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Abstract  

Natural Deep Eutectic Solvents (NADES) have emerged as promising, environmentally friendly alternatives to 

conventional organic solvents for the extraction of bioactive compounds. However, their application to Erythrina crista-

galli, a species known for its rich flavonoid content and therapeutic potential, has not yet been systematically investigated. 

This study addresses this research gap by developing an ultrasound-assisted extraction (UAE) process using NADES, 

statistically optimized through Central Composite Design (CCD). Among thirteen NADES formulations tested, the 

NADES11 formulation, composed of lactic acid, citric acid, and glycerol in a molar ratio of 4.5:4.5:1, demonstrated the 

highest total flavonoid content (TFC) and was selected for further optimization using Response Surface Methodology 

(RSM). The optimal extraction conditions were established at 97 min, 64 °C, and a solvent-to-material ratio of 1:25. 

Under these optimized parameters, the antioxidant activities of NADES11 and ethanol extracts were evaluated using 

DPPH, ABTS, and FRAP assays. The NADES11 extract exhibited significantly higher antioxidant activities, with values 

of 0.3690 ± 0.0039, 0.2965 ± 0.0118 mmol Trolox/g, and 0.6095 ± 0.0059 mmol Fe²⁺/g, respectively, compared to the 

ethanol extract, which yielded 0.0532 ± 0.0022, 0.0439 ± 0.0009 mmol Trolox/g, and 0.1043 ± 0.0018 mmol Fe²⁺/g. These 

results confirm the superior capability of NADES11 not only in efficiently extracting flavonoid compounds but also in 

preserving their antioxidant properties. 

 

Keywords: Flavonoids, Erythrina crista-galli, Natural deep eutectic solvent (NADES), Ultrasound-assisted extraction, 

Response surface methodology   

 

Introduction 

The genus Erythrina crista-galli, a member of the 

Fabaceae family [1,2], is known to contain a wide range 

of bioactive compounds distributed throughout various 

parts of the plant. Traditionally, this species has been 

utilized in ethnomedicine for its therapeutic properties 

in the treatment of rheumatism, hepatitis, and has 

demonstrated ethnopharmacological activities as an 

anticancer, phytoestrogenic, and antimalarial agent. 

Several studies attribute these biological effects to its 

high flavonoid content [3,4]. Flavonoids are a group of  

 

polyphenolic compounds characterized by a benzo-𝛾-

pyrone skeleton consisting of 15 carbon atoms arranged 

in a C6–C3–C6 structure [5,6]. The A ring (C6) 

originates from the acetate-malonate pathway, while the 

B ring (C6) is derived from the shikimate pathway, with 

both rings connected by a central heterocyclic C ring 

(C3) to form the core flavonoid structure. Structural 

variations, including different oxidation states and 

substitution patterns on the C ring, contribute to the 

formation of diverse flavonoid subclasses [6]. These 
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compounds exhibit a broad spectrum of biological 

activities, particularly antioxidant properties, through 

their ability to neutralize free radicals that contribute to 

the initiation and progression of cancer cell proliferation 

[7,8]. Owing to their wide-ranging biological activities 

and multiple mechanisms of action, flavonoids have 

been considered promising candidates for the prevention 

and treatment of degenerative diseases [9]. However, in 

many studies, the extraction of flavonoids and other 

bioactives from plants still relies on the use of toxic 

organic solvents such as methanol, ethanol, and acetone 

[10]. These organic solvents, due to their lipophilic 

nature, are easily distributed into adipose tissue and tend 

to accumulate in the body, which can lead to long-term 

adverse effects if used in pharmaceutical preparations 

[11]. Consequently, despite the demonstrated biological 

potential of plant-derived compounds, the use of 

hazardous solvents poses significant regulatory 

challenges for clinical and commercial applications. 

This concern has been echoed by various industrial 

sectors, including the chemical, pharmaceutical, and 

petrochemical industries, which remain heavily reliant 

on solvents for formulation and synthesis processes 

[12]. Globally, millions of tons of solvents are 

consumed annually, with organic solvents accounting 

for 80% - 90% of usage, and contributing up to 80% - 

85% of total industrial chemical waste [13,14]. 

Prolonged or repeated exposure to these solvents, either 

directly or indirectly via environmental routes, has been 

linked to carcinogenic and mutagenic effects [15], as 

well as reproductive toxicity, respiratory disorders, and 

skin and eye irritation [16,17]. 

These health and environmental risks have 

prompted growing interest in identifying safer and more 

sustainable alternatives, in line with the principles of 

green chemistry. Among the most promising 

developments in this area is the emergence of Natural 

Deep Eutectic Solvents (NADES) [18,19]. NADES are 

composed of biodegradable, non-toxic, and renewable 

natural constituents such as organic acids, bases, sugars, 

and amino acids. They are typically formed by mixing 

hydrogen bond donors (HBDs) and acceptors (HBAs), 

which are usually primary plant metabolites [20]. Their 

physicochemical properties, including polarity, 

viscosity, pH, and molar ratios, can be customized to 

optimize solubility and improve extraction efficiency 

[21]. Water can be incorporated as a co-component to 

modulate viscosity; however, it must remain within 10% 

- 50% to preserve the eutectic nature of the solvent. 

