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A B S T R A C T

To develop an environmentally sustainable and efficient extraction method for flavonoids from Moringa oleifera
Lam. (M. oleifera) leaves, natural deep eutectic solvents (NADES) with ultrasound-assisted extraction was utilized
in this study. After optimization of extraction parameters of NADES, including ultrasonic power, ultrasonic time,
and liquid–solid ratio, the extraction yield of ultrasound-assisted NADES (UAN) composed of betaine and urea
(Bet-Urea) reached 54.69 ± 0.19 mg RE/g DW, which made a 1.7-fold increase compared to traditional
ultrasound-assisted traditional solvent (UATS). UPLC-Q Exactive/MS analysis revealed that M. oleifera leaves
flavonoids (MOLF) was mainly composed of Quercetin 3-β-D-glucoside, Rutin, Kaempferol-3-O-glucoside, Vitexin
and Quercetin. Furthermore, the COSMO-RS model was employed to verify the optimal compatibility of solu-
bility and activity coefficient between Bet-Urea and the five primary flavonoids in MOLF. In vitro antioxidant
assays verified that MOLF extracted by UAN exhibited superior antioxidant activity compared to MOLF extracted
by UATS. Overall, the devised process not only augmented the extraction yield of MOLF but also effectively
preserved the bioactive compounds, thus promoting the utilization of green extraction solvents in the food
industry.

1. Introduction

Moringa oleifera Lam. (M. oleifera), originating from India, was
designated as a new resource food by the Chinese Ministry of Health in
2012 [1]. M. oleifera holds a significant place as both a culinary ingre-
dient and a resource in traditional Chinese medicine [2,3]. Alongside
Ganoderma lucidum and American ginseng,M. oleifera is revered as one
of the “Three Treasures of the World.” The primary medicinal and edible
component of M. oleifera is its leaf, which is abundant in protein, poly-
saccharides, flavonoids, and essential nutrients [4]. Among which, fla-
vonoids are the main bioactive substances, which exhibit important
pharmacological activities, including antioxidant, anti-diabetes, anti-
atherosclerosis benefits [5–7]. Nevertheless, the advancement and
exploitation ofM. oleifera leaves in China remain relatively constrained.

The primary challenge lies in the nascent extraction methodologies
applied to M. oleifera leaves, coupled with the absence of suitable
extraction techniques. Consequently, it is necessary to pioneer an eco-
friendly and highly efficient extraction process for flavonoids derived
from M. oleifera leaves, alongside rigorous evaluation of the extract
properties.

Typically, flavonoids in plants are hydrophilic and are extracted
using ultrasound-assisted traditional solvent (UATS) such as ethanol,
methanol, and acetone [8,9]. Nevertheless, these organic solvents har-
bor numerous inherent drawbacks, including pronounced volatility,
elevated toxicity, flammability, and limited biodegradability [10]. Due
the adverse impacts of UATS on human health and environment, the
usage of these UATS is steadily diminishing. In recent years, a novel
green solvent known as natural deep eutectic solvent (NADES) has
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emerged as a promising alternative to conventional solvents [11].
Contrasted with traditional organic solvents, NADES has garnered
considerable acclaim owing to its sustainable nature, biodegradability,
non-toxic properties, straightforward preparation process, and cost-
effectiveness [12]. In addition, the polyphenols and flavonoids extrac-
ted by NADES show enhanced biological activities [13] and better
antioxidant [14], anti-inflammatory [15], properties of α-Inhibition of
glucosidase and pancreatic lipase [16]. NADES has a simple composition
and is formed through hydrogen bonding interactions between
hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) [17],
which can be directly prepared without the need for solvent separation,
and it can serve as a strategy to reduce energy consumption and auxil-
iary material usage during the extraction process. Ultrasonic extraction,
a highly efficient, safe, and economical extraction technique, induces
robust tensile force and cavitation phenomena, which can effectively
rupture the plant cell walls and facilitate the release of active com-
pounds into the extraction solvent with greater ease [18,19]. Employing
ultrasonic-assisted NADES (UAN) for extracting bioactive components
from plants not only significantly reduces solvent consumption, time,
labor, and energy expenditure but also amplifies the precipitation of
bioactive compounds through cavitation [20]. Andiri et al. reported that
NADES synthesized from betaine and urea (Bet-Urea) in a ratio of 1:2
exhibits the highest rosmarinic acid content extracted from Symphytum
officinale L. with ultrasonic assistance [15]. This particular Bet-Urea
extraction demonstrates superior antioxidant and anti-inflammatory
properties while exhibiting lower hepatotoxicity [15]. Therefore, UAN
was utilized to extract flavonoids from M. oleifera leaves, and ethanol
was selected as the UATS for comparison.

