-based UAE were 41% and 43% for ChCl-Suc-based UAE. The incorporation of water to NADES is 
crucial for the purpose of reducing viscosity. A certain amount of water can enhance the concentration of the targeted compounds 
because it reduces the viscosity allowing mass transfer process occurs from the solid sample to the solution [64,65]. However, a too 
high-water percentage in NADES can also lead to reduction in the extraction yield. This is due to a diminution in the interaction 
between NADES and the desired compound as well as an increase in polarity [38,39]. It should be highlighted that the impact of 
increasing the polarity of the NADES (with addition of water) on the effectiveness of extraction is contingent upon the polarity of the 
specific compounds being targeted [65]. 

The effect of extraction time on the total sulfhydryl contents was observed by setting various times ranging from 5 to 15 min, 

Fig. 3. The three-dimensional (3D) contour of the response surface plot representing (1) extraction time and water content in NADES; (2) liquid- 
solid ratio and water content in NADES; and (3) liquid-solid ratio and extraction time on the response of sulfhydryl content from L. leucocephala seed 
using NADES (ChCl-Suc) based UAE. 
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according to the previous studies. The optimum extraction time in the UAE using ChCl-Gly and ChCl-Suc was obtained at 15 and 10 
min, respectively. This condition indicates that the secondary metabolite (solute) dissolutions were in equilibrium [66,67]. 

The liquid-solid ratio effect was evaluated using different ratios, including 3, 5, and 7 mL/g. In this work, the liquid-solid ratio of 3 
mL/g was the optimum condition of both NADES types composition for extracting sulfhydryls. 

3.3. Surface morphology of L. leucocephala seed powder 

To support the correctness of the analysis results between NADES-UAE and 30% ethanol-maceration, surface morphology analysis 
was performed using scanning electron microscopy (SEM) on L. leucochepala seed powder both prior to and after to sonication. The aim 
of conducting the SEM test was to determine the condition of the cell wall in L. leucochepala seed powder before and after the extraction 
process. 

SEM results on the powder before extraction (A) and after extraction by 30% ethanol-maceration (B) and NADES-based UAE (ChCl- 

Fig. 4. The surface morphology of the dried powder of L. leucocephala seed before treatment (A1 and A2), after extraction with 30% ethanol- 
maceration (B1 and B2), and after NADES (ChCl-Gly)-based UAE (C1 and C2). 
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Gly) (C) with a magnification of 1000× (1) and 5000× (2) can be seen in Fig. 4. SEM analysis results showed significant differences in 
the level of damage to the cell wall surface between the samples before and after extraction. Fig. 4B shows the damage to the cell walls 
compared to before extraction. Interestingly, in the case after extraction using the NADES-based UAE (Fig. 4C), the surface was cracked 
entirely compared to before (Fig. 4A) and after extraction with 30% ethanol-maceration. The synergistic effect between NADES and 
UAE is evident in the degree of damage to the surface morphology of the samples. NADES, with the composition of HBD and HBA, 
allows the breakdown of cellulose within the cell wall sample and facilitates the extraction of target compounds from the cell matrix 
[49,68]. 

Besides being able to produce better extraction results, the advantage gained from using the UAE method is that it can minimize the 
amount of solvent used, shorten the extraction time, and require low temperature, making it suitable for withdrawing thermolabile 
compounds such as sulfhydryl compounds [69,70]. Whereas conventional techniques such as maceration have weaknesses, including 
the excessive utilization of organic solvents, restricted applicability of extracts due to solvent toxicity, and prolonged extraction time 
[70,71]. 

3.4. Mimosine levels from the optimum condition of NADES-based UAE 

In this study, apart from determining the levels of sulfhydryl compounds, the levels of mimosine contained in L. leucocephala seeds 
were also measured. The mimosine contained in L. leucocephala seeds needs to be considered because of its toxic effects [72]. Mimosine 
compounds belong to the class of pyridine alkaloids [73]. Some studies on animals had proved that mimosine could cause several 
adverse effects, such as hair loss in ruminants [72], alopecia, anorexia, weight loss, kidney and liver dysfunction, goiter, and death in 
Alpine goats [74]. In humans, the dose of 32 mg/kg/day of mimosine was toxic [36]. 