Excessive water disrupts the hydrogen bonding 

network, reducing solvent effectiveness [10]. To further 

improve extraction performance, NADES are often 

integrated with ultrasound-assisted extraction (UAE), a 

technique that utilizes acoustic cavitation to disrupt 

plant cell walls and accelerate the release of intracellular 

compounds. This combination significantly reduces 

both solvent usage and extraction time, making it a 

highly efficient method for isolating bioactive 

metabolites [24]. The effectiveness of the UAE is 

strongly influenced by several process parameters, 

including particle size, solvent composition, extraction 

temperature, time, pH, and sample-to-solvent ratio. 

These factors must be carefully optimized to avoid the 

degradation of sensitive flavonoid molecules and to 

maximize yield and extract quality. [22,23]. 

Optimization is commonly achieved using Response 

Surface Methodology (RSM) based on a Central 

Composite Design (CCD). This statistical modeling 

technique enables the evaluation of nonlinear 

relationships and interactions among variables while 

minimizing the number of experimental runs [24,25]. 

The model provides predictive insights into the 

influence of each variable on the extraction outcomes, 

facilitating data-driven decision-making for process 

refinement. 

The use of NADES-UAE has demonstrated 

remarkable potential as an alternative green extraction 

strategy, particularly for flavonoid compounds [26]. For 

instance, in Rose damascene Mill flower extraction 

using a NADES composed of lactic acid as the HBA and 

a combination of citric acid and glycerol as HBDs in a 

molar ratio of 3:1:2, the total flavonoid content reached 

86.12 ± 0.15 mg CE/g. Under identical extraction 

conditions, methanol and ethanol yielded significantly 

lower values, at 25.34 ± 0.12 mg CE/g and 19.78 ± 0.11 

mg CE/g, respectively, with optimal parameters being a 

60-min extraction time, 1:30 solid-to-solvent ratio, room 

temperature, and 30% water content [27]. Similarly, in 

Pluchea indica (L.), a NADES system comprising 

choline chloride (HBA) and urea (HBD) in a 1:2 molar 

ratio resulted in a total flavonoid content of 41.863 mg 

QE/g, whereas methanol and ethanol extracted only 

6.343 ± 1.030 mg QE/g and 7.486 ± 0.187 mg QE/g, 

respectively, under comparable conditions (60 min, 
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room temperature, 40% water content) [28,29]. In 

another study involving Moringa oleifera Lam., a 

NADES composed of choline chloride and citric acid in 

a 1:1 molar ratio achieved a total flavonoid yield of 

49.73 ± 0.85 mg QE/g. In contrast, 70% ethanol yielded 

only 23.09 ± 1.47 mg QE/g under optimized conditions 

of 30 min extraction time, 1:20 sample-to-solvent ratio, 

20% water content, and 50 °C temperature [28]. These 

findings emphasize the superior performance of 

NADES-UAE systems in enhancing flavonoid recovery 

compared to conventional organic solvents, thereby 

offering a sustainable and efficient green alternative for 

plant-based extractions [30]. 

Although many reports have demonstrated the 

superiority of NADES for extracting bioactive 

compounds from various medicinal plants, no previous 

studies have systematically investigated its application 

to Erythrina crista-galli, a species known for its rich 

flavonoid profile and ethnopharmacological potential. 

Moreover, no research on NADES-UAE extraction 

from Erythrina crista-galli has employed a statistically 

optimized process using a central composite design. 

These gaps limit the broader adoption of NADES-based 

extraction in pharmaceutical and nutraceutical 

applications, where reproducibility and efficiency are 

critical. Therefore, this work aims to establish the first 

comprehensive, statistically optimized NADES-UAE 

protocol for flavonoid extraction from E. crista-galli 

twigs using Response Surface Methodology (RSM). By 

rigorously evaluating process parameters and 

comparing antioxidant activity to that of conventional 

solvents, this study contributes not only to green 

chemistry by reducing dependence on harmful organic 

solvents but also to the development of scalable and 

sustainable extraction technologies for bioactive plant 

compounds. This novelty is particularly important for 

enabling standardized, reproducible green extraction 

methods that can support industrial-scale production of 

high-value bioactive ingredients. As far as we are aware, 

this is the first study to use NADES-UAE to provide a 

statistically optimized, reproducible green extraction 

process specifically for Erythrina crista-galli 

 

Materials and methods 

Material  

The plant material used in this study, consisting of 

twigs of Erythrina crista-galli, was collected from Jalan 

Sarsen Bajuri, West Java, Indonesia. The plant was 

taxonomically identified by a botanist from the 

Department of Agricultural Production Technology and 

Services, Department of Agronomy, Faculty of 

Agriculture, Universitas Padjadjaran. A voucher 

specimen was deposited under the number 1020. The 

dried twigs were ground into a fine powder, and 500 g 

of the powdered material were used as the stock sample 

for this study 

 

Chemicals and reagents 

Chemical substances of high purity (≥99%) are 

used. Methanol, aluminium chloride, lactic acid, citric 

acid, glycero (spesifikasi pharmaceutical grade), and 

aluminum chloride. Total Antioxidant Capacity Assay 

kit with a Rapid 2,2-diphenyl-1-picrylhydrazyl (DPPH), 

2,2-binamine-di-3-ethylbenzothiazolin-6-sulfonic acid 

(ABTS), Total Antioxidant Capacity Assay kit with 

ferric reducing antioxidant power (FRAP) method, 

FeSO4 as control positive, were obtained from Beyotime 

Biotechnology Co., LTD (Shanghai, China). 

