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Abstract

Ultrasound-assisted deep eutectic solvent (DES) extraction was developed for the efficient
recovery of total flavonoids from Polygonum hydropiper L., a traditional Li medicinal plant
from Hainan, China. Among 30 DES formulations screened, betaine-glycerol (Bet-Gly, 1:2)
afforded the highest total flavonoid yield and was selected for further optimization. The
extraction conditions were systematically optimized through single-factor experiments,
Plackett–Burman screening, and Box–Behnken response-surface methodology. The pre-
dicted optimal conditions (water content 28.08%, solid-to-liquid ratio 1:37.58, and extraction
time 30.69 min) were adjusted to 28.10%, 1:38, and 31 min for practical operation, yielding
3.98 mg RE/g DW, in close agreement with the predicted value of 4.13 mg RE/g DW.
Compared with 70% ethanol and water, Bet-Gly increased the total flavonoid yield by
39.6% and 131.4%, respectively (p < 0.05), and the resulting extract showed the lowest
IC50 values in both ABTS and DPPH radical-scavenging assays. UPLC-Q-TOF-MS/MS
tentatively identified eight phenolic constituents, mainly flavonoids, in the DES extract.
Molecular dynamics simulations further revealed more homogeneous distributions of
five representative flavonoids and more favorable flavonoid-solvent interaction energies
in Bet-Gly than in water or 70% ethanol, indicating that electrostatic and van der Waals
interactions contributed to enhanced flavonoid solvation. Overall, this study integrates
DES screening, process optimization, chemical characterization, antioxidant evaluation,
and molecular simulation, linking the improved extraction performance of Bet-Gly with
favorable flavonoid-solvent interactions at the molecular level.

Keywords: Polygonum hydropiper L.; deep eutectic solvents; ultrasound-assisted extraction;
flavonoids; response surface methodology; antioxidant activity; UPLC-Q-TOF-MS/MS;
molecular dynamics simulation

1. Introduction
Polygonum hydropiper L. is an annual herb of the Polygonaceae family. It has a long

history of use in the traditional medicine of the Li ethnic group of Hainan, China, mainly for
dysentery, diarrhea, gastroenteritis, rheumatic pain, and pruritus [1]. The plant contains var-
ious bioactive constituents, including flavonoids, sesquiterpenes, and volatile oils, of which
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flavonoids are closely associated with its antioxidant, anti-inflammatory, and antibacterial
activities [2]. Peng et al. isolated 10 flavonoids from the leaves of P. hydropiper and reported
their pronounced antioxidant activity [3]. However, the green and efficient extraction and
systematic utilization of these flavonoids have received little attention. An efficient and
environmentally friendly extraction strategy is therefore needed to support the further
utilization of the bioactive constituents of P. hydropiper.

Conventional organic solvents, such as ethanol and methanol, are still widely used for
the extraction of flavonoids from P. hydropiper. However, their extensive use is associated
with solvent consumption, volatility, and potential environmental and residue concerns,
which are not fully consistent with the principles of green and sustainable extraction [4].
Deep eutectic solvents (DESs) are generally formed by combining hydrogen bond acceptors
(HBAs) and hydrogen bond donors (HBDs) through intermolecular interactions and have
attracted considerable attention since the pioneering work of Abbott et al. on choline
chloride–urea mixtures [5]. When DESs are composed of naturally occurring constituents,
such as organic acids, sugars, amino acids, polyols, and choline derivatives, they are
commonly referred to as natural deep eutectic solvents (NADESs) [6]. Compared with
conventional organic solvents, DESs, particularly NADESs, generally exhibit low volatility,
high tunability, and potentially favorable biocompatibility and biodegradability, while
providing good solubilization and extraction capacities for a wide range of flavonoids [7,8].
These properties make DESs promising solvent systems for the green and efficient extraction
of flavonoids from P. hydropiper.

Ultrasound-assisted extraction (UAE) is an efficient technique that enhances mass
transfer and shortens extraction time mainly through acoustic cavitation and the associated
mechanical effects [9]. In recent years, UAE combined with DESs has been increasingly
applied to extract flavonoids and phenolic compounds from various plant materials, includ-
ing the leaves of Cercis glabra [10], Perilla frutescens [11], Moringa oleifera [12], and Chinese
bayberry [13], yielding favorable extraction efficiency and selectivity [14]. Among these
systems, betaine-based DESs have received increasing interest for the green extraction of
polyphenols and flavonoids. This interest reflects their tunable solvent properties and
their ability to establish diverse intermolecular interactions with target compounds [15].
However, systematic studies on ultrasound-assisted DES extraction of flavonoids from P.
hydropiper remain scarce, particularly those that screen and optimize betaine-based systems
and probe their extraction mechanisms.

Flavonoids are widely recognized for their antioxidant properties, which are com-
monly associated with free-radical scavenging and the attenuation of oxidative damage.
Accordingly, ABTS and DPPH radical-scavenging assays are widely used to evaluate the
in vitro antioxidant capacity of natural products [16]. Previous studies have shown that
the choice of extraction solvent affects not only flavonoid yield and composition but also
the antioxidant performance of the resulting extracts. Extracts obtained with some DES
systems have shown enhanced radical-scavenging activity [17]. However, the molecu-
lar mechanisms underlying DES-enhanced flavonoid extraction have not yet been fully
elucidated. Molecular dynamics (MD) simulations and density functional theory (DFT)
studies suggest that flavonoid solvation in DESs is governed jointly by hydrogen-bonding
interactions, solute–solvent interactions, molecular aggregation, and solvent polarity [18].
Intermolecular interaction energies can provide further insight into the affinity between the
solvent and the target compounds [19,20]. Nevertheless, direct evidence for the molecular
interactions and solvation behavior of the major P. hydropiper flavonoids in specific DES
systems is still lacking.

The present study aimed to develop a green and efficient strategy for extracting
total flavonoids from P. hydropiper and to investigate the molecular basis underlying DES-
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enhanced flavonoid extraction. First, 30 DESs with different HBA/HBD combinations were
prepared and screened on the basis of total flavonoid yield. The extraction conditions were
then optimized by single-factor experiments, a Plackett–Burman design, and Box–Behnken
response-surface methodology. The optimized DES system was compared with 70% ethanol
and water in terms of total flavonoid yield and ABTS and DPPH radical-scavenging activi-
ties. The chemical composition of the DES extract was subsequently qualitatively charac-
terized by UPLC-Q-TOF-MS/MS. Finally, hyperoside, epicatechin, kaempferol, quercetin,
and kaempferol-3-O-hexoside were selected as representative flavonoids for MD simu-
lations, which compared their intermolecular interactions and solvation behavior in the
DES, water, and 70% ethanol systems. Collectively, these analyses provide molecular-level
insight into the enhanced extraction of flavonoids from P. hydropiper by DESs.

