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A B S T R A C T   

To reduce the environmental pollution caused by organic solvents and improve the extraction efficiency, a green 
and high-effective natural deep eutectic solvent (NADES) was screened out and prepared for the extraction of 
flavonoids from Fructus aurantii based on the COMOS-RS and experimental verification. The results showed the 
results of theoretical screening and experimental verification were consistent, and Ch-Lea was the best extraction 
solvent, which further proved the COMOS-RS was an efficient tool for the solvent screening. Then, the extraction 
conditions were investigated. The optimum extraction conditions were as follows: molar ratio (1:2), water 
content (30%), solid–liquid ratio (1/60 g/g) and extraction time (15 min), yet the extraction temperature and 
power did not significantly affect the extraction yield. Under the optimal extraction condition, the extraction 
yield of flavonoids was 122.68 mg/g. Compared with the traditional extraction solvents (methanol and ethanol), 
Ch-Lea has a higher extraction yield. And the green assessment was conducted based on Eco-Scale methodology, 
which results indicated the Ch-Lea was more environmentally friendly than methanol and ethanol. Meanwhile, 
the Ch-Lea has good reusability, and the extraction yields from four reuses were 122.68 mg/g, 125.13 mg/g, 
122.56 mg/g and 105.63 mg/g, respectively. Moreover, the extraction mechanism was delved into using mo
lecular dynamics (MD) simulation and reduced density gradient (RDG) analysis. The hydrogen bond interaction, 
particularly the O-H bonds, between Ch-Lea and the naringin molecule emerged as the primary force driving the 
extraction process. In summary, Ch-Lea is a green, economical, and highly effective solvent, making it a 
promising candidate for flavonoid extraction from Fructus aurantii. Its potential as an alternative to traditional 
extraction solvents further underscores its value.   

1. Introduction 

Fructus aurantii, known as Zhi qiao in Chinese, is the dried mature 
fruit of Citrus aurantium L. and is a traditional herb widely used in China 
for thousands of years, with diverse pharmacological effects (Yang et al., 
2020). A large number of clinical observations and practices have 
proved its clinical efficacy. It was usually employed to treat diabetes, 
kidney stones and a variety of cancers, depression, cardiovascular dis
eases, gastrointestinal diseases, etc (Li et al., 2015; Zhang et al., 2012). 
The chemical components of Fructus aurantii mainly contain flavonoids, 
volatile oils and alkaloids. Among them, the flavonoids play a major role 
in pharmacological efficacy. Such as the flavonoids had a certain hep
atoprotective effect, and its mechanism may be that hesperidin can 

inhibit hepatocyte apoptosis and reduce the activity of COX-2 in liver 
tissue (Pari et al., 2011). Naringin, a flavonoid component, possesses 
notable anticancer properties, specifically exhibiting its efficacy in 
inducing apoptosis in human hepatocellular carcinoma HepG2 cells. 
This apoptotic effect is mediated through the activation of 
mitochondrial-dependent caspase-9 and the caspase-8-induced hydro
lysis of Bid protein, thereby demonstrating its potential as a therapeutic 
agent against cancer (Banjerdpongchai, et al., 2016). 

Due to the potential benefits and medicinal value of the flavonoids in 
Fructus aurantii, a large number of studies have been carried out to 
maximize its extraction efficiency (He et al., 2018). However, the 
extraction solvents used in these studies were all organic solvents, 
including methanol, ethanol, acetone, chloroform, etc (He et al., 2018). 
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It is widely known that organic solvents have a number of disadvan
tages, including inflammable, explosive, toxic, polluting the environ
ment, and may even leave unacceptable residues in the extract, which 
limits the sustainability of the extraction process (Cui et al., 2021). 
Therefore, it is urgent to seek a green and efficient alternative solvent for 
extracting flavonoids from Fructus aurantii. 

Natural deep eutectic solvent (NADES), as a kind of emerging green 
solvent, is encouraged as a potential alternative for traditional organic 
solvents (Mushtaq et al., 2022; Wang, et al., 2021). NADES consists of a 
hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) 
through hydrogen bond interactions (Noormohammadi et al., 2022; 
Yang et al., 2023a). The HBD and HBA are primarily composed of nat
ural components that are present in cells and organisms, such as organic 
bases, amino acids, sugars, choline derivatives and food additive, and 
thus the NADES has characteristics such as biodegradability, non- 
toxicity or acceptable pharmacological toxicity profiles, which have 
been favorably received by the scientific community (AlYammahi et al., 
2023; Dai et al., 2013; Zannou et al., 2020). Compared to the compo
sition of NADES (HBD or HBA), NADES has a remarkable low melting 
point and unique physicochemical characteristics, thus NADES possess 
several valuable properties including negligible volatility, high solvating 
ability, sustainability and stability (Alañón et al., 2020; Della et al., 
2022; Nian et al., 2022). Therefore, NADES has been widely used in the 
extraction of chemical components in various plants (Cheng et al., 2024; 
Khajavian et al., 2022; Zannou et al., 2022; Zuo et al., 2023). For 
example, Hsieh et al. synthesized several alcohol-based DESs by the 
ultrasonication-assisted method, and it was combined with the 
ultrasonic-assisted extraction method for the extraction of gingerol from 
ginger powder (Hsieh et al., 2020). The results showed that the 
extraction performance of the prepared DESs was significantly better 
than that of traditional organic solvents. Pan et al. prepared a novel 
three-component natural eutectic solvent (3c-NADES) with betaine, 
triethanolamine and MgCl2⋅6H2O as raw materials, and successfully 
extracted three main active substances from Acanthopanax stems based 
on microwave ultrasonic-assisted technology (Pan et al., 2021). Yang 
et al. tailored several NADES, of which choline chloride-oxalic acid 
(ChCl-Oa) was the most effective for ellagic acid extraction from Geum 
japonicum. Under optimal conditions, ChCl-Oa has a higher extraction 
yield than common organic solvents including methanol, ethanol and 
acetone (Yang et al., 2023b). In conclusion, NADES can be used as a 
green and efficient extraction solvent for the extraction of flavonoids 
from Fructus aurantii. 