 

Preparation of NADES 

The NADES was prepared according to [27]. The 

HBA (lactic acid) and HBD (citric acid) were combined 

at a molar ratio, followed by the addition of 30% 

distilled water. Afterwards, the mixture is heated at 80 

°C to obtain a homogenized liquid as NADES.
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Table 1 Design a sustainable NADES component solvent. 

No HBA HBD Molar ratio 
Density 

(mg/mL) 

Viscosity 

(mPa.s) 
pH 

NADES1   3:1:2 1.2870 36.5 1.10 

NADES2   1:2.5:1.5 1.2182 25.7 1.49 

NADES3   5:4:1 1.2817 30.9 0.86 

NADES4   4:5:1 1.2829 50.0 0.57 

NADES5   2:1:3 1.2324 30.4 1.31 

NADES6 Lactic acid Citric acid-Glycerol 1:1.5:2.5 1.2606 28.9 1.30 

NADES7   1:2:2 1.2919 64.40 0.78 

NADES8   2.3:1.6:1 1.2950 32.9 0.72 

NADES9   2.5:1:2.5 1.2304 22.9 1.04 

NADES10   1.5:2.5:1 1.3197 59.4 0.63 

NADES11   4.5:4.5:1 1.2690 74.5 0.58 

NADES12   1:1:2 1.1908 11.9 1.17 

NADES13   1:1:1 1.2704 34.3 0.82 

 

NADES physicochemical analysis 

The NADES prepared were analyzed for their 

physicochemical properties. For this purpose, the 

density, viscosity, and pH of NADES determination 

[31]. Density was measured with a 10 mL pycnometer 

at 25 °C by using the following  

 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑚𝑎𝑠𝑠𝑎

𝑣𝑜𝑙𝑦𝑚𝑒 𝑝𝑖𝑐𝑛𝑜𝑚𝑒𝑡𝑒𝑟
                                       (1)                                                                                                                                               

 

The viscosity of all the prepared NNADES was 

measured by Ostwald’s viscometer at room temperature 

by the following  

 

 η2 =
𝜌2t2

𝜌1t1
η1                                                                                 (2)                

 

where η1 = Viscosity of water, η2 = Viscosity of 

NADES, t1 = Meantime of flow of water from A to B, 

t2 = Meantime of flow of NADES from A to B, ρ1 = 

Density of water (g/mL), and ρ2 = Density of NADES 

(g/mL).  

 

Preparation of Erythrina crista-galli extract 

with ultrasound treatments 

Erythrina crista-galli twigs were extracted 

ultrasonically assisted in a digital ultrasonic bath 

according to the procedure of [32] With some 

modifications. Ethanol, NADES11 with different 

compositions (1:20, 0.5 g mixture with 10 mL solvent), 

were placed in a beaker, covered with aluminum foil, 

and then put into a digital ultrasonic bath for up to 1 h. 

After ultrasonic treatment, the extracts were centrifuged 

at 4,000 rpm for 8 min. The supernatant was filtered and 

stored in vials for further analysis. 

 

Optimization of extraction variables using 

central composite design  

The extraction conditions for Erythrina crista-

galli twigs using Natural Deep Eutectic Solvents 

(NADES) in combination with Ultrasound-Assisted 

Extraction (UAE) were optimized based on three 

independent variables: Extraction time (X₁), 

temperature (X₂), and solvent-to-material ratio (X₃) to 

evaluate extraction efficiency, with total flavonoid 

content (TFC) as the response variable. These variables 

were systematically analyzed using a Central Composite 

Design (CCD) under the Response Surface 

Methodology (RSM) framework, implemented in R 

software version 4.5.1. The CCD approach enabled a 

comprehensive exploration of the factors influencing the 

extraction process, which were further visualized 

through response surface plots. The resulting data were 

subjected to statistical analysis, including regression 

modeling and surface response analysis, to determine 
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the optimal extraction conditions. Additionally, analysis 

of variance (ANOVA) was performed to evaluate the 

statistical significance of each factor, with p-values < 

0.05 considered significant. Overall, CCD facilitated a 

structured and reliable optimization of the extraction 

parameters, while ANOVA helped identify the key 

variables that significantly affected the extraction yield 

of flavonoids from E. crista-galli twigs. In this study, 

each factor was investigated at three levels (‒1, 0, and 

+1), with actual values set at 30, 60, and 90 min for 

extraction time (X₁); 30, 60, and 90 °C for temperature 

(X₂); and 1:50, 1:28, and 1:20 g/mL for solvent-to-

material ratio (X₃). The experimental design comprised 

22 runs, including six central points to ensure model 

reliability and reproducibility. Each experimental 

condition was conducted in six replicates, and the mean 

values were used for subsequent model development. 

CCD design with each response can be seen in Table 2.

  

Table 2 Central composite design (CCD) optimization of total flavonoid content in E. crista-galli twigs extracts with 

NADESs: Observed and predicted values for 22 trials with 3 factors. 