2. Materials and Methods
2.1. Materials and Reagents

A TripleTOF 5600 high-resolution mass spectrometer (SCIEX, Framingham, MA, USA)
was used for analysis. P. hydropiper samples were collected from cultivated plants in
Wenchang, Hainan Province, China, and authenticated by Professor Yinkui De of Hainan
Vocational University of Science and Technology. The aerial parts were collected, dried,
ground into powder, and passed through a 40-mesh sieve before use. Rutin reference
standard (purity ≥ 98%) was purchased from Shanghai yuanye Bio-Technology Co., Ltd.,
Shanghai, China Ethanol, betaine, choline chloride, L-proline, glycerol, propylene glycol,
urea, lactic acid, and other reagents were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China ABTS, DPPH, potassium persulfate, L-ascorbic
acid (VC), acetonitrile, and formic acid were obtained from FTSCI (Hubei) Science and
Technology Co., Ltd., Wuhan, China Ultrapure water was used throughout the experiments,
and all other reagents were of analytical grade.

2.2. Preparation of DES Systems

DESs were prepared according to previously reported methods with minor modifi-
cations [21,22]. The HBA/HBD combinations and molar ratios were selected based on
previously reported DES formulations. Because different HBA/HBD combinations possess
distinct molecular structures and hydrogen-bonding capacities, different molar ratios were
selected for different DES systems [23,24]. Accordingly, literature-supported molar ratios
ranging from 1:1 to 1:4 were adopted for the initial DES screening. The HBA and HBD
were mixed at the molar ratios shown in Table 1 and stirred at 80 ◦C and 350 rpm until a
homogeneous liquid was formed.

Table 1. Preparation of DESs with different components and total flavonoid yields from P. hydropiper.

No. HBAs HBDs Molar Ratio Yield (mg RE/g DW)

DES-1

ChCl

Propylene glycol 1:4 2.48 ± 0.38
DES-2 Glycerol 1:2 1.15 ± 0.35
DES-3 Urea 1:1 2.28 ± 0.43
DES-4 Lactic acid 1:2 2.21 ± 0.18
DES-5 DL-Malic acid 1:1 2.15 ± 0.45
DES-6 Citric acid 1:1 2.86 ± 0.15
DES-7 Glucose 1:1 2.93 ± 0.45
DES-8 Fructose 1:1 1.26 ± 0.40
DES-9 Sorbitol 1:2 0.71 ± 0.32

DES-10 Xylitol 1:1 1.03 ± 0.30

DES-11
BET

Propylene glycol 1:4 3.14 ± 0.45
DES-12 Glycerol 1:2 3.29 ± 0.43
DES-13 Urea 1:1 3.23 ± 0.37
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Table 1. Cont.

No. HBAs HBDs Molar Ratio Yield (mg RE/g DW)

DES-14

BET

Lactic acid 1:2 2.75 ± 0.40
DES-15 DL-Malic acid 1:1 2.62 ± 0.33
DES-16 Citric acid 1:1 1.70 ± 0.50
DES-17 Glucose 1:1 2.02 ± 0.33
DES-18 Fructose 1:1 1.95 ± 0.45
DES-19 Sorbitol 1:2 2.33 ± 0.43
DES-20 Xylitol 1:1 3.26 ± 0.41

DES-21

Pro

Propylene glycol 1:4 2.90 ± 0.38
DES-22 Glycerol 1:2 1.96 ± 0.44
DES-23 Urea 1:1 1.90 ± 0.34
DES-24 Lactic acid 1:2 2.18 ± 0.43
DES-25 DL-Malic acid 1:1 2.37 ± 0.33
DES-26 Citric acid 1:1 2.13 ± 0.42
DES-27 Glucose 1:1 2.93 ± 0.43
DES-28 Fructose 1:1 1.86 ± 0.37
DES-29 Sorbitol 1:2 1.70 ± 0.32
DES-30 Xylitol 1:1 2.31 ± 0.43

2.3. Determination of Total Flavonoid Yield
2.3.1. Construction of the Calibration Curve

Different volumes (0, 0.6, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 mL) of a rutin standard solution
(0.512 mg/mL) were transferred into 20 mL volumetric flasks. Next, 1 mL of 5% NaNO2

solution, 1 mL of 10% Al(NO3)3 solution, and 4 mL of 1 mol/L NaOH solution were added
sequentially. The solutions were diluted to volume with 50% ethanol, mixed thoroughly,
and allowed to stand for 10 min. Using 50% ethanol as the blank, the absorbance was
measured at 510 nm. A calibration curve was constructed by plotting rutin concentration
(x, µg/mL) against absorbance (A).

2.3.2. Calculation of Total Flavonoid Yield

The total flavonoid concentration was calculated using the linear regression equation of
the rutin calibration curve. The total flavonoid yield was then calculated with Equation (1).

Y = C × V × D/m (1)

where Y is the total flavonoid yield (mg RE/g DW), C is the flavonoid concentration from
the calibration curve (mg/mL), V is the extraction volume (mL), D is the dilution factor,
and m is the sample mass (g).

2.4. Screening of DESs for Flavonoid Extraction

Thirty 1.0 g portions of powdered P. hydropiper were accurately weighed. Each sample
was extracted with 20 mL of one of the 30 prepared DES systems (water content of 40%) at
50 °C [25] using UAE at 85 W for 30 min. After extraction, the extracts were centrifuged at
5000 rpm for 15 min, and the supernatants were collected and stored under refrigeration
until analysis. The total flavonoid yield was determined as described in Section 2.3. The DES
system with the highest total flavonoid yield was selected as the optimal extraction solvent.

2.5. Optimization of DES-Based Extraction Conditions
2.5.1. Single-Factor Experiments

After the optimal DES system was identified, single-factor experiments were per-
formed to investigate the effects of different extraction parameters on the total flavonoid
yield. The effects of water content (10%, 20%, 30%, 40%, and 50%), solid-to-liquid ratio
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(1:10, 1:20, 1:30, 1:40, and 1:50), extraction time (10, 20, 30, 40, and 50 min), ultrasonic
power (80, 90, and 100 W), and extraction temperature (40, 50, 60, 70, and 80 °C) were
evaluated. The key factors and their levels for subsequent response-surface optimization
were determined from the single-factor results.

2.5.2. Plackett–Burman Design (PBD)

Based on the single-factor experiments, a Plackett–Burman design was applied to
identify the critical factors affecting total flavonoid yield. Five variables, water content
(X1), solid-to-liquid ratio (X2), extraction time (X3), ultrasonic power (X4), and extraction
temperature (X5), were investigated at two levels in a 12-run design. The total flavonoid
yield was used as the response variable. The regression model was analyzed with Design-
Expert 13.0 software to determine the significant factors influencing extraction [26].