Meanwhile, NADES has the characteristics of tailor-made, which can 
design different combinations of HBD and HBA according to the physical 
and chemical properties of the target compound (Wang et al., 2024a). 
However, due to there is a lot of types of HBD and HBA, and the number 
of NADES is equal to the product of the number of HBA and HBD, so a 
large number of NADES combinations will be generated. Therefore, the 
trial-and-error method of traversing measurements and the empirical 
method of selecting the most promising NADES are not feasible, which is 
time-consuming, labor-intensive and inefficient. Thus, a scientifically 
valid screening method is needed to predict the solubility and extraction 
efficiency of NADES for flavonoids. 

Recently, the conductor like real solvation screening model 
(COSMO-RS), a thermal dynamic model based on quantum chemical 
calculation, has been proposed and utilized as a modeling and prediction 
tool for liquid equilibrium (Quaid et al., 2023). COSMO-RS has proven 
to be a powerful tool for predicting the solubility of small molecule 
compounds and polymers, which can calculate the chemical potential of 
the small molecule compounds or polymer in a liquid solution, thus 
predicting the solubility coefficient and activity coefficient (Doldolova 
et al., 2021; Khan et al., 2023; Mohan et al., 2022). Wang and his co- 
workers use COSMO-RS to predict the extraction solubility and effi
ciency of NADES to lentinan from shiitake mushrooms, and it is suc
cessfully verified by experiments (Wang et al., 2024b). Zhao et al. 
calculated the activity coefficient (γ), excess enthalpy (HE) and σ-profile 

between hemicellulose and solvent by using the COSM-RS, so as to 
predict its ability to dissolve hemicellulose (Zhao et al., 2022). Lazović 
et al. used the COSM-RS tool to pre-screen a large number of natural 
eutectic solvents for improving the efficiency of phenolic extraction 
from Teucrium chamaedrys, and the experimental results showed that 
COSM-RS was a suitable method to simulate NADES properties (Lazović 
et al., 2023). Therefore, COSM-RS can be used to predict the solubility of 
flavonoids in NADES, and to predict the extraction efficiency of NADES 
to extract flavonoids from Fructus aurantii. 

To sum up, the overall purpose of this study is to design and syn
thesize a green NADES solvent, which could replace the traditional 
extraction solvent, and to establish a sustainable extraction method of 
flavonoids from Fructus aurantii. The specific objectives were as follows: 
(i) to design and synthesize suitable NADES based on COMSO-RS tools 
according to the structural characteristics of the target molecule (eg. 
naringin). (ii) to optimize the molar ratio and water content of NADES 
and the extraction conditions, such as extraction temperature, extrac
tion time, extraction power and solid–liquid ratios, so as to improve the 
extraction efficiency. (iii) to evaluate NADES greenness and safety by 
Eco-Scale methodology. (iv) to analyze the mechanism of NADES 
through molecular dynamics, RDG analysis, and SEM analysis. 

2. Materials and methods 

2.1. Material and chemical reagent 

Fructus aurantii sample was collected from the planting base, Jiangjin 
District, Chongqing. After samples were dried at 60 ◦C, powdered and 
sieved using an 80-mesh sieve. Choline chloride (Ch, >98 %), ethylene 
glycol (Eth, ≥99.5 %), levulinic acid (Lea, ≥99.5 %), citric acid (Cia, 
≥99.5 %), urea (Ur, ≥99 %), lactic acid (Laa, ≥99.5 %), tartaric acid 
(Taa, ≥99.5 %), methanol and ethanol (Analytical grade) were supplied 
by Aladdin Biochemical Technology (Shanghai, China). Methanol, 
acetonitrile and phosphoric acid (HPLC-grade) were supplied by Sino
pharm Chemical Reagent (Shanghai, China). The analytical standards of 
flavonoids, including naringin and neohesperidin, were purchased from 
the National Institutes for Food and Drug Control (Beijing, China). 

2.2. Preparation and characterization of NADES 

The preparation of NADES was based on previous reports. Briefly, 
the HBA and HBD were accurately weighed according to a fixed molar 
ratio and mixed into 250 mL glass flasks. The mixture is then magneti
cally stirred in a water bath and heated at 50 ◦C − 90 ◦C until a ho
mogeneous, transparent liquid is formed. 

The viscosity of NADES was determined using a rheometer (MCR 
302, Anton Paar GmbH, Austria), and the measure condition was a 
constant shear rate of 0.1 s− 1 at 25 ◦C for 10 s. The functional groups 
characteristics of HBA, HBD and NADES were analyzed by Fourier 
Transform infrared spectroscopy (Nicolet 6700, Thermo Fisher Scienti
fic, Waltham, MA, USA) by ATR method at room temperature. The 
spectral range was 4000 – 400 cm− 1 and the resolution were 4 cm− 1, and 
the infrared spectra data was recorded by OMIC software. The NMR 
hydrogen spectrum (H1 NMR) characteristics was measured by nuclear 
magnetic resonance (NMR) spectrometer (AVANCE NEO 400, Bruker, 
Germany). 

