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Abstract: This study aimed to design a Natural Deep Eutectic Solvent (NADES) for extracting capsaicin from the millet 
pepper (Capsicum annuum L.). Results demonstrated that NADES3 composed of choline chloride and citric acid (2 : 1 
molar ratio) yielded 4.23 mg capsaicin per gram of pepper under optimized conditions (30% water content, 20 mL/g liquid-
solid ratio, 20 min ultrasound). Post-enrichment with AB-8 macroporous resin, capsaicin recovery efficiency reached 
87.66%. Molecular dynamics simulation revealed a stronger NADES3/capsaicin interaction compared to ethanol/
capsaicin, indicating that capsaicin exhibits better homogeneous dispersion in NADES3 than in ethanol. Moreover, the 
recyclable NADES3 could be reused at least 4 times, showing that the proposed extraction method was eco-friendly. 
Thus, this study will serve as a reference for the future application of NADES in extracting other alkaloids, both in 
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laboratory and industrial settings.
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1. Introduction
Capsaicin (CAP) is a occurring bioactive alkaloid that confers the characteristic pungency to certain Capsicum 

(pepper) species.1 Beyond its culinary applications, CAP and its derivatives are widely utilized in therapeutic contexts, 
including anti-inflammatory, antioxidant, antitumor and anti-obesity, etc.2-4 

There exist multiple potential avenues for the acquisition of CAP. The most straightforward method for extracting 
CAP involves the utilization of an appropriate organic solvent or alternative ionic liquids,5 which may threaten the 
environment. To tackle this challenge, environment-friendly and sustainable solvents have attracted considerable 
attention. Natural Deep Eutectic Solvent (NADES) is recognized as a novel type of ionic liquid characterized by the 
following properties: low cost, easy accessibility, non-volatility, biodegradability, and recyclability.6,7 It is composed of 
natural components, such as sugars, and natural organic acids, all of which are considered safer and more environment-
friendly alternatives to conventional solvents.8 The NADES is a mixture of two or more components, comprising 
Hydrogen Bond Donors (HBD) and Hydrogen Bond Acceptors (HBA).9 Different combinations of components of 
NADES can produce adjustable affinity of solvent for the extraction of different compounds from plants, which can 
assist in customizing a more suitable extraction solvent system.10

Among many extraction techniques to employ NADES as an extractant, the cavitation triggered by ultrasound can 
enhance the mass transfer efficiency of the extractant, which is ideal for NADES that possess higher viscosity.11 On the 
one hand, the mechanical effects generated by ultrasound promote the collision between plants and extractants, which 
is beneficial to the partition of active substances from plants to extractants.12,13 On the other hand, Ultrasound-Assisted 
Extraction (UAE) takes advantage of allows for scaling up to meet industrial requirements.14 

In this study, the use of NADES-UAE was demonstrated as an efficient method for extracting CAP from the 
millet pepper, with the extraction conditions optimized. To elucidate the mechanism behind the disparate performance 
of extractants during extraction, the intermolecular interaction between NADES and CAP was investigated using 
Molecular Dynamics (MD) simulation.

2. Material and methods
2.1 Chemicals and material

The millet pepper (Capsicum annuum L.) was purchased from the Market of Nanjing Farmers. The plant 
was identified by a botanist, Assoc. Prof. Dr. Ruofu Shi, School of Environmental and Biological Engineering, 
Nanjing University of Science and Technology (NJUST). The voucher specimen has been kept at the Department of 
Bioengineering, School of Environmental and Biological Engineering, NJUST. N-hexane, ethyl acetate, choline chloride 
(ChCl), iodine and acetonitrile were purchased from Aladdin Co., Ltd. (Shanghai, China). D-(+)-Glucose, lactic acid, 
urea, ethylene glycol, glycerol, HCl and ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). Ferric chloride, potassium ferricyanide, CAP (97% purity), Citric Acid (CA) and betaine were purchased from 
Macklin Co., Ltd. (Shanghai, China). AB-8 macroporous resin was purchased from Samsung Resin Co., Ltd. (Anhui, 
China).

2.2 Preparation of NADES

A stirring-heating method was used to prepare NADES. The HBA and HBD were mixed in sealed flasks in 
corresponding molar ratios, and components of NADES were shown in Table 1. Then, the mixture was heated at 80 ℃ with 
a magnetic stirrer until uniform and transparent liquid was obtained. The prepared NADES was added with calculated 
amounts (20%, w/w) of water and stored at room temperature.
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Table 1. Screening of NADESs

Name Composite of NADES Chemical formulas Molar ratio YCAP (mg/g)

NADES1 Choline chloride : Glycerol C5H14ClNO : C3H8O3 1 : 2 0.08

NADES2 Choline chloride : Ethylene glycol C5H14ClNO : (CH2OH)2 1 : 2 1.27

NADES3 Choline chloride : Citric acid C5H14ClNO : C6H8O7 2 : 1 2.42

NADES4 Choline chloride : Lactic acid C5H14ClNO : C3H6O3 1 : 2 0.37

NADES5 Choline chloride : Glucose C5H14ClNO : C6H12O6 2 : 1 0.84

NADES6 Choline chloride : Urea C5H14ClNO : CO(NH2)2 1 : 2 1.16

NADES7 Betaine : Citric acid C5H11NO2 : C6H8O7 2 : 1 1.48

NADES8 Betaine : Urea C5H11NO2 : CO(NH2)2 1 : 2 1.13

2.3 NADES-UAE procedure

The millet peppers were oven-dried at 50 °C, then homogenized into powder using a pulverizer (Joyoung, JYZ-
D02V, Hangzhou, China) and sieved to a uniform particle size of 60-80 mesh. Before extracting, the powder was sealed 
and stored in a desiccator at room temperature.