2.5.3. Box–Behnken Response Surface Optimization

Based on the single-factor experiments and the Plackett–Burman design, three sig-
nificant factors, water content (X1), solid-to-liquid ratio (X2), and extraction time (X3),
were selected for further optimization. A three-factor, three-level Box–Behnken design
(BBD) was constructed using Design-Expert 13.0 software. A quadratic regression model
was established, and analysis of variance (ANOVA) was performed to evaluate the model
significance. The optimal extraction conditions were determined, and three independent
validation experiments were conducted to verify the reliability of the model.

2.6. Comparison of Extraction Performance Among Different Solvent Systems

Under the optimized conditions, the optimal DES, water, and 70% ethanol were used to
extract flavonoids from P. hydropiper. The total flavonoid yield was determined as described
in Section 2.3. All experiments were performed in triplicate, and the extraction performance
of the different solvent systems was compared.

2.7. In Vitro Antioxidant Activity Assays
2.7.1. ABTS Radical-Scavenging Assay

The ABTS radical-scavenging activity was determined according to the method de-
scribed by Guo [27] with slight modifications. The ABTS stock solution was prepared by
mixing equal volumes of 7 mmol/L ABTS solution and 2.4 mmol/L potassium persulfate
solution, followed by incubation in the dark at low temperature for 12 h. Before use,
the stock solution was diluted with phosphate-buffered saline (PBS) to an absorbance
of 0.70 ± 0.02 at 734 nm to obtain the ABTS working solution. For the positive control,
a 200 µg/mL VC stock solution was prepared and subsequently diluted to concentrations
of 2, 4, 10, 20, 25, 40, 50, and 100 µg/mL. Meanwhile, the P. hydropiper extracts were diluted
with PBS to obtain sample solutions at concentrations of 0.173, 0.186, 0.217, 0.260, 0.325,
0.433, 0.650, and 0.867 mg/mL for subsequent analysis.

For determination of the radical-scavenging activity, 2 mL of the diluted ABTS work-
ing solution was mixed with 100 µL of PBS as the control (A0), whereas 2 mL of the
ABTS working solution was mixed with 100 µL of sample solution as the sample (Ai).
The mixtures were incubated in the dark at room temperature for 8 min, after which
the absorbance was measured at 734 nm. All measurements were performed in tripli-
cate, and VC was used as the positive control. The ABTS radical-scavenging rate was
calculated according to Equation (2), and the IC50 values of the P. hydropiper extracts were
subsequently determined.

ABTS radical-scavenging rate =
A0 − Ai

A0
× 100% (2)
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where A0 is the absorbance of the control mixture containing 2 mL of ABTS working
solution and 100 µL of PBS, and Ai is the absorbance of the mixture containing 2 mL of
ABTS working solution and 100 µL of sample solution.

2.7.2. DPPH Radical-Scavenging Assay

The DPPH radical-scavenging activity was determined according to a previously re-
ported method with slight modifications [28]. A 0.2 mmol/L DPPH solution was prepared
for subsequent analysis. VC was used as the positive control. A VC stock solution at
a concentration of 0.200 mg/mL was prepared and further diluted to concentrations of
0.005, 0.010, 0.020, 0.025, 0.040, 0.050, 0.100, and 0.200 mg/mL. Meanwhile, the P. hydropiper
extracts were diluted with ethanol to obtain sample solutions at concentrations of 0.650,
0.867, 1.300, 2.800, 3.250, 4.333, 6.500, and 13.000 mg/mL. Based on preliminary range-
finding experiments, the concentration ranges for the ABTS and DPPH assays were selected
separately to obtain appropriate concentration–response curves for reliable IC50 determi-
nation. A broader and higher concentration range was therefore employed in the DPPH
assay because higher extract concentrations were required to achieve measurable radical-
scavenging responses under the present experimental conditions. For determination of
the DPPH radical-scavenging activity, 2 mL of DPPH solution was mixed with 100 µL of
absolute ethanol to obtain the blank control (A0). A sample reaction mixture was prepared
by mixing 2 mL of DPPH solution with 100 µL of sample solution (A1). In addition, 2 mL
of absolute ethanol was mixed with 100 µL of sample solution to obtain the sample back-
ground (A2). All mixtures were incubated in the dark at room temperature for 30 min,
and the absorbance was measured at 517 nm. All experiments were performed in triplicate.
The DPPH radical-scavenging rate was calculated according to Equation (3), and the IC50

values of the different P. hydropiper extracts were subsequently determined from their DPPH
radical-scavenging rates.

DPPH radical-scavenging rate = [1 − (A1 − A2)/A0]× 100% (3)

where A0 is the absorbance of the blank control, A1 is the absorbance of the sample reaction
mixture, and A2 is the absorbance of the sample background.

2.8. UPLC-Q-TOF-MS/MS Analysis

Chromatographic separation was performed on an ACQUITY UPLC BEH C18 column
(2.1 × 100 mm, 1.7 µm). The mobile phase consisted of 0.1% aqueous formic acid (A) and
acetonitrile (B) with the following gradient: 0–1 min, 5% B; 1–5 min, 5–35% B; 5–30 min,
35–95% B; 30–33 min, 95% B; 33–33.1 min, 95–5% B; 33.1–35 min, 5% B. The column tem-
perature was maintained at 40 ◦C, the injection volume was 1 µL, and the flow rate was
0.3 mL/min. Mass spectrometric analysis was performed using an electrospray ionization
(ESI) source in both positive and negative ion modes. The ion spray voltage (ISVF) was set
at 5.5 kV and −4.5 kV for positive and negative ion modes, respectively. The declustering
potential (DP) was ±100 V, and the collision energy (CE) was ±38 V. The mass scan range
was m/z 100–1500, the ion source temperature (TEM) was maintained at 500 ◦C, and the
collision energy spread (CES) was set to 15 V. The curtain gas pressure (CUR) was 40 psi,
and the nebulizer gas pressure (GS1) and auxiliary gas pressure (GS2) were both set at
50 psi. Data acquisition was performed for 35 min.