2.3. Extraction of flavonoids 

For the initial screening of the NADES system, an amount of 0.10 g of 
Fructus aurantii sample power was accurately weighted in 25 mL glass 
flasks, and mixed with 6 g of NADES. Then, the extraction was per
formed by an ultrasonic bath (USC 2100 THD, VWR, UK) and with ul
trasonic irradiation at 50 ◦C for 30 min, the frequency and power of the 
ultrasonic was 40 KHz and 300 W. The suspension was accurately 
transferred to a 25 mL volumetric flask and diluted with water. The 
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sample solution was then passed through a 0.45-μm filter membrane for 
HPLC analysis. When the sample solution passes through the 0.45 μm 
filter membrane, the middle part of the continuous filtrate was used, and 
the filtrate of the initial part was discarded. For the single-factor 
experiment, several important factors are examined for optimizing the 
extraction conditions, including the mole ratio of HBA and HBD (1:1, 
1:2, 1:3, 1:4 and 1:5), water content of NADES (0, 10 %, 20 %, 30 %, 40 
%, 50 %, 60 % and 70 %), and solid–liquid ratios (1:20, 1:30, 1:40, 1:60, 
1:80 and 1:100 g/g), extraction time (1, 5, 15, 30, 40 and 60 min), 
extraction temperature (20, 30, 40, 50, 60 and 70 ◦C) and extraction 
power (60, 120, 180, 240 and 300 W). Three parallel experiments were 
performed for each extraction. The extraction yield was calculated by 
the following equation: 

Y =
c × v

m
(1)  

where the c (mg/mL) is the concentration of flavonoids, which is the 
sum of naringin and neohesperidin. The v (mL) is the total volume after 
dilution. The m (g) is the mass of Fructus aurantii sample used in the 
extraction. 

2.4. HPLC analysis 

The quantitative analysis of naringin and neohesperidin was carried 
out by HPLC (1260 Agilent HPLC, Agilent Technologies Co. Ltd, USA), 
and it equipped with a G7114A 1260 VMD detector and a Phenomenex 
C18 column (250 mm × 4.6 mm, 5 μm). The column temperature is 
30 ◦C. The injection volume and flow rate were 10 μL and 1.0 mL/min, 
respectively. The detection wavelength was 283 nm. The mobile phase 
was 0.2 % phosphoric acid – water (A) and acetonitrile (B), and the 
gradient elution procedure was as follows: 0–––2 min 90 % A, 2–––5 min 
90 % → 85 % A, 5–10 min 85 % → 82 % A, 10–––32 min 82 % → 80 % A, 
32–––45 min 80 % → 60 % A, 45–––60 min 60 % → 40 % A, 60–––60 
min 40 % → 0 A (Wang et al., 2024). The HPLC chromatogram was 
shown in Fig. S1. 

2.5. Reusability of NADES 

Following the previously refined extraction technique and proced
ure, a filtration step was performed on the solid–liquid mixture after 
extraction with fresh Ch-Lea solvent. Subsequently, the filtered Ch-Lea 
solvent, retaining its flavonoid content, was recycled and reused for 
extracting a fresh batch of Fructus aurantii samples. Subsequently, an 
analysis was conducted to assess the incremental accumulation of fla
vonoids in the extract. 

2.6. SEM of extraction residue 

The morphologies of raw sample powder and the solid residues after 
extraction by NADES were analyzed with a Thermo ScientificTM APREO 
SEM (Thermo Fisher Scientific, Waltham, MA, United States). In short, 
the sample is first mounted on an aluminum stump, then sputtered with 
a thin layer of gold, and finally observed through the In-lens SE detector 
of SEM. The drying method of sample was as follows: the sample was 
quickly put into liquid nitrogen to freeze and solidify the sample, and 
then the sample was transferred into a vacuum coating instrument and 
sublimated under high vacuum. The dehydrating agent was directly 
changed from solid to gas, and the sample was dried. 

2.7. Theoretical calculation 

Due to the naringin and neohesperidin has similar chemical struc
tures and properties, thus only naringin molecule was used as the target 
compounds for solvent screening and theoretical calculation. Material 
Studio (MS) 2020 software was applied to draw the structure of mole
cules (HBD, HBA, NADES and naringin). NADES consists of HBD and 

HBA, and they were combined into one molecule as NADES according to 
the set molar ratio. And Dmol3 module was then applied to optimize the 
geometric structure, moreover, the interaction energy between NADES 
and naringin was calculated. The calculation formula is as following: 

Eb = ET − (E1 + E2) (2)  

where the Eb (Kcal/mol) is the binding energy between NADES and 
naringin. The ET (Kcal/mol) is the total energy of NADES and naringin. 
The E1 (Kcal/mol) and E2 (Kcal/mol) were the energy of NADES and 
naringin, respectively. 

COSMO-RS simulation and calculation were carried out using the 
COSMOthermX 19.0.5 software. Since the series of NADES to be studied 
in this paper are not found in the database of COSMOThermX ®, Ma
terials Studio software was used to draw and optimize the molecular 
geometry of the components, and further calculated through the Dmol3 
module of Materials Studio software to obtain the cosmo file required for 
COSMO-RS calculation. It was applied to calculate the surface charge 
densities (sigma-profiles) and sigma potentials of NADES and naringin, 
and the activity coefficient at infinite dilution (γ∞) of naringin in 
different NADES. All calculations were performed at 298 K. 

The selected NADES was performed by molecular dynamics simu
lation (MD). It was based on the Forcite module of Materials Studio (MS) 
software. The naringin was selected as the target compound, and the 
solvent system had the composition of NADES and water. A box (32.3 Å 
× 32.3 Å ×32.3 Å) was established by Amorphous Cell Calculation for 
better equilibration. The particle mesh Ewald method was used to 
calculate the electrostatic interaction, and the cutoff distance was set as 
10 Å. The normal volume temperature (NPT) was calculated at 298 K 
using the Berendsen temperature coupling method. The time steps were 
set as 1 fs, and the total simulation time was set as 100 ps. The number of 
steps was set as 100000, and the track data was stored and frame 
outputted every 100 steps. In all MD simulation processes, the COMPASS 
force field was applied. 

The weak interaction analysis (Reduced density gradient function, 
RDG) was performed in combination with Avogadro 1.0.3 software, 
Orca 4.2.1 software, Multiwfn 3.8 software (Lu et al., 2012) and VMD 
1.9.3 software. 

2.8. Data statistics and analysis 

All experiments were set up with three replicates, and the data were 
presented as mean ± standard deviation (SD). The data were dealt with 
by SPSS 27.0 software, and the date plotting was performed using the 
Origin 2022 software. 