The purpose of this study is to: (1) identify the optimal NADES from a
selection of eight representative candidates, with the goal of extracting
the highest amount of flavonoids from M. oleifera leaves; (2) optimize
the UAN extraction and UATS processes using one-way experiments and
Response Surface Methodology (RSM) and compare the difference of the
amount extracted by the two methods, aiming to maximize the yields of
total flavonoid content (TFC) inM. oleifera leaves flavonoids (MOLF); (3)
verify factors that significantly affect TFC using 2k experimental design,
and confirm the MOLF extraction efficiency of UAN using the COSMO-
RS quantum chemical calculations as assistant; (4) qualitatively and
quantitatively analyze the components of MOLF extracted by UAN and
UATS using UPLC-Q Exactive/MS; (5) evaluate the antioxidant capacity
of MOLF obtained by UAN and UATS through free radical scavenging
activity, iron reducing activity and ROS reactive oxygen species assay in
IPEC cells.

2. Materials and methods

2.1. Materials and reagents

M. oleifera leaves were purchased from Yunnan Ruziniu Biotech-
nology (Yunnan, China). Choline chloride, glycerol, citric acid, sucrose,
urea, betaine, and ethylene glycol used for synthesizing NADES and 1,1-
Dipheny-2-picrylhydrazyl (DPPH), 2,2′Azinobis-(3-ethylbenzthiazoline-
6-sulphonate) (ABTS) were obtained from Macklin Biochemical Tech-
nology (Shanghai, China). Thirty-nine kinds of standard compounds
such as Gallic acid, 3,4-Dihydroxybenzoic acid, and Proto-
catechualdehyde were purchased from Sigma Aldrich (USA). Ferric
reducing antioxidant power (FRAP) test kit was obtained from Nanjing
Jiancheng Biotechnology (Nanjing, China).

2.2. Preparation and synthesis of NADESs

In the present study, we selected different and most representative
substances as HBD, glycerol and glycol as alcohols, sucrose as glycosyl,
urea as amides, citric acid as organic acids. In addition, we selected
choline chloride and betaine, the two most common HBA for this
experiment. According to the previously reported, 8 types of NADESs

were synthesized by blending the HBA and HBD in the appropriate
molar ratios, continuously stirring at 1500 rpm at 80 ◦C until a trans-
parent and homogeneous liquid was achieved [21,22] (Table 1). In the
course of synthesis, a certain quantity of water is indispensable to
diminish the viscosity of NADES. For preliminary assessment, 40 % (w/
w) of water is incorporated into each NADES sample.

2.3. Ultrasound-assisted traditional solvent (UATS) and ultrasound-
assisted NADES (UAN) extraction of MOLF

M. oleifera leaf powder (0.50 g) was weighted and delicately
deposited into a 150 mL flask. Before extraction, NADES was meticu-
lously diluted with water to a precise concentration, subsequently
infused into the flask in accordance with a predetermined liquid–solid
ratio, as shown in Fig. 1A. Ethanol was chosen as the UATS, and 70 %
ethanol was mixed with powder in the flask. After that, the flask was put
into a bath-type ultrasonic instrument (FB-1400DTH, Shanghai shengxi
Ultrasonic Instrument Co. Ltd). Next, the extraction solution was
transferred to a high-speed centrifuge (1–16 K, Sigma Aldrich) and
centrifuged at 10,000 rpm for 10 min. The supernatant was collected for
the subsequent experiments. Each extraction condition underwent three
repetitions to ensure robustness, with the mean value being subse-
quently documented.