2.9. Molecular Dynamics Simulation

We used molecular dynamics (MD) simulation to investigate the interaction mecha-
nism between flavonoid compounds and different extraction solvent systems, using the
GROMACS 2023.3 software package. The GAFF force field was employed. The topology
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files for five flavonoids (hyperoside, epicatechin, kaempferol, quercetin, and kaempferol-
3-O-hexoside) were generated with Sobtop [29]. Geometry optimization and restrained
electrostatic potential (RESP) charge calculations were performed at the B97-3c level for
all structures using ORCA (Version 5.0) [30] and Multiwfn (Version 3.8) [31]. Three sim-
ulation systems, water, Bet-Gly, and 70% EtOH, were constructed. Each system con-
tained 10 molecules of each of the five representative flavonoids (hyperoside, epicate-
chin, kaempferol, quercetin, and kaempferol-3-O-hexoside), corresponding to a total of
50 flavonoid molecules. The water system contained 16,891 water molecules. The Bet-Gly
system contained 900 betaine molecules, 1800 glycerol molecules, and 5883 water molecules,
maintaining a betaine:glycerol molar ratio of 1:2 and a water content of 28.10% (w/w).
The 70% EtOH system contained 3669 ethanol molecules and 5085 water molecules, corre-
sponding approximately to 70% ethanol (v/v). The initial configurations were generated
in a cubic box of 8 × 8 × 8 nm3 using Packmol (Version 20.14.4) [32]. The initial structures
were energy-minimized by the steepest descent algorithm followed by conjugate-gradient
optimization, with a convergence criterion of a maximum force below 10 kJ/(mol·nm).
The systems were then heated to 343.15 K over 100 ps in the NVT ensemble under periodic
boundary conditions with a 2 fs time step. All covalent bonds involving hydrogen atoms
were constrained with the LINCS algorithm [33], and the temperature was coupled to the
V-rescale thermostat. Electrostatic interactions were treated with the particle-mesh Ewald
(PME) method [34] using a 1.4 nm real-space cutoff, and the same cutoff was used for
van der Waals interactions. After heating, the systems were equilibrated for 100 ps in the
NPT ensemble under identical constraints and time steps, with the pressure maintained
at 1.0 atm by the Parrinello–Rahman barostat [35,36]. Production simulations were then
run for 100 ns per system under equilibrium conditions (343.15 K, 1 atm) with a 2 fs time
step. MD trajectories were analyzed with GROMACS utilities, including gmx hbond for
hydrogen-bonding patterns, gmx gyrate for the radius of gyration, and gmx rms for the
root-mean-square deviation (RMSD). Structural visualization and trajectory analysis were
performed with VMD 1.9.3 [37] and PyMOL 3.0 [38].

2.10. Statistical Analysis

All assays were carried out in triplicate, and the results are expressed as mean ± standard
deviation (SD).

3. Results and Discussion
3.1. Construction of the Calibration Curve for Total Flavonoid Yield Determination

A calibration curve was established using rutin as the reference standard for the deter-
mination of total flavonoid yield. As shown in Figure A1, a good linear relationship was
observed between rutin concentration and absorbance over the range of 15.36–51.20 µg/mL.
The regression equation was:

A = 0.01337x − 7.21491 × 10−4, R2 = 0.99959.

3.2. Evaluation of DESs for Flavonoid Extraction

To evaluate the extraction performance of different DES systems, 30 DESs prepared
with various hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs) were
used to extract flavonoids from P. hydropiper. As shown in Table 1, total flavonoid yield
differed markedly among the tested DES systems, indicating that DES composition strongly
influenced extraction efficiency. Among the investigated DESs, the betaine–glycerol system
(Bet-Gly) at a molar ratio of 1:2 gave the highest total flavonoid yield (3.29 mg RE/g DW),
reflecting its superior extraction capability for the flavonoids of P. hydropiper. By comparison,
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DESs based on choline chloride as the HBA, or those containing other HBDs, gave relatively
lower yields. These differences in extraction performance may be attributed to variations
in polarity, viscosity, hydrogen-bonding interactions, and solvation capacity arising from
different HBA/HBD combinations [39]. Bet-Gly (1:2) was therefore selected as the optimal
DES for subsequent ultrasound-assisted extraction optimization.

3.3. Effect of Single Factors on Total Flavonoid Yield
3.3.1. Effect of Water Content

The effect of water content on total flavonoid yield was investigated, and the results
are shown in Figure 1A. As water content increased, total flavonoid yield rose gradually
and reached a maximum at 30%. A further increase in water content (40–50%) led to a
decline in yield. An appropriate amount of water reduces DES viscosity and improves
solvent penetration and mass transfer, thereby facilitating the dissolution of flavonoids [40].
Excessive water, however, may disrupt the hydrogen-bonding network of the DES and
weaken solvent–solvent interactions, reducing extraction efficiency [41]. A water content of
30% was therefore selected as the optimal level for subsequent experiments.

3.3.2. Effect of Solid-to-Liquid Ratio

The influence of the solid-to-liquid ratio on total flavonoid yield is presented in
Figure 1B. When the ratio increased from 1:10 to 1:20, only slight changes in total flavonoid
yield were observed. With a further increase in solvent volume, total flavonoid yield
increased rapidly and reached a maximum at a ratio of 1:40. A larger solvent volume
provides sufficient contact between DES molecules and plant material, promoting the
diffusion and dissolution of flavonoids. However, an excess of solvent may not further
improve extraction efficiency and increases solvent consumption [42]. A solid-to-liquid
ratio of 1:40 was therefore selected for subsequent optimization.

3.3.3. Effect of Extraction Time

The effect of extraction time on total flavonoid yield is shown in Figure 1C. Total
flavonoid yield increased gradually with prolonged extraction time and reached a maxi-
mum at 30 min. A further extension to 50 min, however, resulted in a marked decrease in
yield. The variation in yield with extraction time may be attributed to the combined effects
of ultrasonic cavitation and flavonoid stability [43]. Insufficient extraction time may limit
the dissolution and diffusion of flavonoids from the plant matrix, whereas prolonged ultra-
sonic treatment may generate localized heating and reactive species that compromise the
structural stability of the DES and promote flavonoid degradation or oxidation, ultimately
reducing yield [44]. An extraction time of 30 min was therefore selected as optimal.

3.3.4. Effect of Ultrasonic Power

The effect of ultrasonic power on total flavonoid yield is shown in Figure 1D. To-
tal flavonoid yield increased with increasing ultrasonic power within the investigated
range. This may be attributed to the enhanced cavitation generated at higher ultrasonic
intensity, which facilitates the disruption of plant cell structures and improves contact be-
tween the solvent and intracellular components, thereby promoting flavonoid release [45].
An ultrasonic power of 100 W was therefore selected for subsequent experiments.

3.3.5. Effect of Extraction Temperature

The influence of extraction temperature on total flavonoid yield is presented in Figure 1E.
Total flavonoid yield increased gradually with increasing temperature and reached a
maximum at 70 °C. This increase may be related to the reduction in DES viscosity and the
enhancement of molecular diffusion at elevated temperatures, which facilitates solvent
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penetration and flavonoid dissolution [46]. A further increase in temperature, however,
reduced total flavonoid yield, possibly because excessive temperature adversely affects
flavonoid stability and promotes degradation reactions [43]. A temperature of 70 °C was
therefore selected as optimal for subsequent experiments.