3. Results and discussion 

Naringin and neohesperidin, as the main components of flavonoids 
in Fructus aurantii, play a key role in the clinical efficacy of Fructus 
aurantii. Naringin and neohesperidin together account for about 80 % of 
the total flavonoids, and they have become the focus of the research on 
Fructus aurantii (Yu, et al., 2017). Therefore, naringin and neohesperidin 
were selected as the target extraction objects in this study, and the 
extraction yield was calculated and evaluated based on the sum of 
naringin and neohesperidin. 

3.1. Design and theoretical screening of NADES 

The COMSO-RS model is usually applied to investigate and predict 
the influence of HBD and HBA structures on the extraction efficiency of 
target compounds (AlYammahi et al., 2023). Therefore, the COMSO-RS 
model was used to screen the solvents (18 kinds of NADESs) used for 
extracting flavonoids (naringin) from Fructus aurantii in the present 
study, and the infinite dilution activity coefficient (γ∞) was predicted. 
The value of γ∞ is a key parameter to evaluate the extraction efficiency. 
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The solubility of the target compound in the solvent is inversely pro
portional to the infinite dilution activity coefficient of the system. A low 
γ∞ value indicates that the target compound has a high solubility in the 
solvent, in other words, the solvent with a low γ∞ value may have a high 
extraction efficiency for the compound (Khan et al., 2023). The results of 
Inγ∞ value of this study was shown in Fig. 1A. The results showed that 
the Inγ∞ value had a significant difference of 18 kinds of NADES, 
showing the 18 kinds of solvents for the dissolution of naringin ability is 
different, which further indicated that the extraction efficiency of nar
ingin was significantly different among the 18 NADESs solvents. The 
Inγ∞ of Ch-Laa (− 5.32) and Ch-Lea (− 5.42) was significantly smaller 
than other NADES, and the Inγ∞ of Ch-Cia (1.86) and Ch-Taa (1.28) was 
significantly higher than other NADES. The results showed that Ch-Laa 
and Ch-Lea might have a higher solubility and extraction efficiency for 
naringin, whereas Ch-Cia and Ch-Taa might have a lower extraction 
efficiency. In conclusion, according to the predicted results of the 
COMSO-RS model, Ch-Laa and Ch-Lea were preliminarily considered to 
be the optimal solvent for naringin extraction. 

3.2. Theoretical support of theoretical screening of NADES 

In order to understand and explain the principles of theoretical 
screening at a deeper level, the chemical structure, σ-profile and surface 
charge density (σ-surface) of the naringin molecule and 6 NADES, which 
represent high, medium and low Inγ∞ values, were selected and 
analyzed by using quantum chemical calculation. The chemical struc
ture and surface charge density (σ-surface) of the naringin molecule and 
6 NADES were shown in Fig. 2 and Fig. 3. 

3.2.1. σ-surface analysis 
The σ-surface is a visual representation of the energy features, and 

the color of the density cloud surrounding the molecular structure in
dicates the sigma surface charge (Sellaoui et al., 2017). The blue rep
resents the charge deficit region, the green represents the charge neutral 
region, and the red represents the charge dense region. The three regions 
represent the non-polar, mid-polar and polar regions, respectively 
(Lemaoui et al., 2020). According to Fig. 3A, it could be found that polar 

Fig. 1. (A) and (B) the infinite dilution activity coefficient of different NADES and (C) the extraction yield of flavonoids with different NADES.  

Fig. 2. The molecular structure and charge density of the simulated NADES and their respective components.  
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regions of the naringin molecule were mainly attributed to the electron 
negative difference between the hydrogen (H) and oxygen (O) atoms, 
leading to the polarization of the hydroxyl group (–OH). And the non- 
polar regions mainly correspond to a large number of benzene ring 
structures in the naringin molecule. 

The σ-surface could be divided into geometric segments, which are 
called σ values. The σ-profile is a 2-dimensional compressed histogram 
of the σ-surface generated in 3D molecular. By analyzing σ-profile plots, 
sigma values can be evaluated, leading to insight into the intrinsic 
mechanisms of intermolecular interactions (Quaid et al., 2023). 

3.2.2. σ-profile analysis 
The σ-profile is generally divided into three regions with ± 0.0084 e/ 

Å2 as the threshold. σ < − 0.0084 e/Å2 belong to the H-bond donor 
region (HBD), σ > 0.0084 e/Å2 belong to the H-bond acceptor region 
(HBA), and − 0.0084 e/Å2 < σ < 0.0084 e/Å2 belong to the non-polar 
region (Klamt et al., 2003). The curve containing the area between X- 
axis values ± 0.0084 e/̊A2 represents the area that can generate van der 
Waals interactions with neighboring molecules. The area of curvature 
above 0.0084 e/̊A2 represents the area of the molecular surface available 
for hydrogen bonding accepting interactions. And the area of curvature 
less than − 0.0084 e/̊A2 indicates the area of the molecular surface 
available for giving hydrogen bond interactions (Marsh, 2006). The van 

der Waals-bond interaction strength is very weak, about an order of 
magnitude lower than the hydrogen bond interaction energy, so the 
contribution of the nonpolar region is usually not decisive during 
NADES formation or extraction and is usually ignored (Sadus, 2019). 