2.4. Determination of TFC in MOLF

TFC in MOLF were evaluated according to a previously publication
(Namazi et al. 2021) [23]. In brief, a tenfold diluted extract (50 μL) was
dispensed into a 96-well plate, followed by the addition of precise vol-
umes of sodium nitrite solution (5 %, w/v) and aluminum chloride so-
lution (10 %, w/v). Subsequently, a specific volume of NaOH solution
was added to facilitate absorbance measurement at 510 nm. The stan-
dard curve equation for Rutin was Y = 7.0657 X + 0.053 (R2 = 0.997, n
= 5).

2.5. Optimization of UATS and UAN extraction procedure

According to the previous research results [24], when the solvent
was ethanol, the main factors affecting the extraction efficiency were
ultrasonic power, liquid–solid ratio and ethanol concentration. So, in the
present study, a single factor experiment was carried out, where only
one main influencing factor was varied, other conditions were kept
constant. The ultrasonic power (140, 280, 420, 560 and 700 W), liq-
uid–solid ratio (30:1, 40:1, 50:1, 60:1 and 70:1) and ethanol concen-
tration (50, 60, 70, 80 and 90 %) were selected to calculate the content
of flavonoid compounds in the resulting MOLF. When NADES were used
as extraction solvent, the molar ratio (2:1, 1:1, 1:2, 1:3 and 1:4) and
water content in NADES (20, 30, 40, 50 and 60 %) were first selected to
optimize. Then the influences of three significant factors through single
factor experiments based on the highest extraction efficiency molar ratio
and water content were evaluated, including ultrasonic power (140,
280, 420, 560 and 700 W), ultrasonic time (10, 20, 30, 40 and 50 min)
and liquid–solid ratio (20:1, 30:1, 40:1, 50:1 and 60:1).

The optimization of the extraction process was conducted through

Table 1
Synthesis of NADES with different components and molar ratios.

Solvent abbreviation HBA HBD Molar Ratio

ChCl-EG Choline chloride Ethylene glycol 1:2
ChCl-Urea Choline chloride Urea 2:5
ChCl-Suc Choline chloride Sucrose 2:1
ChCl-CA Choline chloride Citric acid 2:1
Bet-Gly Betaine Glycerol 1:1
Bet-Urea Betaine Urea 1:1
Bet-CA Betaine Citric acid 2:1
Bet-Suc Betaine Sucrose 2:1
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RSM. A Box-Behnken Design (BBD) featuring three factors and three
levels was implemented to examine the intricate relationship among the
independent variables, leveraging the capabilities of Design Expert
software. A total of 17 experimental sets were executed, as delineated in
Tables S1, 2, with the TFC serving as the response criterion. Achieving
the ideal extraction method involved maintaining variables within
specified ranges to maximize yield. A validation experiment, conducted
in triplicate under revised conditions adhering to optimal parameters,
confirmed the effectiveness of the model.

2.6. Validating statistically significant effects using 2k experimental design

A two-level analytical factorial experiment was conducted using

Minitab v.21 to determine the effects of three factors (ethanol concen-
tration [A1], liquid–solid ratio [B1] and ultrasound power [C1]) for
UATS. Certainly, when the extraction solvent is NADES, ultrasound
power [A2], ultrasound time [B2] and liquid–solid ratio [C2] were used
to explore the influence of their individual or pairwise interaction on
MOLF (Tables S3, 4), where TFC was the response. Criterion plots for
standardized effects rely on the position of the effect point relative to the
criterion line, whereas Pareto plots for standardized effects was used to
assess the significance of the main or interaction effect based on the
magnitude of the column compared to the other columns [25]. Response
surface analysis was used to validate the key factors affecting TFC of
MOLF.