Figure 1. Effects of single factors on total flavonoid yield from Polygonum hydropiper. (A) Effect of
water content; (B) Effect of solid-to-liquid ratio; (C) Effect of extraction time; (D) Effect of extraction
power; (E) Effect of extraction temperature.
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3.4. Identification of Key Factors by Plackett–Burman Design (PBD) Screening

PBD was employed to identify the significant factors affecting total flavonoid yield
using a limited number of runs. Based on the single-factor results, five variables, water
content (X1), solid-to-liquid ratio (X2), extraction time (X3), ultrasonic power (X4), and ex-
traction temperature (X5), were selected for PBD analysis. The data in Table A1 were
subjected to regression analysis, and the regression equation for total flavonoid yield was
obtained as follows:

Y = +3.68 + 0.6835X1 − 0.3278X2 + 0.3332X3 + 0.1555X4 + 0.1835X5. ANOVA results
are presented in Table 2. The model was significant (p < 0.01), indicating that the regression
model was reliable for identifying the key factors affecting total flavonoid yield. As shown
in the Pareto chart (Figure 2), variables exceeding the t-value reference line were considered
to have significant effects on the response. In the half-normal probability plot, variables
showing greater deviation from the reference line were considered to contribute more
significantly to the response [47]. The factors that significantly affected total flavonoid yield
were X1 (water content), X2 (solid-to-liquid ratio), and X3 (extraction time). PBD therefore
identified X1, X2, and X3 as the key variables for subsequent optimization.

Table 2. ANOVA for the Plackett–Burman model of total flavonoid yield.

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

Model 8.92 5 1.78 24.06 0.0007 significant
A-X1 5.61 1 5.61 75.59 0.0001
B-X2 1.29 1 1.29 17.39 0.0059
C-X3 1.33 1 1.33 17.96 0.0055
D-X4 0.2902 1 0.2902 3.91 0.0953
E-X5 0.4041 1 0.4041 5.45 0.0583
Residual 0.4450 6 0.0742
Cor Total 9.37 11

Figure 2. Pareto chart and half-normal plot showing the effects of five variables on total flavonoid
yield: X1 (water content), X2 (solid-to-liquid ratio), X3 (extraction time), X4 (ultrasonic power), and
X5 (extraction temperature). (A) Half-normal plot of the standardized effects. The red line represents
the reference line. Orange and blue squares indicate positive and negative effects, respectively.
(B) Pareto chart showing the standardized effects ranked by their absolute values. The orange and
blue bars represent positive and negative effects, respectively. The red and black horizontal lines
represent the Bonferroni limit and the t-value limit, respectively.
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3.5. Analysis of Box–Behnken Response Surface Optimization

Based on the single-factor results and the PBD, three significant factors, water content
(X1), solid-to-liquid ratio (X2), and extraction time (X3), were selected for further optimiza-
tion. A three-factor, three-level Box–Behnken design (BBD) was performed, and 17 experi-
mental runs (Table A2) were conducted using Design-Expert 13.0 software. The experimen-
tal data were fitted with a quadratic regression model, and the relationship between the
independent variables and total flavonoid yield was described by the following equation:

Y = 4.05 − 0.2511X1 − 0.4105X2 + 0.1478X3 + 0.2169X1X2

+ 0.3559X1X3 − 0.2699X2X3 − 0.7272X2
1 − 0.9728X2

2 − 1.05X2
3

ANOVA results (Table 3) demonstrated that the quadratic model was highly significant
(p < 0.0001), whereas the lack-of-fit test was not significant (p = 0.8694), indicating good
agreement between the model and the experimental data. The coefficient of determination
(R2) was 0.9914, and the coefficient of variation (CV) was 4.95%, suggesting satisfactory
reliability and reproducibility of the model. Based on the regression coefficients, the effects
of the three variables on total flavonoid yield followed the order X2 > X1 > X3, indicating
that the solid-to-liquid ratio had the greatest influence on extraction efficiency.

Table 3. ANOVA for the Box–Behnken quadratic model of total flavonoid yield.

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

Model 15.08 9 1.68 89.75 <0.0001 significant
A-X1 0.5043 1 0.5043 27.02 0.0013
B-X2 1.35 1 1.35 72.22 <0.0001
C-X3 0.1747 1 0.1747 9.36 0.0183
AB 0.1882 1 0.1882 10.08 0.0156
AC 0.5066 1 0.5066 27.14 0.0012
BC 0.2914 1 0.2914 15.61 0.0055
A2 2.23 1 2.23 119.28 <0.0001
B2 3.98 1 3.98 213.47 <0.0001
C2 4.62 1 4.62 247.42 <0.0001
Residual 0.1307 7 0.0187
Lack of Fit 0.0194 3 0.0065 0.2330 0.8694 not significant
Pure Error 0.1112 4 0.0278
Cor Total 15.21 16
R2 0.9914
Adjusted R2 0.9804
Predicted R2 0.9681
C.V. % 4.95
AP 24.3619

The response surface and contour plots (Figure 3) illustrated the interactions among
the three variables and their effects on total flavonoid yield. The elliptical contour plots
revealed interactions among the variables, with the interaction between water content and
extraction time exerting a stronger influence than the other combinations. The maximum
response region was located near the center of the experimental design space, indicating
that moderate levels of the three variables were favorable for flavonoid extraction.

3.6. Comparison of Extraction Efficiency of Different Solvents

Under the optimized extraction conditions, the extraction efficiencies of Bet-Gly, 70%
ethanol, and water were compared. The total flavonoid yields obtained with Bet-Gly,
70% ethanol, and water were 3.98, 2.85, and 1.72 mg RE/g DW, respectively. Compared
with 70% ethanol and water, Bet-Gly increased total flavonoid yield by 39.6% and 131.4%,
respectively, and these differences were statistically significant (p < 0.05).
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Figure 3. Contour and response surface plots showing the interactions of the three variables (A: X1

water content; B: X2 solid-to-liquid ratio; C: X3 extraction time).

3.7. In Vitro Antioxidant Activity

The in vitro antioxidant activities of the three extracts were evaluated using ABTS
and DPPH radical-scavenging assays, and the results are shown in Figure 4. The radical-
scavenging rates of all extracts rose in a concentration-dependent manner, indicating that
antioxidant capacity increased with extract concentration. Compared with the 70% ethanol
and water extracts, the DES extract exhibited significantly stronger ABTS and DPPH radical-
scavenging activity (p < 0.05). The DES extract also showed the lowest IC50 values (see
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Table A3) in both assays, followed by the 70% ethanol and water extracts, demonstrating
its superior antioxidant capacity. The enhanced antioxidant activity of the DES extract
may be associated with its more efficient extraction of flavonoids, which are important
contributors to antioxidant activity [48]. Similar improvements in antioxidant activity have
been reported for flavonoid extracts obtained with DES-based extraction systems [49].