From Fig. 3A, it could be found that the σ-profile of the naringin 
molecule was mainly distributed within the range of − 0.03 e/Å2 < σ <
0.03 e/Å2. Meanwhile, the curvature area of the H-bond acceptor region 
(HBA) was greater than the H-bond donor region (HBD), indicating the 
naringin molecule was more inclined to be an HBA. According to Fig. 3B, 
it could be observed that the σ-profile of the six NADES were asymmetric 
and the curvature area of the H-bond acceptor region (HBA) was greater 
than the H-bond donor region (HBD), the results indicated that these 
NADES mainly showed HBA potential in the extraction, especially for 
Ch-Taa and Ch-Cia. The Ch-Taa and Ch-Cia showed strong HBA poten
tial. Due to NADES extracts naringin mainly through the HBA-HBD 
hydrogen bond interaction, naringin molecule and NADES (Ch-Taa 
and Ch-Cia) might form competition and repulsion effects of HBA-HBA 
during the extraction process. Thus, the extraction yield of Ch-Taa and 
Ch-Cia to naringin was the lowest. Compared with Ch-Taa and Ch-Cia, 
Ch-Laa and Ch-Lea have smaller HBA potential, so the Ch-Laa and Ch- 
Lea have less competition and repulsion for the naringin molecule 
than Ch-Taa and Ch-Cia. Therefore, Ch-Laa and Ch-Lea had higher 
extraction efficiency than Ch-Taa and Ch-Cia for the extraction of 

Fig. 3. (A) the σ-profiles of naringin and (B) the σ-profiles of six NADES.  
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naringin. 
In addition, the peak heights of the σ-profiles can represent the sta

tistical number of surface fragments of molecules with similar polarity. 
According to the principle of “like dissolves like”, the more similar 
surface fragments, the better the solubility, and the better the extraction 
effect (Chang et al., 2020). From Fig. 3A, it could be found the naringin 
molecule contains a large number of polar and non-polar fragments, and 
this was consistent with its weak polarity property (log P = -0.18). By 
comparing the σ-profiles plots of naringin molecule and six NADESs 
(Fig. 3A and B), it could be found that Ch-Laa and Ch-Lea were more 
similar to naringin molecule than Ch-Taa and Ch-Cia, indicating that the 
solubility of naringin and Ch-Laa and Ch-Lea is higher, so Ch-Laa and 
Ch-Lea has a better extraction ability for naringin. 

3.2.3. Binding energy analysis 
On the other hand, the binding energies (Eb) between the naringin 

molecule and the six NADES were calculated. Binding energy can reflect 
the interaction strength of solvent molecules and solute molecules in 
solution, thereby indirectly reflecting the solvent’s extraction ability 
towards the target solute (Cheng et al., 2024). The result was shown in 
Fig. 4, the binding energies between the naringin molecule and Ch-Laa 
and Ch-Lea were − 24.57 kcal/mol and − 24.42 kcal/mol, respectively, 
while that between Ch-Taa and Ch-Cia and naringin molecule was only 
about − 18.76 kcal/mol and − 19.47 kcal/mol, respectively. These 
implied the stronger interaction between the Ch-Laa and Ch-Lea and 

naringin molecule than Ch-Taa and Ch-Cia. It was consistent with the 
conclusion of the previous analysis of σ-profiles. 

To sum up, the σ-profiles and binding energies analysis greatly 
supported the inferences of infinite dilution activity coefficient (γ∞) in 
Fig. 1A. Therefore, Ch-Laa and Ch-Lea were considered the best solvent 
for extracting flavonoids from Fructus aurantii. Meanwhile, in order to 
simplify the research, the study chose Ch-Lea for further extraction ex
periments, process optimization, structural characterization and mech
anism analysis. 

3.3. Correlation between theoretical prediction and experimental result 

To further verify the reliability of the theoretical calculation results, 
the extraction experiment of flavonoids of Fructus aurantii was per
formed. For the sake of a simple and brief illustration, only six NADESs, 
which represent high, medium and low Inγ∞ values, were selected for 
preparation and extraction experiments. The six NADESs include Ch-Laa 
and Ch-Lea (high Inγ∞ value group), Ch-Ur and Ch-Eth (medium Inγ∞ 

value group), as well as Ch-Taa and Ch-Cia (low Inγ∞ value group) 
(Fig. 1B). The extraction yield of six NADESs were shown in Fig. 1C. 
According to Fig. 1C, it could be observed that experimental results were 
consistent with the theoretical calculations, that is, the extraction yield 
of Ch-Laa and Ch-Lea in the high Inγ∞ value group was the highest, and 
that of Ch-Taa and Ch-Cia in the low Inγ∞ value group was the lowest. 
The results were consistent with those of previous reports (Cui et al., 

Fig. 4. The binding energy of NADES and naringin.  
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2021; Hu et al., 2023). Therefore, it could be concluded that the theo
retical calculation was reliable. 

3.4. Characterization of NADES 

In order to further investigate the composition and properties of 
NADES (Ch-Lea), FTIR and 1H NMR analysis was conducted. The IR 
spectra of choline chloride, levulinic acid and NADES (Ch-Lea) were 
shown in Fig. 5. It could be observed that there is no significant increase 
or decrease in the functional groups of NADES (Ch-Lea), compared to the 
choline chloride and levulinic acid, which indicated that no chemical 

changes occurred during the synthesis process of Ch-Lea. In the IR 
spectra of levulinic acid, the bands located at 1699.177 cm− 1 and 
2921.547 cm− 1 correspond to the stretching vibrations of the − C = O 
and –CH2 groups. In the IR spectra of choline chloride, the bands located 
at 3017.399 cm− 1 and 1481.205 cm− 1 correspond to the stretching vi
brations of the C-H and C-N group. The absorption peak around 3000 
cm− 1 corresponds to –OH on Choline chloride and levulinic acid. 
Interestingly, in the IR spectra of Ch-Lea, the absorption peak of –OH 
extends from 2500 to 3700, and the position of the absorption peak has 
also undergone a slight shift, which might be due to strong hydrogen 
bonding in the solvent (Jangir et al., 2020). 

Fig. 5. The FTIR spectrum and H1 NMR spectrum of Ch-Lea.  