The measurements of mimosine levels were conducted on the extracts derived from the optimized NADES-based UAE condition 
(ChCl-Gly and ChCl-Suc) and the 30% ethanol maceration. 

Fig. 5 depicts the total sulfhydryl and mimosine levels obtained from samples extracted with ChCl-Gly and ChCl-Suc-based UAE in 
optimized conditions and with 30% ethanol maceration. It is clear from the given chart that the highest level of sulfhydryls was 
achieved from the UAE method using ChCl-Gly as a solvent with 0.89 mg/g seed powder, followed by ChCl-Suc based UAE with 0.67 
mg/g, and the lowest was that of 30% ethanol maceration (0.52 mg/g). On the contrary, the 30% ethanol maceration method 
generated the highest mimosine level compared to NADES-based UAE. 

In terms of targeted compound extraction, the level of total sulfhydryls is expected to be high, while the presence of mimosine is 
minimal due to its toxic nature. As shown in Fig. 5, NADES-based UAE in optimum conditions could escalate the levels of total 
sulfhydryls in the extracts from the ChCl-Gly and ChCly-Suc with values of 0.89 mg/g and 0.67 mg/g samples, respectively. Otherwise, 
at the same time and conditions, the NADES-based UAE declined the levels of mimosine. The ChCl-Gly-UAE resulted in a 7.67 mg/g 
sample of mimosine, which was about 61% lower than the 30% ethanol maceration method (12.53 mg/g sample). At the same time, 
the ChCl-Suc-UAE generated a mimosine level of 4.95 mg/g sample, which was about 40% lower than that of maceration method 
result. These results suggest that NADES-based UAE used in this study could selectively attract sulfhydryl compounds in the sample 
matrix compared to the 30% ethanol maceration method. However, further studies should be conducted to optimize other condition 
factors that affect the UAE, such as the temperature, ultrasonic intensity, duty cycle of irradiation, and HBA and HBD ratio [75]. 

Interestingly, in the results of the measurement of mimosine levels, 30% ethanol was found to be suitable to attract mimosine in the 
river tamarind seed. Therefore, using mimosine compounds from L. leucocephala seed, its extraction efficiency can also be increased by 
involving the UAE method. In addition, the mimosine might not have been optimally attracted because the extraction duration was 
under the ideal range in the NADES-based UAE. After all, it was only 15 min long. Likewise, the ratio of solvent to powder and the 
addition of water in NADES had not reached its optimum condition, where only 3 mL/g was used, and 41% water was added. This 
shows that the optimum conditions for extracting L. leucocephala seeds in terms of the levels of sulfhydryl and mimosine compounds 
have different extraction conditions. Therefore, if mimosine is expected to be high, further optimization on the extraction method, 
solvents, and condition factors needs to be carried out. 

4. Conclusion 

Among six NADES compositions, ChCl-Gly and ChCl-Suc were selected to be further optimized since both generated higher levels of 
total sulfhydryl than the other tested compositions. The NADES-UAE method extracted a higher level of sulfhydryls than 30% ethanol- 
maceration. The optimal UAE conditions for ChCl-Gly were 41% (v/v) of water content in NADES, liquid-solid ratio of 3 mL/g sample 
for 15 min of sonication with the total sulfhydryl levels of 0.8915 mg/g, while for ChCl-Suc, it was 43% (v/v) of water content, the 
liquid-solid ratio of 3 mL/g sample for 10 min with the level of total sulfhydryl of 0.67 mg/g sample. The determination of mimosine 
from the optimum condition was also conducted, where ChCl-Gly and ChCl-Suc resulted in 7.67 mg/g and 4.95 mg/g, respectively. The 
SEM image revealed a greater degree of surface morphological destruction in the L. leucocephala seed following NADES-based UAE 
compared to 30% ethanol-maceration. The study suggested that ChCl-Suc and ChCl-Gly-based UAE were green and effective methods 
to extract targeted compounds from L. leucocephala seeds. 
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