Fig. 1. MOLF content extracted by different NADESs and single factor experimental results. (A) Schematic diagram of NADESs preparation and MOLF extraction. (B)
Extraction amount of MOLF with different NADESs. (C–E) Single factor experimental results of ultrasonic power, liquid–solid ratio and ethanol concentration for
UATS. (F–G) Single factor experiment to optimize the molar ratio and water content in NADES. (H-J) Single factor experimental results of ultrasonic power, ultrasonic
time and liquid–solid ratio for UAN.
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2.7. Scanning electron microscope (SEM) observation of the
microstructure of M. oleifera leaf powder

After the extraction process, the UATS and the UAN separately
extracted M. oleifera leaf powders were placed in the 60 ◦C drying oven
and the untreated powder was used as a control. All samples were plated
with gold by ion sputtering and then observed under a SEM (S-4800 II,
Hitachi Limited, Japan) with an accelerating voltage of 10.0 kV, an
emission current of 1 nA, and the magnification of 3000×.

2.8. UPLC-Q Exactive/MS analysis

Prior to HPLC analysis, the MOLF extracted by UATS and UAN under
the optimal conditions was passed through the 0.22-μmmembrane filter
(Millipore, USA). The sample extracts underwent analysis utilizing a
UPLC–Orbitrap-MS system (UPLC: Vanquish; MS: QE). Analytical pa-
rameters were set as follows: UPLC utilized a Waters HSS T3 column (50
* 2.1 mm, 1.8 μm) at 40℃. Solvent system: water (0.1 % acetic acid) and
acetonitrile (0.1 % acetic acid) with the following gradient: 90:10 V/V at
0 min, 90:10 V/V at 2.0 min, 40:60 V/V at 6.0 min, 40:60 V/V at 9.0
min, 90:10 V/V at 9.1 min, and 90:10 V/V at 12.0 min. HRMS data were
obtained using a Q Exactive hybrid Q–Orbitrap mass spectrometer with
a heated ESI source (Thermo Fisher Scientific), employing Fullms-ms2
acquisition methods. ESI source parameters: spray voltage − 2.8 kV,
sheath gas pressure 40 arb, aux gas pressure 10 arb, sweep gas pressure
0 arb, capillary temperature 320℃, and aux gas heater temperature
350℃. Data acquisition were performed on Q-Exactive using Xcalibur
4.1 (Thermo Scientific) and processed using TraceFinder™4.1 Clinical
(Thermo Scientific).

2.9. COSMO-RS simulations

To verify the best efficiency of Bet-Urea in extracting MOLF among
eight NADESs, COSMO-RS was used to simulate the interaction between
NADES components and flavonoid components. The specific prediction
process of this model comprised two primary steps: (1) A virtual
conductor environment for the molecules were established utilizing the
continuum solvation model. Density functional theory (DFT) was used
for quantum chemical computations, generating a shielding charge
density known as sigma (σ) on the adjacent conductor. This sigma (σ)
distribution on the molecular surface was then converted into a function
of surface composition, termed as themolecular surface shielding charge
density distribution (σ-profile). (2) The shielding charge density σ was
calculated using quantum chemistry software, yielding the COSMO file.
Subsequently, based on this file the molecular energy stemming from
electrostatic mismatch energy, hydrogen bonding, and van der Waals
interactions were calculated using the principles of statistical thermo-
dynamics. All 3D molecular structures were downloaded from the
PUBCHEM database in SDF format and imported into Materials Studio
2020 software [26]. Solubility and activity coefficient were calculated
according to the method reported by Li et al. [27].

2.10. Determination of antioxidant activity

2.10.1. DPPH radical scavenging activity
The lyophilized sample powder were dissolved in water to a con-

centration of 2.0 mg/mL, then further diluted to 0.1–2 mg/mL. Vitamin
C was used as the positive control. The DPPH radical scavenging ca-
pacity was determined after modification according to the method re-
ported by Fu et al. [28]. Sample solutions (1 mL) with different
concentrations and DPPH (1 mL, 0.1 mmol/L) solution were added into
centrifuge tubes. The tubes were shake evenly and let stand for 30min at
25 ◦C in the dark, and the absorbance A1 at a wavelength of 517 nm
were measured. Ethanol (1 mL) was added into 1 mL sample with
different concentrations, measured the absorbance as A2. Adding 1 mL
DPPH to 1 mL absolute ethanol and measured as A0. The DPPH radical

scavenging rate was calculated using the following formula: DPPH
radical scavenging rate (%) = [1 − (A1-A2)/A0] × 100 %.