Figure 4. Antioxidant capacity of Polygonum hydropiper extracts obtained with different solvents.
(A) ABTS radical-scavenging assay; (B) DPPH radical-scavenging assay. PHE-DES, PHE-EtOH,
and PHE-Aq correspond to the DES, 70% ethanol, and water extracts, respectively. L-ascorbic acid
served as the positive control.

3.8. Identification of Chemical Constituents by UPLC-Q-TOF-MS/MS

The flavonoid constituents in the DES extract of P. hydropiper were rapidly analyzed
and tentatively identified by UPLC-Q-TOF-MS/MS. The total ion chromatogram (TIC)
of the DES extract is shown in Figure 5. A total of eight flavonoids and related phenolic
compounds were tentatively identified based on their accurate masses, retention times,
and characteristic MS/MS fragmentation patterns. The identified compounds are sum-
marized in Table 4. Compound 1 exhibited a retention time of 1.43 min. In the negative
ion mode, the precursor ion was observed at m/z 169.0149 [M – H]– (Figure 6A). The pre-
cursor ion underwent decarboxylation by losing CO2 to generate the fragment ion at m/z
125.0266 [M – H – CO2]– . Subsequently, this fragment ion produced characteristic ions at
m/z 107.0138 and m/z 97.0298 through the loss of H2O and CO, respectively. Based on the
accurate mass and fragmentation behavior reported in previous studies [50], compound 1
was tentatively identified as gallic acid (C7H6O5).

Compound 2 showed a retention time of 4.20 min. In the negative ion mode, the pre-
cursor ion was detected at m/z 289.0718 [M – H]– (Figure 6B). The precursor ion initially
underwent dehydration to produce the fragment ion at m/z 271.0614 [M – H – H2O]– . This
ion further underwent fragmentation through the C-ring with the loss of CO2, generating
the ion at m/z 227.0713, or underwent C-ring heterocyclic ring fission to produce the char-
acteristic fragment ion at m/z 203.0709. In addition, the precursor ion could directly lose
CO2 to form m/z 245.0806 [M – H – CO2]– , followed by C-ring RDA cleavage to generate
the characteristic fragment ion at m/z 125.0245. The fragment ion at m/z 203.0709 further
underwent B-ring cleavage to produce the low-mass diagnostic ion at m/z 109.0298, while
m/z 227.0713 could undergo sequential neutral loss and skeletal rearrangement to gener-
ate m/z 205.0501. According to the fragmentation characteristics and literature data [51],
compound 2 was tentatively identified as epicatechin.
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Table 4. Preliminary identification of compounds in Polygonum hydropiper by UPLC-Q-TOF-MS/MS.

No. tR/min Adduct Name Formula Mass Diagnostic Fragment Ions

1 1.43 −H Gallic acid C7H6O5 170.0215 125.0266, 107.0138, 97.0298, 79.0199

2 4.20 −H Epicatechin C15H14O6 290.0790 271.0614, 245.0806, 227.0713, 205.0501, 203.0709,
125.0245, 109.0298

3 5.10 −H Hyperoside C21H20O12 464.0955 301.0406, 300.0391, 271.0290, 255.0319, 151.0047

4 5.10 +H Quercetin C15H10O7 302.0427 285.0384, 257.0450, 229.0500, 165.0171, 153.0186

5 5.49 +H Kaempferol C15H10O6 286.0477 258.0521, 165.0177, 153.0179, 121.0278

6 5.51 +H Isorhamnetin C16H12O7 316.0583 302.0425, 285.0384, 257.0425, 229.0484, 153.0155

7 5.54 −H kaempferol-3-O-Hexoside C21H20O11 448.1006 285.0421, 284.0351, 255.0321, 227.0365

8 6.87 +H 7,4′-Di-O-methylquercetin C17H14O7 330.0740 316.0577, 299.0542, 288.0621, 271.0596, 243.0650

Figure 5. Total ion chromatogram (TIC) of flavonoids from Polygonum hydropiper determined by
UPLC-Q-TOF-MS/MS. (A) Negative ion mode; (B) Positive ion mode. The numbered peaks (1–8)
correspond to the compounds listed in Table 4.

Compound 3 was detected at a retention time of 5.10 min. In the negative ion mode,
the precursor ion was observed at m/z 463.0878 [M – H]– (Figure 6C). The precursor ion
underwent the loss of a hexose moiety (C6H10O5) to generate the characteristic aglycone ion
at m/z 301.0406 [M – H – C6H10O5]– , which further generated the characteristic fragment
ion at m/z 151.0047 via RDA cleavage. On the other pathway, glycosidic bond homolytic
cleavage yielded the characteristic radical aglycone ion at m/z 300.0391, a diagnostic ion
for 3-O-glycosides. This radical aglycone ion at m/z 300.0391 underwent the loss of HCO
to produce fragment ion at m/z 271.0290, or lost CO + OH to form fragment ion at m/z
255.0319. Based on the fragmentation pattern and reported literature [52], compound 3 was
tentatively identified as hyperoside.

Compound 4 showed a retention time of 5.10 min. In the positive ion mode, the pre-
cursor ion was detected at m/z 303.0502 [M+H]+ (Figure 6D). The precursor ion underwent
dehydration to form the fragment ion at m/z 285.0385 [M+H – H2O]+, followed by succes-
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sive losses of CO to generate fragment ions at m/z 257.0450 and m/z 229.0500. In addition,
the precursor ion underwent RDA cleavage to produce characteristic fragment ions at m/z
165.0171 and m/z 153.0186. Based on the accurate mass and characteristic fragmentation
pathways [53], compound 4 was tentatively identified as quercetin.

Compound 5 exhibited a retention time of 5.49 min. In the positive ion mode, the pre-
cursor ion was detected at m/z 287.0550 [M+H]+ (Figure 6E). The precursor ion underwent
the loss of CHO to generate the fragment ion at m/z 258.0521 [M+H – CHO]+. Meanwhile,
the precursor ion underwent RDA cleavage, producing characteristic fragment ions at m/z
153.0179 and m/z 121.0278. In addition, cleavage of the flavonoid skeleton through the
loss of a neutral ring fragment generated the fragment ion at m/z 165.0177. Based on the
accurate mass and characteristic fragmentation behavior reported in previous studies [54],
compound 5 was tentatively identified as kaempferol.