Fig. 6. (A) The extraction content of flavonoids with Ch-Lea. (A) The effect of the molar ratio of Ch-Lea, (B) water content in NADES/water solution, (C) solid/liquid, 
(D) extraction time, (E) extraction temperature, (F) extraction power. 
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The 1H NMR spectra of choline chloride, levulinic acid and Ch-Lea 
were shown in Fig. 5. The choline chloride has four characteristic 
peaks [δ = 5.6 ppm (1H), δ = 3.8 ppm (2H), δ = 3.4 ppm (2H), δ = 3.1 
ppm (9H)]. The levulinic acid has four characteristic peaks [δ = 12.1 
ppm (1H), δ = 2.6 ppm (2H), δ = 2.4 ppm (2H), δ = 2.1 ppm (3H)]. The 
Ch-Lea (molar ratio = 1:2) has eight characteristic peaks [δ = 12.1 ppm 
(2H), δ = 5.6 ppm (1H), δ = 3.8 ppm (2H), δ = 3.4 ppm (2H), δ = 3.1 
ppm (9H), δ = 2.6 ppm (4H), δ = 4.4 ppm (4H), δ = 2.1 ppm (6H)]. The 
above results showed that the chemical shift (δ) and number of H atoms 
of Ch-Lea were the same as those of choline chloride and levulinic acid, 
which further proved that Ch-Lea did not undergo any chemical reaction 
during the preparation process, indicating that Ch-Lea was a mixture of 
multiple components coexisting. 

3.5. Screening extraction conditions 

The molar ratio of HBA-HBD is an important factor affecting 
extraction efficiency, which may affect hydrogen bonding interactions. 
The effect of the molar ratio of HBA (Ch) and HBD (Lea) on the 
extraction yield of flavonoids was shown in Fig. 6A and Table S1-S6. It 
could be found that the extraction yield of flavonoids reached the 
maximum value when the molar ratio of Ch to Lea was 1:2. Therefore, a 
molar ratio of 1:2 between Ch and Lea was most appropriate. The reason 
for the poor extraction of NADES (Ch to Lea 1:1) may be due to its high 
viscosity. And the decrease in extraction efficiency with increasing 
molar ratio may be because the properties of NADES are more similar to 
Lea as the molar ratio increases. 

NADES usually has a high viscosity, which reduces the ability of the 
solvent to diffuse and penetrate, and this is not conducive to the 
extraction process. Therefore, a certain amount of water is usually added 
to improve the viscosity and fluidity of NADES. However, too much 
water could break the hydrogen bonds of NADES, resulting in a decrease 
in the stability of NADES. In conclusion, choosing the appropriate water 
content is very important for the stability and extraction yield of NADES. 
In the current study, the effect of the water content in NADES on the 
extraction yield was shown in Fig. 6B. It could be found that the 
extraction yield of flavonoids showed a tendency to increase (from 0 to 
30 %) and then decrease (from 40 % to 70 %) as the percentage of water 
increases. And the maximum extraction yield was achieved at a water 
content of 30 %. Therefore, a water content of 30 % in Ch-Lea was 
optimal for flavonoid extraction. The effect of the ratio of solid/liquid on 
the extraction yield was shown in Fig. 6C. From the figure, it can be 
found that the extraction yield of flavonoids is positively correlated with 
the solid/liquid ratio. When the solid/liquid ratio was higher than 1:60, 
the increase in extraction yield slowed down, therefore, the solid/liquid 
ratio of 1:60 was selected as the optimal ratio in this study. As is shown 
in Fig. 6D, the influence of extraction time on extraction yield was 

investigated. It could be observed that the extraction amount reaches 
115.14 mg/g when the extraction time is 1 min, and the extraction yield 
reaches its maximum value at 15 min, indicating that Ch-Lea could 
quickly extract flavonoids from Fructus aurantii. The effect of extraction 
temperature and extraction power on the extraction yield was shown in 
Fig. 6E-F. The result showed the extraction temperature and extraction 
power did not have a significant effect on extraction yield. It is worth 
noting that the extraction temperature should not be too high, as a high 
extraction solution temperature may lead to the decomposition of the 
target component, thereby reducing the extraction yield. This study 
selected extraction temperature and power of 30 ◦C and 300 W, 
respectively. 

According to reports by Radošević et al., the excessive acidity of DES 
may alter the pH value of the cell growth environment, thereby affecting 
cell viability (Radošević et al., 2016). Therefore, in order to reduce the 
impact of its acidity on cells, this study adjusted the pH value of Ch-Lea 
from 1.45 to pH = 5 by adding an appropriate amount of NaOH. At the 
same time, the extraction ability of flavonoids from Fructus aurantii with 
different pH values of Ch-Lea as extraction solvent was compared. The 
results showed that there was no significant difference in the extraction 
yield of Ch-Lea with different pH values, indicating that pH had no 
significant effect on the extraction yield for flavonoids (Fig. S2). 

3.6. Reusability of NADES 

To examine the cost-effectiveness and sustainability of Ch-Lea, its 
reusability was analyzed. The results were shown in Fig. 7A. The results 
showed that the extraction yield of flavonoids was almost consistent in 
the first three repeated extractions, with a slight decrease in the fourth 
repeated extraction. The extraction yields were 122.68 mg/g, 125.13 
mg/g, 122.56 mg/g and 105.63 mg/g, respectively. It indicated that Ch- 
Lea had good reusability. 

3.7. Comprehensive evaluation of NADES as green extract solvent 

3.7.1. Comparison between NADES and conventional extraction solvents 
In order to further understand the advantages of NADES (Ch-Lea), 

the extraction yields of Ch Lea were compared with the reported tradi
tional extraction solvents (50 % methanol and 20 % ethanol). As shown 
in Fig. 7B, the flavonoid extraction yield of Ch-Lea, methanol (50 %) and 
ethanol (20 %) were 122.68 mg/g, 115.01 mg/g and 112.81 mg/g, 
respectively. The results showed that the extraction yields of NADES 
(Ch-Lea) were higher than those of methanol and ethanol, indicating 
that NADES (Ch-Lea) is a high-efficiency extraction solvent. 