2.10.2. ABTS+ radical cation scavenging activity
The ABTS+ radical scavenging rate assay followed the method

described by Liu et al. [29]. Equal volumes of anhydrous ethanol and
potassium persulfate aqueous solutions were mixed to prepare the
ABTS+ solution. The sample solution at different concentrations were
mixed with the ABTS+ solution and shaken, then the absorbance A1 was
measured at 734 nm. The absorbance of the sample solution with
deionized water was A2, and the absorbance of the ABTS+ solution with
deionized water was A0. The ABTS+ radical scavenging rate in each
sample was calculated using the following formula: ABTS+ radical
scavenging rate (%) = [1 − (A1-A2)/A0] × 100 %.

2.10.3. Ferric reducing antioxidant power
The FRAP method was conducted following the protocol outlined by

Fidrianny et al. [30] with minor adjustments, the FRAP working solu-
tion, FeCl3 solution, and TPTZ hydrochloric acid were mixed in a volume
ratio of 10:1:1. Subsequently, 0.2 mL of various sample concentrations
were blended with the FRAP working solution (3.8 mL). The ensuing
reaction took place within a water bath at 37 ◦C for 10 min, then the
absorbance was recorded at 593 nm.

2.10.4. Reactive oxygen species (ROS) detection in IPEC cells
IPEC cells were inoculated into six-well plates with cell climbing slice

at 2 × 105 cells per well and incubated at 37 ◦C for 18 h. Subsequently,
the cells were stimulated with 3 % H2O2 and given different concen-
trations of UAN and UATS (10 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/
mL) for 4 h. Then, the cells were labelled with the DCFH-DA probe
(Yeasen Biotechnology, China) and incubated at 37 ◦C for 40 min.
Finally, the excess probe was rinsed and the fluorescence intensity was
measured and photographed under a fluorescence microscope (Nikon,
Japan).

2.11. Statistical analysis

GraphPad Prism 8 was used to analyze experimental data and draw
data graphs, and statistical analysis was performed on each group of
data. Statistical analysis was meticulously carried out on each data, with
all experimental data presented as the mean ± standard deviation (SD).
Statistical evaluation was performed through one-way Analysis of
Variance (ANOVA) followed by a T test. P<0.05 were considered sta-
tistically significant.

3. Results and discussion

3.1. Selection of NADES for extraction of TFC from M. oleifera leaves

NADES can be used as an economical and new type of “green sol-
vent” due to its simple preparation, no purification step, non-volatile,
non-toxic and biodegradable [31]. Compared with UATS, NADES can
significantly increase the extraction rate of flavonoids, and improve the
existing technology of time-consuming, cumbersome operation or pro-
longed thermal effects leading to the decomposition and oxidation of the
active ingredients. NADES efficiently dissolves cell walls due to its high
hydrogen-bonding alkalinity, facilitating effective intermolecular in-
teractions with cellulose chains [32]. Extraction efficiency primarily
correlates with NADES polarity and viscosity, attributes heavily
contingent upon its composition, the molar ratio of HBA to HBD, and the
water content within the NADES [33]. The composition of NADESs de-
termines the formation and stability of eutectic system. Several studies
have shown that the NADES components used for the efficient extraction
of polyphenolic compounds are choline chloride as the hydrogen-bond
acceptor and polyols, organic acids, sugars or amides as the hydrogen-
bond donor [34]. Therefore, in this study, choline chloride and

W. Peng et al.
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betaine from natural plants, which are cheap and easy to obtain, were
selected as hydrogen-bond acceptors, and glycerol, ethylene glycol, su-
crose, urea and citric acid were selected as hydrogen-bond donors. Re-
sults revealed significant differences in MOLF extraction amounts when
employing various NADESs coupled with ultrasound-assisted extraction
(P < 0.05, Fig. 1B). The efficiency of MOLF was highest when using Bet-
Urea (49.04 ± 0.87 mg RE/g DW), followed by ChCl-Suc (43.47 ± 1.76
mg RE/g DW), ChCl-EG (42.78 ± 0.75 mg RE/g DW), and ChCl-Urea
(41.16 ± 1.19 mg RE/g DW). Notably, the MOLF content extracted
using the UATS 70 % ethanol is only 22.52 ± 1.71 mg RE/g DW, which
were 45.9 % of the MOLF obtained by Bet-Urea. The viscosity and po-
larity of NADES significantly impact the extracted MOLF amount, high
NADES viscosity can result in low conductivity and hinder compound
diffusion. It is likely that the polarity of MOLF is highly similar to that of
NADES, based on the principle that compounds are more likely to be
dissolved in solvents with similar polarity [35]. In this study, Bet-Urea
was selected as the highest extraction amount of NADES probably
because the polarities of Bet-Urea and MOLF are highly similar and Bet-
Urea has a suitable viscosity, which is beneficial to the precipitation of
TFC. Therefore, Bet-Urea was selected as the best green solvent for
subsequent experiments.