 Factor 1 Factor 2 Factor 3 Response 

 Time Temperature Mass to Rasio Solvent (MRS) Total Flavonoid content (TFC) 

Run Min °C g/mL mg QE/ g dry weight 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

90 

30 

30 

90 

60 

30 

90 

30 

60 

60 

60 

110 

60 

60 

60 

60 

9.5 

60 

60 

60 

60 

60 

70 

40 

70 

40 

40 

55 

70 

70 

40 

55 

55 

55 

55 

55 

55 

55 

55 

55 

55 

55 

29.7 

80 

0.02 

0.05 

0.05 

0.02 

0.05 

0.035 

0.02 

0.05 

0.02 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.009 

0.035 

0.06 

0.035 

0.035 

0.035 

575.8 

793.4 

230.2857 

207.5 

799.2 

886.4 

126.3333 

917 

53.7142 

941.8 

923.6 

997.3333 

995.8 

823 

988.4 

971.6666 

105 

459 

719.3333 

932 

511.6666 

845.4 

 

Determination of total flavonoid content 

The method of determining total flavonoid content 

by aluminum chloride colorimetric assay was slightly 

modified [33,34]. Quercetin was used as a standard with 

a known concentration as a stock solution (6 mg/mL). 

Quercetin was made by dissolving 6 mg of quercetin in 

25 mL of methanol so that the concentration became 24 

ppm. Briefly, the sample solution was pipetted 200 uL 

with a 5 times dilution and put into 6 test tubes that 

would be added with a variation of quercetin 

concentration of 0 - 500 uL. Then, AlCl3 was added as 

much as 1.5 mL to each concentration variation and 

incubated for 30 min. The yellow color indicates the 

presence of flavonoids. Analysis of total flavonoid 

content was measured using UV-VIS at a wavelength of 

430 nm. Total flavonoid levels were expressed as 
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quercetin equivalents using a linear equation based on 

the calibration curve. 

 

DPPH assay 

The free radical scavenging activity of the samples 

was evaluated using the DPPH (2,2-diphenyl-1-

picrylhydrazyl) assay with slight modifications, using 

quercetin as the reference standard. A DPPH stock 

solution was prepared by dissolving 0.5 mg of DPPH in 

5 mL of methanol, and the mixture was kept in a dark 

bottle for 30 min to ensure stabilization. After 

incubation, the absorbance of the DPPH solution was 

measured at 515 nm using a UV-Visible 

spectrophotometer. A standard curve was constructed 

using Trolox at five different concentrations (0.5, 1, 2, 

4, and 8 ppm). For the assay, dark bottles containing 

ethanolic and NADES-based extracts of Erythrina 

crista-galli were prepared at five different 

concentrations. Each bottle received 1.5 mL of DPPH 

solution and an appropriate volume of extract solution. 

The mixtures were incubated in the dark for 30 min, 

followed by measurement of absorbance at 515 nm. All 

experiments were conducted in triplicate, and the 

average values were used for analysis. The percentage 

of DPPH radical scavenging activity for each extract and 

standard was calculated using the following formula, as 

described by Nazir et al. [35].  

 

DPPH ∙ scavenging effect (%) =
AbsDPPH∙−(Abss−Absc)

AbsDPPH
× 100                                                  (3) 

 

ABTS assay 

The ABTS assay was performed based on the 

method described by [36], with slight modifications. 

The ABTS radical cation solution was prepared by 

dissolving 7.68 mg of ABTS in 2 mL of distilled water 

and 1.3 mg of potassium persulfate (K₂S₂O₈) in another 

2 mL of distilled water. The two solutions were mixed 

thoroughly and incubated in a dark bottle at room 

temperature for 12 - 16 h to allow for the formation of 

ABTS.+ radicals. The resulting radical solution was then 

diluted with 500 μL of ethanol and 1.5 mL of the ABTS.+ 

solution to achieve an absorbance of 0.700 ± 0.005 at 

734 nm. The antioxidant activity of ethanolic and 

NADES-based extracts from Erythrina crista-galli 

twigs was determined by mixing 1.5 mL of the ABTS.+ 

solution with each extract at various concentrations. The 

mixtures were incubated in the dark for 6 min, after 

which the absorbance was measured at 734 nm using a 

UV-Visible spectrophotometer. All measurements were 

conducted in triplicate, and the mean values were used 

for analysis. Trolox was used to construct the standard 

calibration curve, and antioxidant activity was 

expressed in Trolox equivalents. The scavenging 

percentage was calculated similarly to the DPPH assay. 

 

FRAP assay  

The ferric reducing antioxidant power (FRAP) 

assay was conducted following the method described by 

[37], with slight modifications. The FRAP reagent was 

freshly prepared by mixing three solutions in a 10:1:1 

(v/v/v) ratio: (1) 30 mM acetate buffer (prepared by 

dissolving 775 mg of sodium acetate in 4 mL of acetic 

acid and diluting with distilled water to a final volume 

of 250 mL, adjusted to pH 3.6), (2) 10 mM TPTZ 

solution in 40 mM HCl, and (3) 20 mM FeCl₃·6H₂O 

solution (prepared by dissolving 540.6 mg in 10 mL 

distilled water). The final FRAP reagent mixture was 

incubated at room temperature for 10 min before use. 