Compound 6 was detected at a retention time of 5.51 min. In the positive ion mode,
the precursor ion was observed at m/z 317.0655[M+H]+ (Figure 6F). The precursor ion
underwent homolytic cleavage of the methyl radical (CH3·), producing the characteristic
fragment ion at m/z 302.0425 [M+H-CH3]+•. This fragment ion further underwent the
loss of OH to generate the fragment ion at m/z 285.0384 [M+H – CH3 – OH]+. Subsequently,
consecutive losses of two CO molecules produced fragment ions at m/z 257.0425 and
m/z 229.0484. In addition, the precursor ion underwent RDA cleavage to generate the
characteristic fragment ion at m/z 153.0155. According to the accurate mass and reported
fragmentation characteristics [55], compound 6 was tentatively identified as isorhamnetin.

Compound 7 showed a retention time of 5.54 min. In the negative ion mode,
the precursor ion was observed at m/z 447.0964 [M – H]– (Figure 6G). The precursor
ion underwent the loss of a hexose moiety (C6H10O5) to generate the aglycone ion at
m/z 285.0421 [M-H-C6H10O5]−. Meanwhile, cleavage of the glycosidic bond through the
loss of a hexose radical (C6H10O5·) generated the characteristic radical aglycone ion at
m/z 284.0351 [M-H-C6H10O5]·−. The radical aglycone ion further underwent the loss of
CO and H· to produce the fragment ion at m/z 255.0321, followed by the loss of another
CO molecule to generate the fragment ion at m/z 227.0365. Based on the accurate mass
and characteristic fragmentation pathways [56], compound 7 was tentatively identified as
kaempferol-3-O-hexoside.

Compound 8 exhibited a retention time of 6.87 min. In the positive ion mode, the pre-
cursor ion was detected at m/z 331.0818 [M+H]+ (Figure 6H). The precursor ion underwent
the loss of a methyl radical (CH3·) to generate the characteristic fragment ion at m/z
316.0577 [M+H-CH3]+•, which further lost one CO molecule to produce the fragment ion
at m/z 288.0621. Meanwhile, the precursor ion could also undergo the loss of methanol
(CH3OH) to form the fragment ion at m/z 299.0542 [M+H – CH3OH]+. This fragment ion
subsequently underwent consecutive losses of two CO molecules, generating fragment ions
at m/z 271.0596 and m/z 243.0650. Based on the accurate mass and reported fragmentation
characteristics [57], compound 8 was tentatively identified as 7,4′-di-O-methylquercetin.
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Figure 6. Cont.
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Figure 6. Proposed fragmentation pathways of the eight compounds identified in Polygonum hy-
dropiper extracted with Bet-Gly. (A) Gallic acid; (B) Epicatechin; (C) Hyperoside; (D) Quercetin;
(E) Kaempferol; (F) Isorhamnetin; (G) Kaempferol-3-O-hexoside; (H) 7,4′-Di-O-methylquercetin. The
overlapping content in the figure (e.g., adjacent chemical structures) has been checked and does not
affect the scientific understanding of the fragmentation pathways.

3.9. Molecular Dynamics Simulation Analysis

DESs are composed of hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs) that can interact with polar functional groups, such as hydroxyl and
carbonyl groups, in flavonoids through hydrogen bonding and other intermolecular
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interactions, thereby improving the solvation of the target compounds. These inter-
actions are regarded as important factors governing the extraction performance of
DESs [58,59]. In this study, the extraction efficiency of total flavonoids followed the order
Bet-Gly > 70% ethanol > water. To further elucidate the influence of different extraction
media on flavonoid extraction at the molecular level, molecular dynamics (MD) simula-
tions were performed. Water, Bet-Gly, and 70% ethanol were selected as representative
solvent systems. Five major flavonoids identified in P. hydropiper (hyperoside, epicatechin,
kaempferol, quercetin, and kaempferol-3-O-hexoside) were selected as model compounds,
and 100 ns MD simulations were performed for each system. The dynamic behaviors and
conformational snapshots at 0, 50, and 100 ns of the five flavonoids in the three solvent
systems are shown in Figure 7A–C. The variation in the number of hydrogen bonds be-
tween individual flavonoids and each solvent system is shown in Figure 7d. Figure 7e
shows the change in the total number of hydrogen bonds within each system. Figure 7D
further compares the average interaction energies between the five flavonoids and the three
solvent systems.

At 0 ns, all five flavonoid molecules were mainly distributed near the center of the
simulation box in the three solvent systems. As the simulation proceeded, molecular
rearrangement gradually occurred in all systems. At 50 ns, the flavonoids in the Bet-Gly
system showed clear dispersion toward different regions. After 100 ns, marked local
aggregation remained in the water system, whereas aggregation was reduced in the 70%
ethanol system. In contrast, the five flavonoids exhibited the most uniform distribution
in the Bet-Gly system, indicating that Bet-Gly was more favorable for maintaining the
dispersed state of the flavonoid molecules. The hydrogen-bonding interactions between
flavonoids and solvents were further analyzed (Figure 7d). Among the three solvent
systems, hyperoside, kaempferol-3-O-hexoside, and epicatechin showed relatively higher
numbers of hydrogen bonds, whereas quercetin and especially kaempferol formed fewer
hydrogen bonds. These results suggest that the structural characteristics of different
flavonoids play an important role in determining their hydrogen-bonding ability with
the surrounding solvents. Similar observations were reported by Kohani et al. [18], who
demonstrated that structural differences among bioactive compounds directly affected
their ability to form hydrogen bonds with DES components. The higher numbers of
hydrogen bonds observed for hyperoside and kaempferol-3-O-hexoside may be attributed
to the presence of sugar moieties, whose multiple hydroxyl groups provide additional
hydrogen bond donor and acceptor sites [60]. Epicatechin also contains several exposed
hydroxyl groups, allowing it to form abundant hydrogen bonds with surrounding solvent
molecules. In contrast, quercetin and kaempferol lack glycosyl groups and possess fewer
oxygen-containing functional groups available for hydrogen bonding. Moreover, quercetin
contains one additional hydroxyl group compared with kaempferol, which is consistent
with its slightly higher number of hydrogen bonds in all three solvent systems. These
results indicate that the hydrogen-bonding behavior of flavonoids is closely associated with
the number of hydroxyl groups, the degree of glycosylation, and the accessibility of polar
functional groups. Interestingly, the total number of hydrogen bonds in the water system
was generally higher than in the Bet-Gly and 70% ethanol systems, indicating that the
Water system possessed a stronger overall hydrogen-bond network (Figure 7e). However,
the extraction yields obtained with water, 70% ethanol, and Bet-Gly were 1.72, 2.85, and 3.98
mg RE/g DW, respectively, suggesting that the number of hydrogen bonds formed between
flavonoids and solvents alone cannot directly determine extraction efficiency. Xu et al.
reported that flavonoid extraction efficiency was closely related to the solvent polarity
and hydrogen bond donor properties of DESs, and that adjusting solvent polarity could
improve the extraction of flavonoid glycosides and polymethoxylated flavonoids [20].
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Therefore, solvent–solute polarity matching, rather than the number of hydrogen bonds
alone, is an important factor influencing flavonoid extraction performance.
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Figure 7. (A–C) represent the three solvent systems with internal subfigures (a–e), and (D) represents
the average interaction energy. Molecular dynamics simulation analysis of the interactions between
flavonoid constituents and different extraction solvents (water, Bet-Gly DES, and 70% ethanol).
(a–c) Conformational snapshots at 0, 50, and 100 ns. (d) Number of hydrogen bonds between
individual flavonoids and the solvent. (e) Average interaction energies between flavonoids and
solvents. Different colors represent the three solvent systems. The asterisks (∗ ∗ ∗∗) indicate significant
differences at p < 0.0001.