3.2. Single factor experiments

Regarding the traditional extracting method of MOLF, the influence
of three key factors was discussed, including ultrasonic power, liquid-
–solid ratio, and ethanol concentration (Fig. 1C–E). During this process,
all other parameters were kept constant. The single factor results
showed that when the ultrasonic power is 420W, the liquid–solid ratio is
50:1, and the ethanol concentration is 70 %, the highest MOLF content
was obtained, which were 26.74 ± 1.57, 32.08 ± 2.01, and 31.71 ±

0.71 mg RE/g DW, respectively. Studies had shown that flavonoid
aglycones were easily soluble in water, methanol, ethanol and other
highly polar solvents. Ethanol with a concentration of 80 %–95 % is
suitable for the extraction of flavonoid aglycones, while ethanol with a
concentration of 70 % is suitable for the extraction of flavonoid glyco-
sides [36], which indicating that the proportion of flavonoid glycosides
in MOLF is the highest.

Based on the results in section 3.1, Bet-Urea was selected as the
NADES to extract MOLF. Firstly, the influence of the molar ratio of Bet to
Urea and water content in NADES on the extraction rate was investi-
gated to select a suitable NADES system for subsequent experiments
[37]. The results showed that when the molar ratio of Bet: Urea was 1:2
and the water content in NADES is 50 %, the extraction rate was the
highest, which were 50.09 ± 1.64 and 49.67 ± 1.18 mg RE/g DW,
respectively. Additionally, the molar ratio of HBA to HBD in NADES is
crucial in the extraction process. An optimal ratio enhances interaction
forces between HBA and HBD. However, excessive molar ratios can lead
to increased viscosity and decreased fluidity, reducing the solubility
capacity of the extract [38].The flavonoid content in this study first
increased and then decreased as the increasing of Bet to Urea molar ratio
(Fig. 1F). The highest MOLF yield was shownwhen the molar ratio of Bet
and Urea was 1:2. This molar ratio was selected for subsequent experi-
ments. When the moisture content of the NADES elevated from 20 % to
40 %, there was a progressive augmentation in extraction yield
(Fig. 1G). Concurrently, the diminished system’s viscosity, intensified
polarity [39], expanded contact surface area with the powder, and
enhanced conductivity rate catalyzes the dissolution of MOLF. At
moisture contents of 40% and 50%, the peak extraction yields for MOLF
were 49.59 ± 0.99 and 49.67 ± 1.18 mg RE/g DW, respectively. How-
ever, when the water content is greater than 50 %, the extraction
amount of MOLF began to decrease. This is because that too much water
content leads to a decrease in viscosity and excessive polarity, causing
the hydrogen bonds between molecules to break, thereby destroying the
supramolecular structure of the system [40]. The interaction between
the solvent and total flavonoids is weakened, resulting in a reduction in

the amount of MOLF extracted. Based on the principle of saving betaine
and urea materials, we chose a 50 % of water content for the next step of
the experiment.