For the assay, 3 mL of the FRAP reagent was mixed 

with 0.1 mL of each sample solution, which included 

ethanolic and NADES-based extracts of Erythrina 

crista-galli twigs. The mixture was incubated for 10 min 

at room temperature, and the absorbance was measured 

at 595 nm using a UV-Visible spectrophotometer. All 

experiments were performed in triplicate. A calibration 

curve was constructed using ferrous sulfate (FeSO₄) at 

concentrations ranging from 0.1 to 1 mg/L, and the 

antioxidant capacity of the samples was expressed as 

Fe²⁺ equivalents. 

 

Results and discussion 

Selection of the best NADES as an extraction 

solvent 

Natural Deep Eutectic Solvents (NADES) are 

strongly governed by the molar ratio between the 

hydrogen bond acceptor (HBA) and hydrogen bond 

donor (HBD). In the present study, lactic acid was 

utilized as the HBA, while citric acid and glycerol 

served as HBDs due to their high density of hydroxyl 

groups, which facilitate extensive hydrogen bonding 

interactions and confer polar characteristics. These 

properties align with the “like dissolves like” principle, 
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supporting the effective solubilization of polar 

phytochemicals such as flavonoids and phenolic 

compounds. Thirteen different NADES formulations 

were evaluated and compared with conventional 

solvents commonly employed in plant extraction. 

Among them, NADES11, composed of lactic acid: citric 

acid: glycerol in a molar ratio of 4.5:4.5:1, yielded the 

highest total flavonoid content from Erythrina crista-

galli twig extracts as shown in Figure 1. The lowest 

flavonoid yields were observed with NADES3 (5:4:1) 

and NADES5 (2:1:3), indicating that glycerol, as the 

HBD, was less effective in these proportions. 

Additionally, an imbalance in the ratio of lactic acid to 

citric acid may have negatively influenced the solvent’s 

polarity, viscosity, and hydrogen bonding network, 

thereby reducing extraction efficiency. These findings 

underscore the critical importance of optimizing the 

compositional balance of NADES to achieve maximal 

extraction of bioactive compounds. 

 

 
Figure 1 The effect of natural deep eutectic solvent (NADES) extraction on the total flavonoid content (TFC). 

 

The extraction efficiency using NADES is 

strongly influenced by the physicochemical 

characteristics of NADES, such as density, viscosity, 

and pH. [27] Intermolecular interaction is one of the 

main factors in the density of a NADES mixture. The 

more the number of OH groups in HBD, the more 

hydrogen bonds will form will resulting in the number 

of hydrogen bonds formed. So that the expected target 

compound, in this case, flavonoids, will be extracted 

effectively. Viscosity is a key factor influencing the 

performance of NADES; formulations with higher 

viscosity, typically 200 - 500 cP (equivalent to 200 - 

500 mPa·s), often hinder solvent penetration and solute 

diffusion, thereby reducing extraction yield [38]. 

However, an ideal viscosity threshold has yet to be 

established, as extraction performance remains highly 

dependent on the solvent’s composition and the 

physicochemical nature of the target analytes. Viscosity 

can be modulated by altering the molar ratios of NADES 

components and by incorporating water as a diluent. 

Water contents in the range of 10% - 50% have been 

reported to reduce viscosity and improve extraction 

efficiency. Nevertheless, exceeding 50% water content 

typically transforms the system into an aqueous or 

conventional solvent, disrupting the eutectic structure 

and diminishing the unique advantages of NADES [10].  

As shown in Table 1, NADES11 exhibited the highest 

viscosity (74.5 mPa·s), which was accompanied by the 
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highest total flavonoid content (TFC) among all the 

formulations tested. In contrast, NADES12, with a much 

lower viscosity of 11.9 mPa·s and a molar ratio of 1:1:2, 

produced only moderate levels of TFC. Although lower 

viscosity usually enhances molecular diffusion and 

facilitates better penetration into the plant matrix, it 

appears that the increased mass transfer was not 

sufficient to overcome the weaker hydrogen-bonding 

capacity and less-than-optimal polarity associated with 

this formulation. A similar trend was observed with 

NADES3, which had a moderate viscosity (30.9 mPa·s) 

but produced the lowest TFC, likely due to its 

unbalanced component ratio (5:4:1) that may have 

interfered with the formation of an effective hydrogen-

bonding network and reduced its solvation capacity. 

These observations suggest that viscosity alone is not a 

reliable primary factor for predicting extraction 

efficiency. In the case of NADES11, despite exhibiting 

the highest viscosity in this study (74.5 mPa·s), this 

value is still well below the 200 - 500 mPa·s range 

identified by Grillo et al. [38], which typically hinders 

the extraction process of target compounds.  

Therefore, this viscosity can be considered to be 

within an effective range for the extraction process, 

where moderate viscosity does not hinder performance 

but may instead be compensated by strong and specific 

solute-solvent interactions. These strong interactions 

arise from the composition of NADES, which includes 

lactic acid, citric acid, and glycerol as sources of 

hydroxyl (–OH) and carboxylate (–COOH) groups that 

act as both hydrogen bond donors (HBD) and acceptors 

(HBA), forming a stable hydrogen-bonding network 

within the solvent. Hydrogen bonds occur through 

partial electrostatic interactions between electronegative 

atoms and hydrogen atoms bound to other 

electronegative centers, creating strong and directional 

associations. In addition, van der Waals forces and other 

electrostatic interactions, such as ionic or dipole-dipole 

interactions, further contribute to the formation of a 

supramolecular structure. This supramolecular network 

can effectively interact with flavonoid molecules, which 

contain multiple hydroxyl (–OH) groups and carbonyl 

(=O) functionalities. The hydroxyl groups on flavonoids 

can act as both donors and acceptors of hydrogen bonds, 

while the carbonyl groups primarily serve as strong 

hydrogen bond acceptors, receiving hydrogen bonds 

from NADES –OH groups. These interactions form a 

stable and complex hydrogen-bonding network that 

significantly enhances the solubility of flavonoids due 

to their matching polarity with the NADES system. 