The powder of millet pepper was mixed with NADES at a liquid-solid ratio of 5 mL/g. Subsequently, a probe-type 
cell crusher (Vibra cell vc130PB, Sonic and Materials, USA) was performed for extracting at an ultrasound power of 97.5 
W. The sample was sonicated at room temperature for 10 min. The mixture was filtered through 4 layers of gauze and 
the filtrate was collected. A 50 μL of NADES extraction was diluted 5 times with ethanol, then centrifuged at 8,000 ×g for 10 min 
and the supernatant was collected for analysis by Thin-Layer Chromatography (TLC) and High Performance Liquid 
Chromatography (HPLC) analysis.

The extracted yield of CAP (YCAP) was calculated by formulae (1):

CAP NADES
CAP (mg/g)

X V
Y

M
×

= (1)

Where XCAP (mg/mL) represents the concentrations of CAP in NADES extraction, which can be obtained using 
HPLC, VNADES (mL) represents the volume of NADES extraction, M (g) represents the mass of the powder.

2.4 MD simulation

The MD simulation analysis was performed using the Materials Studio (MS) 2020 simulation package. A 
Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies (COMPASSII) force field and 
Ewald summation techniques with an accuracy of 0.0001 kcal/mol were used to model the intermolecular interaction in 
the system at 298 K and 1 atm.15

The structures of molecules or ions, such as ethanol, Ch﹢, Cl-, CA, water and CAP were downloaded from 
the PubChem web server and optimized using geometry optimization in the Forcite module. The Amorphous Cell 
computational module was utilized to construct simulation boxes for different systems of NADES3-CAP and ethanol-
CAP. The number of molecules in the simulation boxes was based on the molar ratios. The NADES3-CAP box 
consisted of 20 Ch+, 20 Cl-, 10 CA, 5 molecules of CAP and 33 molecules of water, the ethanol-CAP box consisted of 
63 molecules of ethanol and 5 molecules of CAP. The simulation boxes were minimized using geometry optimization.16

The simulation was initiated by equilibrating the system under a constant Number of molecules, Pressure and 
Temperature (NPT) ensemble for 50 ps.17 Finally the simulation was continued by dynamic mode with constant Number 
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of molecules, Volume and Temperature (NVT) ensemble using a Nose thermostat for 1,000 ps. The time step was set at 
1.0 fs.15 

2.5 Optimization of the extraction conditions

Based on the results of NADES-UAE, the NADES3 with optimal extraction efficacy was selected for further 
solvent screening.

For improving the efficiency of the mass transfer in extraction process and facilitating the recovery of the NADES3, 
the liquid-solid ratio was established at a value of 10 mL/g during the optimisation of the extraction conditions. The 
effects of water content (20, 30, 40, 50%), liquid-solid ratio (10, 20, 30, 40, 50 mL/g) and ultrasound time (5, 10, 15, 20 min) 
at room temperature on the extraction efficacy of the NADES3 were evaluated.

2.6 TLC

The samples were spotted on silica gel thin-layer plates (HSGF 254, Yantai Jiangyou Silica Gel Development, 
China). The mixture of N-hexane: ethyl acetate (1 : 1 (v/v)) was selected for TLC.

2.7 HPLC

The HPLC was performed on a Shimadzu HPLC system equipped with a detector (Shimadzu, SPD-10Avp, Japan), 
using a C18 column (4.6 × 250 mm, 5 μm, Alltech, USA).

The sample was filtered through a 0.45 μm microfiltration membrane. The mobile phase was acetonitrile: water (1 : 1 (v/v)) 
at a flow rate of 1.5 mL/min. The 222 nm wavelength was used for detecting CAP.

2.8 Enrichment of CAP

During adsorption, 0.5 g of AB-8 macroporous resin was taken and mixed with 1 mL of NADES extraction for 6 h 
at room temperature. For desorption, 1 mL of ethanol was added to 0.1 g of the adsorped AB-8 macroporous resin, then 
incubated at 150 r/min, 37 °C for 2 h. 

The Adsorption ratio (A), Desorption ratio (D), and Recovery efficiency (R) were calculated using formulae (2), (3) 
and (4):

0 e

0

A(%) 100%
C C

C
−

= × (2)

( )
d d

0 e 0

D(%) 100%
C V

C C V
×

= ×
− ×

(3)

d d

0 0

R(%) 100%
C V
C V

×
= ×

×
(4)

Where C0 is the concentration of CAP in NADES extraction (mg/mL); Ce is the equilibrium concentration of CAP 
in NADES extraction after adsorption (mg/mL); Cd is the concentration of CAP in the desorption solution (mg/mL); V0 
is the volume of NADES extraction (mL); and Vd is the volume of desorption solution (mL).