3.7.2. Green assessment using Eco-Scale methodology 
In order to evaluate and compare the greenness of the extraction 

Fig. 7. (A) The extraction rate of four repeated uses of Ch-lea. (B) The extraction rate of methanol, ethanol and Ch-Lea.  
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method in this study with traditional extraction methods, the Eco-Scale 
methodology was applied (Gałuszka et al., 2012; Yang et al., 2023). The 
calculation method for the score on the Eco-Scale was as follows: 

Escore = 100 − PPsreagents − PPsinstruments  

PPsreagents = (Ip + Is) × 0.1C × a  

where the Escore represents the total score of the Eco-Scale; the PPsreagents 

represents the penalty score for the reagent; the PPsinstruments represents 
the penalty score for the instruments; the Ip represents the number of 
pictograms for each solvent; the Is represents the number of signal word 
(“danger = 2” and “warning = 1”) for each solvent; the C represents the 
molar concentration for each solvent (mol/L); the a represents the vol
ume constant (V < 10 mL, a = 1; V ≥ 10 mL, a = 2) (Gałuszka et al., 
2012;Yang et al., 2023). 

Choline chloride: 0 pictogram + signal word “No” (0 + 0 = 0). 
Levulinic acid: 1 pictogram + signal word “Warning” (1 + 1 = 2). 
Ethanol: 2 pictograms + signal word “danger” (2 + 2 = 2). 
Methanol: 3 pictograms + signal word “danger” (3 + 2 = 5). 
In this study, the NADES (Ch-Lea) was composed of choline chloride 

and levulinic acid (molar ratio = 1:2). In the extraction process of fla
vonoids from Fructus aurantii, the amounts of NADES used was 6.00 g 
(with a water content of 30 %, 1.09 g/cm3). Thus, the molar concen
tration of choline chloride was 2.05 mol/L, and the molar concentration 
of levulinic acid was 4.10 mol/L. In the conventional extraction methods 
of flavonoids from Fructus aurantii, 20 % ethanol (4 mL, 0.97 g/cm3) 
and 50 % methanol (10 mL, 0.91 g/cm3). In the conventional extraction 
methods of flavonoids from Fructus aurantii, 20 % ethanol (4 mL, 0.97 g/ 
cm3) and 50 % methanol (10 mL, 0.91 g/cm3) were used, respectively 
(Wang et al., 2024; Xiao et al., 2020). Thus, the molar concentrations of 
ethanol and methanol are 3.43 mol/L and 12.35 mol/L, respectively. By 
calculation, the PPsreagents of NADES (Ch-Lea), methanol, and ethanol 
were 0.98 points, 12.35 points and 1.39 points, respectively. The results 
of the PPsinstruments of every solvent were shown in Table 1. Due to the 

Table 1 
Eco-Scale-score assessment for the methanol extraction, ethanol extraction and 
Ch-Lea extraction.  

Methanol extraction Ethanol extraction Ch-Lea extraction 

Reagents PPs Reagents PPs Reagents PPs 

Methanol 12.35 Ethanol 1.39 Ch-Lea 0.98 
Instruments PPs Instruments PPs Instruments PPs 
Ultrasound 

power 
(<1.5KWh 
per 
extraction) 

1 Ultrasound 
power 
(<1.5KWh per 
extraction) 

1 Ultrasound 
power 
(<1.5KWh per 
extraction) 

1 

Occupational 
hazard 

3 Occupational 
hazard 

3 Occupational 
hazard 

0 

Waste 3 Waste 3 Waste 1 
Total PPs 19.35 Total PPs 8.39 Total PPs 2.98 
Eco-Scale-score 80.65 Eco-Scale-score 91.61 Eco-Scale-score 97.02  

Fig. 8. The SEM microscopic images and cellular structure. (A) Dried Fructus aurantii powder, (B) soaking in Ch-Lea, (C) with ultrasonication coupled with Ch-Lea.  
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power of all three extraction methods being less than 1.5KWh, the PPs 
(power) of all three methods were 1 point. Ch-Lea has a non-volatile 
characteristic, so its PPs (occupational hazard) was 0 points. However, 
both methanol and ethanol have high volatility and flammability, so the 
PPs (occupational hazard) of methanol and ethanol was 3 points 
(Gałuszka et al., 2012; Yang et al., 2023). Ch-Lea had the characteristics 
of biodegradability or reusability, so the PPs (waste) was 1 point, while 
the methanol and ethanol cannot be reused, so the PPs (waste) of both 
methanol and ethanol was 3 points. To sum up, the total score on the 
Eco-Scale for Ch-Lea extraction was 97.02 points, the total score on the 
Eco-Scale for ethanol extraction was 91.61 points, and the total score on 
the Eco-Scale for methanol extraction was 80.65 points. It could be 
found that the total score on the Eco-Scale of NADES (Ch-Lea) was 
higher than those of methanol and ethanol. 

Based on the above analysis, it can be concluded that NADES (Ch- 
Lea) was more environmentally friendly and safe compared to tradi
tional extraction solvents. 

3.8. Extraction mechanism 

3.8.1. Morphological analysis of the residue 
In order to further investigate the extraction mechanism of naringin 

from Fructus aurantii by NADES (Ch-Lea), the SEM was utilized for 
analyzing and comparing the surface morphology of the sample powder 
and residue before and after extraction. As illustrated in Fig. 8A and Fig 
S3, the surface morphology of the raw sample powder is relatively 
smooth, with intact structure and almost no visible pores or fractures. 
However, its surface morphology became rough and wrinkled after the 
sample powder was soaked in Ch-Lea (Fig. 8B), which was due to the 
influence of Ch-Lea on plant structure erosion and penetration. By 
comparison, it could be noted that the outer surface of the sample 
powder showed obvious fracture and loose structure after the synergistic 
effect of Ch-Lea and pulsed ultrasound (Fig. 8C), which was conducive to 
the extraction of chemical components. 