In addition to the evaluation of NADES11, a 

comparison of total flavonoid content (TFC) was also 

conducted using the organic solvent ethanol. The results 

revealed a significant difference, with ethanol showing 

notably lower extraction efficiency compared to 

NADES11. This indicates that organic solvents such as 

ethanol are less effective in converting flavonoid 

compounds optimally. In contrast, NADES 

demonstrated the ability to extract both major and minor 

flavonoid constituents within a single extraction system. 

These findings highlight the superior performance of 

NADES11 as a green solvent, capable of extracting a 

higher yield of flavonoids from Erythrina crista-galli 

twigs than conventional organic solvents like ethanol. 

This is also demonstrated in the extraction of Rosa 

damascena, where a NADES with a composition of 

lactic acid: citric acid: glycerol (3:1:2) yielded a TFC of 

86.12 ± 0.15 mg CE/g, while ethanol only produced 

19.78 ± 0.11 mg CE/g [27]. The NADES11 used in this 

study also employs lactic acid, citric acid, and glycerol, 

but with a different molar ratio (4.5:4.5:1). This 

difference in molar ratio is estimated to provide a 

balance of acidity and polarity that is more suitable for 

the diverse flavonoid structures in Erythrina crista-

galli.  

 

Optimization of total flavonoid contents used 

the Central Composite Design (CCD) 

A total of 22 experimental runs were carried out 

based on a Central Composite Design (CCD) to 

investigate the ultrasonic-assisted extraction of 

flavonoids using NADES from Erythrina crista-galli 

twigs, with total flavonoid content (TFC) as the 

response variable under varying extraction conditions 

Table 2. The independent variables extraction time (X₁), 

temperature (X₂), and solvent-to-material ratio (X₃) had 

a significant effect on TFC, with increased values of 

each factor generally corresponding to higher flavonoid 

yields. Model adequacy was evaluated through analysis 

of curvature, which revealed that a linear model was 

inadequate (p-value < 0.05), indicating a significant lack 

of fit. However, this deviation supported the necessity 

for a more complex model capable of capturing 

nonlinear relationships among the variables. Subsequent 
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optimization of the extraction parameters was 

performed using response surface methodology (RSM). 

The resulting quadratic model exhibited a non-

significant lack of fit (p = 0.059544), suggesting a good 

agreement between predicted and experimental values. 

This statistical alignment confirms the modelʼs 

suitability for accurately describing and predicting the 

influence of extraction variables on the total flavonoid 

content of E. crista-galli extracts.

 

Table 3 Contributions of variation sources, F-values, and p-values calculated by the ANOVA based on RSM and CCD 

design experiment for total flavonoid content of Erythrina crista-galli twigs extracts with NADES. 

Source Sum of squares Df Mean square F-value p-Value Notes 

Model 2.160 9 240.066 22.43 <0.0001 significant 

X1-Time 160.985 3 318.235 29.74 <0.0001 significant 

X2-Temperature 40.7767 3 72.796 6.80 <0.0001 significant 

X3-MRS 205.737 3 329.167 30.76 <0.0001 significant 

Residual 128.418 12 10.702    

Lack of Fit 105.277 5 21.055 6.369 0.154 Non-significant 

R2 0.9439      

Adjusted R2 0.9018      

Predicted R2 0.9562      

Adeq Precision 9.1653      

C.V. % 4.9%      

Pure Error 23.141 7 3.306    

Cor total 2,289.013 21     

 