2.9 Reuse of NADES

The recovered NADES3 was used to extract a new sample of millet pepper. Four cycles of the NADES3 recovery and 
new extraction were conducted using the same method to further determine the yield of CAP in each NADES3 extraction.
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2.10 Statistical analysis

All the experiments were carried out in triplicate if not otherwise specified, and the results were expressed as mean 
± Standard Deviation (SD). Statistical analysis and data visualization were performed using the Origin software (version 
2023bSR1).

3. Results and discussion
3.1 Screening of NADESs

Eight kinds of NADES were prepared for screening their performance in extracting CAP from the millet pepper. As 
shown in Table 1, the NADES3 was the best with YCAP of 2.42 mg/g.

The extraction efficiency observed in the current study was comparatively lower than that reported by Qin et al. for 
Capsaicin (CAP) extraction. This discrepancy may be attributed to variations in experimental parameters, particularly 
extraction time and ultrasonic power intensity.18

3.2 MD simulation analysis

The NADES3 was selected for Molecular Dynamics (MD) simulation and compared with ethanol phases. 
Apparently, the average noncovalent interaction energy of CAP with NADES3 was -278.62 kcal/mol, which was lower 
than that with ethanol (-258.45 kcal/mol) from 400 to 1,000 ps (Figure 1A). It could be observed that the average 
hydrogen bond number of the CAP formed with NADES3 (39.62) in the range of 0 ~ 1,000 ps was much higher than 
that with ethanol (13.03) under the condition that there was no significant difference in the quality of hydrogen bonds 
(Figure 1B), indicating that CAP dissolved in NADES3 exhibited greater stability and maintained a more homogeneous 
dispersion compared to that in ethanol.10 This may be because NADES containing both HBA and HBD can form more 
hydrogen bonds with the extracted phenolic compounds, thereby enhancing the dissolution capacity of the extract.19
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Figure 1. (A) Noncovalent intermolecular interaction energy of CAP with different solvents. (a: the average energy from 400 to 1,000 ps); (B) The a-c 
correspond to the average hydrogen bonds number (a), length (b) and angle (c) between CAP and different solvents from 0 ~ 1,000 ps, respectively
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3.3 Effect of water content, liquid-solid ratio and ultrasound time

As shown in Figure 2a, the NADES3 with a water content of 30% showed a higher YCAP (3.01 mg/g). This might 
be because high viscosity was detrimental to the mass transfer of the target compounds from plant matrices to the 
extractant.20 However, CAP was extremely difficult to dissolve in water and a further increase in water content might 
reduce the extraction yield by weakening the interaction between NADES3 and CAP.21,22

 As shown in Figure 2b, the highest YCAP was 3.39 mg/g at a liquid-solid ratio of 20 mL/g. This might indicate that 
an excessive amount of solvent had an adverse impact on the extraction process.23 

The ultrasound time was an important parameter of the extraction process. The YCAP reached a value of 4.23 mg/g 
at an ultrasound time of 20 min (Figure 2c). The cavitation effect of the ultrasound enhanced the swelling and hydration, 
which probably increased the exposure of the solute and the extraction medium and facilitated its release into the 
solvent.7 
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Figure 2. Effects of extraction conditions, (a) water content, (b) liquid-solid ratio, and (c) ultrasound time

3.4 Reuse capacity of NADES3

The highest recovery of CAP was 87.7% proving that the AB-8 resin could effectively enrich CAP from the 
NADES3.

To evaluate the reuse capacity of NADES3, the powder of millet pepper was extracted using the reclaimed 
NADES3. It could be observed that the well-designed NADES3 had good recycling ability in the extraction of CAP and 
could be reused at least 4 times (Figure 3), aligning with the precept of green and sustainable development.
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Figure 3. Reuse capacity of NADES3

4. Conclusion
In conclusion, the extraction of CAP from the powder of millet pepper was accomplished using a new method of 

NADES-UAE. Simulation indicated that NADES-UAE has more potential than the conventional extraction method. 
Furthermore, MD analysis was used to investigate the extraction mechanism caused by different solvents and enabled 
the theoretical substantiation of this research through the simulation of the interaction between different solvents and 
capsaicin, which may facilitate the customization of NADES with higher extraction performance. The method of MD 
will be useful for developing solvents for extracting natural products.

Specifically, the extraction process disrupted the cellular walls, promoting capsaicin release. The liberated capsaicin 
formed more stable hydrogen bonds with NADES3, significantly improving the solubility of capsaicin in NADES. 
Given this, NADES-UAE represents an efficient and industrially viable method for capsaicin extraction. This green 
chemistry approach facilitates sustainable valorization of natural materials while demonstrating significant potential for 
expanding capsaicin applications in food technology and biotechnological sectors.
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