On the one hand, the NADES has strong penetration and perme
ability, which could destroy the lignin and cellulose structures of plant 

cell walls, resulting in the leakage of intracellular substances into the 
extracellular space (Zhang et al., 2014). Moreover, the NADES had a 
strong affinity with the target compound, which could promote the 
dissolution and extraction of the target component. On the other hand, 
due to the low vapor pressure characteristics of NADES, the NADES 
mediated ultrasound can undergo compression and rarefaction cycles, 
and when the threshold is exceeded, cavitation bubbles are generated 
(Cao et al., 2019). The implosion or rupture of cavitation bubbles can 
generate instantaneous high shear force and local turbulence around the 
bubbles, which leads to the rupture and loosening of plant cell structure, 
which is the most critical factor (Fu et al., 2020; Fu et al., 2021). Thus, a 
large amounts of NADES flows into plant cells to extract the target 
components. In addition, the microflow and nonlinear oscillation of 
bubbles caused by implosion can effectively mix suspended particles 
with solvents, break down the barrier of the stagnant layer around the 
particles, and promote mass transfer and extraction between intracel
lular components and solvents (Fu et al., 2021). The above-mentioned 
factors might be the synergistic mechanism of NADES (Ch-Lea) and ul
trasound during extraction. 

3.8.2. MD and RDG analysis 
In order to further explore the extraction aggregation behavior be

tween the target compound and NADES (Ch-Lea), the molecular dy
namics simulation (MD) was performed. The MD simulation considered 
50 choline chloride molecules, 100 levulinic acid molecules, 2 naringin 
molecules and 200 water molecules. All structures above were opti
mized by DFT calculations. 

The movement and structure of the naringin molecule and Ch-Lea 
were shown in Fig. 9A, B. It could be found that the naringin molecule 
was encompassed by the NADES, the red part was the naringin molecule, 
the blue part was water, and the other were Ch-Lea. The results showed 
there is a weak interaction between naringin molecules and Ch-Lea (Pan 
et al., 2021). The weak interaction was observed through reduced 
density gradient (RDG) analysis. The results were shown in Fig. 10. The 
Fig. 10 contains three colors, including blue, red, and green, repre
senting H-bond attraction, van der Waals interaction and repulsion 

Fig. 9. MD simulation snapshots for configurations. (A) contains naringin, Ch-Lea and water without displaying hydrogen bonds and, (B) contains naringin, Ch-Lea 
and water with displaying hydrogen bonds. (C) only contains Ch-Lea with displaying hydrogen bonds, (D) contains naringin and Ch-Lea display hydrogen bonds. (E) 
represents the hydrogen bond length in (C). (F) represents the hydrogen bond length in (D). (G) represents the number of hydrogen bonds in (C), (H) represents the 
number of hydrogen bonds in (D). 
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between naringin molecules and Ch-Lea, respectively. At the same time, 
by comparing Fig. 10 A and B, it could be found that the area of the blue 
part and green in Fig. 10B increases while the red area decreases, indi
cating that the addition of naringin molecules enhances the hydrogen 
bonding interactions and van der Waals interaction and weakens the 
repulsion. The results revealed that the interaction between naringin 
molecules and Ch-Lea was hydrogen bonding and van der Waals in
teractions. However, the van der Waals bond interaction strength was 
very weak, about an order of magnitude lower than the hydrogen bond 
interaction energy, so the contribution of van der Waals forces in the 
extraction process of NADES is usually not decisive. 

In addition, the number of hydrogen bonds generated by molecular 
dynamics simulations was statistically analyzed. The results were shown 
in Fig. 9C, D, G, H. The average number of hydrogen bonds of Ch-Lea 
was 113, and the number of hydrogen bonds increased to 135 after 
adding naringin molecules. This result further indicated the generation 
of a large number of hydrogen bonds between naringin molecules and 
Ch-Lea. And the Fig. 9E, F showed the bond length of most hydrogen 
bonds was between 0.14 nm and 0.24 nm, which indicated that the most 
of hydrogen bonds were strong H-bonds (Xia et al., 2018). It could be 
concluded that hydrogen bonding interactions were the main driving 
force for the Ch-Lea extraction of naringin. 

The hydrogen bonds mainly originate from O atoms and Cl atoms. 
The hydrogen bonding interactions of O and Cl atoms were discussed 
separately in this study for analyzing the hydrogen bonding interactions 
between Ch-Lea and naringin molecules from an atomic perspective. The 
results were shown in Fig. 11. The Fig. 11A indicated that the average 
number of O atoms-H bonds is 15, and the average number of H-bonds 
has doubled when the naringin molecule was added (Fig. 11B). How
ever, there was no significant change in the number of Cl atoms-H bonds 
(Fig. 8 11D). The above results implied that the hydrogen bonding 
interaction between Ch-Lea and naringin molecules mainly contributes 
to the O atom, while the effect of the chlorine atom could be ignored. 

In summary, the hydrogen bonding interactions between the NADES 
(Ch-Lea) and naringin, especially the O atoms-H bonds, play a pre
dominant role in the naringin extraction process. 

4. Conclusion 

In the present study, the natural deep eutectic solvents (Ch-Lea), as a 
new green solvent, was explored for the extraction of flavonoids from 
Fructus aurantii. Firstly, the conductor-like real solvation screening 
model (COSMO-RS) was employed to screen and design a suitable 
NADES from eighteen NADES. Then the theoretical analysis (σ-profile, 

Fig. 10. The 2D and 3D non-covalent interaction plots. (A) Ch-Lea, (B) Ch-Lea and naringin molecules.  
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σ-surface and binding energy) and extraction experiments were used to 
explain and verify the above screening results. The theoretical and 
experimental results showed the Ch-Lea was the best extraction solvent. 
Secondly, the factors affecting extraction efficiency, including the molar 
ratio, water content, solid/liquid ratio, and extraction time and power, 
temperature, were screened out. Under the optimal condition, the yield 
of flavonoids was 122.68 mg/g, which was higher than that the meth
anol (115.01 mg/g) and ethanol (112.81 mg/g). Meanwhile, the green 
assessment of Ch-Lea and traditional extraction solvent (methanol and 
ethanol) was performed via using Eco-Scale methodology. The results 
show that Ch-Lea is more efficient and environmentally friendly than 
traditional solvents. At last, the extraction mechanism was analyzed 
through molecular dynamics (MD) simulations and reduced density 
gradient function (RDG) analysis. 
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