The significance of the developed model was 

confirmed by an F-value of 4.0377, indicating that the 

variation observed in total flavonoid content (TFC) was 

primarily attributable to the selected extraction 

parameters, rather than to random or uncontrolled 

factors. The model demonstrated strong predictive 

performance, as evidenced by the close agreement 

between the predicted R² (0.9562) and experimental R² 

(0.9018) values. This strong correlation reflects a high 

degree of fit between the model and the actual 

experimental data. Additionally, the small difference of 

0.0399 between the adjusted R² and predicted R² 

highlights the model’s robustness and reliability for 

predictive applications. The coefficient of variation 

(CV) was calculated to be 4.9%, suggesting minimal 

dispersion between the predicted and observed values 

and further supporting the modelʼs precision. Analysis 

of variance (ANOVA) identified the optimal extraction 

conditions as follows: extraction time (X₁) of 97 min, 

temperature (X₂) of 64 °C and solvent-to-material ratio 

(X₃) of 1:25. These optimized conditions differ from 

those reported for Rosa damascena, which used NADES 

and CCD under room temperature with extraction times 

ranging from 30 to 90 min and an optimum around 

60 min. That study clearly highlighted that prolonged 

extraction times can lead to the degradation of phenolic 

compounds [27]. However, such comparisons need to 

consider differences in the plant matrix. Rosa 

damascena flowers represent a soft matrix with delicate 

tissue that facilitates faster solvent penetration, while 

roots, stems, and woody tissues, including Erythrina 

crista-galli twigs, are more lignified, containing greater 

fibrous structures and matrix rigidity. This lignification 

can impede mass transfer and typically requires longer 

extraction times to effectively disrupt cell walls and 

achieve efficient solubilization of target compounds 

[39,40]. This general understanding supports the longer 

optimal extraction time observed in this study for 

Erythrina crista-galli. Furthermore, considering the 

stability of the target compounds is crucial, as 

flavonoids are thermolabile and require careful 

evaluation of extraction temperature. In this study, an 
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optimum temperature of 64 °C was identified, which 

relates to the physicochemical properties of the NADES 

solvent system and the effect of ultrasound-assisted 

extraction (UAE). Elevated temperatures can 

significantly reduce solvent viscosity [41,42]. 

Additionally, extraction temperature influences the 

distribution constant and solubility of the compounds 

and facilitates the disruption of non-covalent 

interactions between flavonoids and cell wall 

macromolecules such as lignin or proteins [43], 

important to note that the UAE method generates 

ultrasonic waves that can increase the local temperature 

during extraction. For this reason, UAE is often 

combined with optimization strategies to evaluate 

multiple factors affecting the extraction process. 

Therefore, the optimal temperature of 64 °C identified 

in this study was determined through response surface 

methodology (RSM), which demonstrated that these 

conditions produced high TFC yields. Similarly, in the 

extraction of Fagopyrum tataricum bran using UAE, 

optimization studies have reported an even higher 

optimum temperature of 76 °C still supporting effective 

extraction processes [21]. 

Under these optimized conditions, the 

experimentally obtained TFC was 1098.536 ± 13.5867 

mg QE/g dry weight, while the model predicted a TFC 

of 1085.35 mg QE/g dry weight. This close agreement 

confirms both the accuracy of the experimental 

measurements and the effectiveness of the model in 

capturing the extraction process. To statistically validate 

the difference between predicted and experimental 

values, a one-sample t-test was performed using 

triplicate experimental data (1082.667, 1089.40, and 

1106.2 mg QE/g dry weight). The test resulted in a p-

value of 0.4584, which exceeds the commonly accepted 

significance threshold of α = 0.05, indicating that there 

was no statistically significant difference between the 

experimental and predicted TFC values. Furthermore, 

the predicted value lies within the 95% confidence 

interval of the experimental results. Although the mean 

experimental TFC was slightly higher than the predicted 

value, the difference was not statistically significant. 

Hence, the model is considered to be highly reliable, 

accurate, and suitable for practical application in 

predicting TFC under the defined conditions.

 

 

Figure 2 The surface and contour plots of total flavonoid content of E. crista-galli twigs extract for NADES 11. 

 

 

 



Trends Sci. 2025; 22(12): 11099   11 of 16 

  

The interactive effects of extraction parameters on 

the total flavonoid content (TFC) of NADES-based 

extracts from Erythrina crista-galli twigs were 

evaluated through two-dimensional contour plots and 

three-dimensional response surface plots, as illustrated 

in Figure 2. These visualizations highlight the influence 

of pairwise interactions among the three independent 

variables, while the third variable is held constant. The 

contour plots in Figures 2(A) - 2(C) reveal significant 

synergistic and antagonistic effects between the 

variables, aiding in the rapid identification of optimal 

extraction conditions. Color gradients represent TFC 

levels, where lighter shades correspond to higher 

flavonoid concentrations, while green to yellow areas 

indicate reduced TFC. 

Specifically, the interaction between extraction 

time and temperature Figure 2(A), as well as time and 

solvent-to-material ratio Figure 2(B), showed that 

suboptimal combinations of these variables could result 

in a 50% - 60% reduction in TFC compared to the 

maximum value. Notably, the interaction between 

temperature and solvent-to-material ratio in Figure 2(C) 

exhibited the most pronounced effect, with potential 

TFC losses reaching 70% - 80% under unfavorable 

conditions. This finding indicates that these two 

parameters exert a more variable influence on extraction 

efficiency than extraction time alone. Three-

dimensional response surface plots Figures 2(D) - 2(F) 

further elucidate the optimal parameter ranges by 

providing a spatial view of TFC distribution across the 

experimental domain. These models serve as a practical 

tool for identifying stable and efficient operating 

conditions to maximize TFC yield in the NADES UAE 

system. 

 

Antioxidant activity  

The antioxidant activity of the extracts was 

evaluated using multiple in vitro assays, including 2,2-

diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), and 

ferric reducing antioxidant power (FRAP), with Trolox 

used as a positive control. Each assay reflects a different 

aspect of antioxidant capacity and is based on distinct 

chemical mechanisms. The FRAP assay measures the 

ability of antioxidants in the sample to reduce ferric ions 

(Fe³⁺) to ferrous ions (Fe²⁺), forming a colored Fe²-

TPTZ complex. The intensity of absorbance is directly 

proportional to the reducing power of the sample. The 

antioxidant activities determined by all three methods 

are summarized in Figure 3, providing a comparative 

overview of the efficacy of the NADES and ethanolic 

extracts of Erythrina crista-galli twigs.
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Figure 3 Comparing the antioxidant activity of E. crista-galli extracts with NADES11 and ethanol solvents using three 

antioxidant methods. 