Based on these findings, the overall interaction energies between flavonoids and sol-
vents were further compared to investigate whether Bet-Gly provided stronger molecular
affinity (Figure 7D). The total interaction energy consists mainly of electrostatic and van der
Waals interactions. Unlike the hydrogen-bond analysis, all five representative flavonoids
exhibited significantly lower average total interaction energies in Bet-Gly than in Water
and 70% ethanol (p < 0.0001). This trend was consistent for hyperoside, epicatechin,
kaempferol, quercetin, and kaempferol-3-O-hexoside. The stronger interaction between
flavonoids and Bet-Gly may be attributed to the unique multicomponent solvent environ-
ment of the DES. Betaine contains a zwitterionic structure with carboxylate and quaternary
ammonium groups that provide strong electrostatic interaction sites, whereas glycerol
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contains multiple hydroxyl groups that participate in dynamic hydrogen-bond networks.
In addition, the presence of water in the DES system can reduce viscosity and facilitate
molecular diffusion, allowing the HBA, HBD, and water molecules to collectively contribute
to flavonoid solvation [40]. Fan et al. [61] reported that a betaine–glycerol system achieved
higher extraction efficiency for chlorogenic acid from honeysuckle than ethanol extraction,
and MD simulations demonstrated that extraction performance was closely associated with
molecular interaction energy. Consistent with these findings, although the numbers of
hydrogen bonds of flavonoids in Bet-Gly were not the highest among the three solvent sys-
tems, the combined contributions of electrostatic and van der Waals interactions resulted
in more negative total interaction energies. Therefore, the betaine–glycerol-water DES
microenvironment enhanced the overall solvation capability toward flavonoids through
synergistic non-covalent interactions, making Bet-Gly a more suitable extraction medium
for flavonoids from P. hydropiper than water and 70% ethanol.

4. Conclusions
The optimal extraction conditions were predicted to be a water content of 28.08%,

a solid-to-liquid ratio of 1:37.58, and an extraction time of 30.69 min. For practical operation,
these conditions were adjusted to a water content of 28.10%, a solid-to-liquid ratio of
1:38, and an extraction time of 31 min. Under the modified conditions, the experimental
total flavonoid yield was 3.98 mg RE/g DW, in good agreement with the predicted value
(4.13 mg RE/g DW). Compared with 70% ethanol and water, the optimized DES system
significantly improved total flavonoid yield and exhibited stronger antioxidant activity.
UPLC-Q-TOF-MS/MS tentatively identified eight compounds, mainly flavonoids, in the
DES extract. Furthermore, molecular dynamics simulations revealed that the superior
extraction performance of Bet-Gly was associated with more favorable flavonoid-solvent
interactions, particularly electrostatic and van der Waals interactions. Overall, this study
provides an integrated strategy combining DES extraction optimization, antioxidant eval-
uation, chemical profiling, and molecular simulation, offering a theoretical basis for the
efficient utilization of flavonoids from P. hydropiper.
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Abbreviations
The following abbreviations are used in this manuscript:

Bet-Gly Betaine–glycerol
DES Deep Eutectic Solvent
HBA Hydrogen Bond Acceptor
HBD Hydrogen Bond Donor
ABTS 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
DPPH 2,2-diphenyl-1-picrylhydrazyl
IC50 Half-maximal inhibitory concentration

UPLC-Q-TOF-MS/MS
Ultra-performance liquid chromatography-quadrupole time-of-flight
tandem mass spectrometry

MD Molecular dynamics
PHE-DES Polygonum hydropiper extract-deep eutectic solvent
PHE-EtOH Polygonum hydropiper extract-ethanol
PHE-Aq Polygonum hydropiper extract-aqueous

Appendix A

Table A1. Plackett–Burman design matrix and experimental results for total flavonoid yield.

Std Run X1 X2 X3 X4 X5 Yield/(mg RE/g DW)

7 1 50 10 10 80 80 4.33
4 2 10 50 10 100 80 2.83

10 3 10 50 50 100 40 3.07
1 4 50 50 10 100 80 4.00
5 5 10 10 50 80 80 4.07

11 6 50 10 50 100 80 5.23
12 7 10 10 10 80 40 2.53
8 8 50 50 10 80 40 3.60
9 9 50 50 50 80 40 3.90
2 10 10 50 50 80 80 2.70
3 11 50 10 50 100 40 5.10
6 12 10 10 10 100 40 2.77

Table A2. Box–Behnken design matrix and experimental results for total flavonoid yield.

NO. Water Content/% Solid-to-Liquid Ratio Extraction Time/min Yield/(mg RE/g DW)

1 20 50 30 2.04
2 30 30 40 2.87
3 30 40 30 3.90
4 40 50 30 1.91
5 30 50 20 1.74
6 30 50 40 1.44
7 40 40 20 1.53
8 30 30 20 2.08
9 30 40 30 4.15
10 30 40 30 4.25
11 30 40 30 3.86
12 30 40 30 4.09
13 40 30 30 2.23
14 40 40 40 2.58
15 20 40 20 2.68
16 20 40 40 2.32
17 20 30 30 3.23
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Table A3. IC50 values of antioxidant activity measured by ABTS and DPPH assays.

Sample
ABTS DPPH

IC50 95% CI IC50 95% CI
(mg/mL) (mg/mL) (mg/mL) (mg/mL)

L-ascorbic acid 0.00970 0.00600∼0.0143 0.0414 0.0346∼0.0504
PHE-DES 0.4959 0.393∼0.708 3.5240 2.85∼4.38
PHE-EtOH 0.6660 0.590∼0.777 6.2250 4.64∼9.52
PHE-Aq 0.9031 0.796∼1.06 10.3200 8.73∼12.8

Figure A1. The calibration curve for rutin. The black squares represent the experimental data, and
the light blue line represents the linear regression fit.
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