 

In this study, antioxidant activity was assessed 

using three complementary assays: DPPH, ABTS, and 

FRAP. The extract obtained with the NADES-11 

formulation showed significantly higher antioxidant 

capacity than the ethanol extract (p < 0.0001), with 

measured values of 0.3690 ± 0.0039 mmol TE/g 

(DPPH), 0.2965 ± 0.0118 mmol TE/g (ABTS), and 

0.6095 ± 0.0059 mmol Fe²⁺/g dry weight (FRAP). When 

compared to NADES-based extractions from other plant 

species, these results suggest, relatively good 

antioxidant capacity. For instance, Pluchea indica 

extracted using choline chloride: urea reported a DPPH 

value of 123.861 μmol QE/g dry weight [28]. Although 

these studies employed different antioxidant standards 

and units, the activity observed here appears 

comparatively higher when expressed in Trolox 

equivalents. Additionally, the DPPH value obtained in 

this study falls within or slightly above the range of 

0.282 -0.447 mmol TE/g reported for lignin fractions 

extracted from bamboo [44], indicating antioxidant 

capacity considered good in similar natural matrices 

despite differences in composition. The ABTS and 

FRAP values observed (0.2965 ± 0.0118 mmol TE/g 

and 0.6095 ± 0.0059 mmol Fe²⁺/g dry weight, 

respectively) also exceed other reported values for 

comparable NADES-based plant extractions, such as 

261.237 μmol TE/g and 198.147 μmol TE/g dry weight, 

suggesting relatively good radical-scavenging and 

reducing capacity. Furthermore, compared to the study 

by Hu et al. (2023), which reported DPPH, FRAP, and 

ABTS values of 0.1555 ± 0.0098, 0.1132 ± 0.0049, and 

0.0894 ± 0.0027 mmol Trolox/g dry weight, 

respectively and interpreted those results as 

demonstrating good antioxidant potential—the present 

values are clearly higher within the same unit system. 

Overall, this relatively good antioxidant capacity aligns 

with the high total flavonoid content obtained under 

optimized extraction conditions, supporting the role of 

flavonoids as important contributors to the observed 

radical-scavenging and reducing activities. These 

findings collectively highlight the enhanced efficiency 

of NADES-11 not only in extracting a higher yield of 

antioxidant compounds, such as flavonoids and 

phenolics, but also in preserving their functional 

stability during extraction. The superior performance of 

NADES-11 is likely attributed to its polarity, hydrogen-

bonding capacity, and the affinity of polyphenolic 

compounds for the eutectic solvent matrix, which 
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together support the effective recovery of bioactive 

constituents. 

 

Conclusions 

In this study, a Natural Deep Eutectic Solvent 

(NADES) system was systematically evaluated as an 

eco-friendly alternative to conventional solvents for 

extracting flavonoids from Erythrina crista-galli twigs. 

Among thirteen NADES formulations tested, 

NADES11 (lactic acid: citric acid: glycerol, 4.5:4.5:1) 

showed the highest total flavonoid content and exhibited 

significantly stronger antioxidant activity compared to 

ethanol, as confirmed by DPPH, ABTS, and FRAP 

assays. The extraction process, assisted by ultrasound 

(UAE), was influenced by three main factors: extraction 

time, temperature, and solvent-to-material ratio. These 

variables were optimized using Central Composite 

Design (CCD) under Response Surface Methodology 

(RSM), resulting in optimal conditions of 97 min, 64 °C, 

and a solvent-to-material ratio of 1:25, with 30% water 

content maintained in the NADES mixture. The 

developed model showed a strong fit (R² = 0.9018, p < 

0.0001), confirming its robustness for predicting 

flavonoid yield. The antioxidant activity of the 

NADES11 extract reached 0.3690 ± 0.0039, 

0.2965 ± 0.0118 mmol Trolox/g, and 

0.6095 ± 0.0059 mmol Fe²⁺/g in the DPPH, ABTS, and 

FRAP assays, respectively, significantly higher than that 

of the ethanol extract. The enhanced extraction 

efficiency was attributed to the tailored physicochemical 

properties of NADES and the cavitation effect of UAE, 

which facilitated cell wall disruption and improved mass 

transfer. Overall, the combination of NADES and UAE, 

optimized through RSM-CCD, proved effective in 

increasing the yield and preserving the stability of 

flavonoid compounds. This green extraction approach 

demonstrates promising potential for application in the 

pharmaceutical and natural product industries as a 

sustainable and efficient method for recovering 

bioactive metabolites. This work represents the first 

comprehensive, statistically optimized NADES-UAE 

protocol specifically developed for Erythrina crista-

galli, highlighting its novelty and potential to replace 

conventional organic solvents in sustainable extraction 

processes. However, structural characterization of the 

flavonoid compounds extracted using NADES and 

additional bioactivity assays for Erythrina crista-galli 

was not performed and is beyond the scope of this study. 

Therefore, future research is recommended to validate 

the pharmacological potential and to compare the 

structural diversity of flavonoids from Erythrina 

extracted using NADES and conventional solvents.  
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