Subsequently, we conducted the single factor experiments on ultra-
sound power, ultrasound time, and liquid–solid ratio. Additionally, ul-
trasound generates robust cavitation and mechanical vibration, causing
the breakdown of plant cell tissue structure. This results in the rapid
dissolution of target flavonoids in M. oleifera leaf cells [41]. However,
the extraction effect does not always increase with increasing ultrasound
power, because high ultrasonic energymay destroy the bond structure of
flavonoids, resulting in a reduction in the extraction content of flavo-
noids [42]. Our results showed that when the ultrasonic power was
lower than 560 W, the extraction rate of MOLF increased with the
increasing ultrasonic power (Fig. 1H). The reason is that the increase in
ultrasonic power accelerates the movement of molecules in the system,
enhances the disruption of cell walls, and increases the overflow of total
flavonoids. The maximum amount of MOLF extraction was 45.98± 1.51
at an ultrasonic power of 560 W. When ultrasound power continued to
increase, the opposite trended appears. Excessive ultrasonic power may
enhance cavitation, leading to the production of excessive impurities
and the destruction of MOLF components, thereby reducing the
extraction amount. Simultaneously, the impact of ultrasonic time on the
extraction amount was also important. When the ultrasonic time in-
creases from 10min to 30 min, the extraction amount increased with the
increase of ultrasonic time (Fig. 1I), which may be due to the cavitation
effect formed by ultrasonic energy in the solvent system can induce the
constantly damaged cell wall and dissolved flavonoids [43]. The
extraction rate of MOLF reached the highest value at 30 min of ultra-
sonic time, which was 47.36 ± 1.37 mg RE/g DW. When the ultrasonic
time exceeded 30 min, the extraction amount of MOLF began to decline,
which may be caused by the dissolution of a large number of impurities
in the system caused by the long ultrasonic time, thereby limiting
dissolution of MOLF and the degradation of some flavonoids. When the
liquid–solid ratio was 50:1, the maximum extraction amount of MOLF is
51.71 ± 0.67 mg RE/g DW (Fig. 1J). When the liquid–solid ratio
increased from 20:1 to 50:1, the extraction amount also increased. This
is attributed to the increased contact area between M. oleifera leaf
powder and the solvent system, facilitating enhanced extraction and
continuous overflow of total flavonoids [44]. When the liquid–solid
ratio was more than 50:1, the extraction amount of MOLF began to
decrease. Once the extraction solvent reaches a certain level, the
requirement for flavonoid dissolution is essentially fulfilled. Further
increasing the solvent amount yields diminishing returns in flavonoid
dissolution and escalates extraction costs [41].

3.3. Response surface methodology

RSM was applied to optimize the MOLF extraction procedure using
UAN. On the basis of single factor experiment, ethanol concentration
(A1, 60–80 %), liquid–solid ratio (B1, 40–60 mL/g) and ultrasonic power
(C1, 280–560 W) were selected as variables for traditional ethanol sol-
vent extraction, while ultrasonic power (A2, 420–700 W), ultrasonic
time (B2, 20–40 min) and liquid–solid ratio (C2, 40–60 mL/g) were
selected as variables for UAN extraction method, and MOLF extraction
amount was selected as response value. The design and results of RSM
were shown in Tables S1, 2, while the ANOVA results were provided in
Table 2. The relationship between the extraction amount of MOLF using
UATS and the variables A1, B1, and C1 could be described by the
following equation (1): Y1 = 32.26 + 0.3428A1 + 0.4044B1 + 0.9016C1
− 0.1233A1B1 + 0.5183A1C1 − 0.1600B1C1 − 1.78A12 − 1.73B12 −

2.04C12. While the relationship between the extraction amount of MOLF
using UAN and variables A2, B2, and C2 was represented by the
following equation (2): Y2 = 54.57 + 1.09A2 + 1.09B2 + 1.72C2 +

0.3053A2B2 + 0.2730A2C2 − 0.1078B2C 2––3.30A22 − 3.71B22 − 4.38C22.
Table 2 shows a low P value (P<0.0001) and high F value (FUATS=44.29,
FUAN=3005.02), indicating the statistical significance of the regression
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model. The lack of fit term was insignificant (P>0.05), confirming the
model validity. The coefficient of determination (RUATS2 = 0.9827, RUAN2

= 0.9997) and adjusted coefficient of determination (Adjusted RUATS2 =

0.9606, Adjusted RUAN2 = 0.9994) suggest that the regression model is
suitable and can predict subsequent results accurately. According to the
F value, the order of the factors that affect the extraction amount of
MOLF using UATS extraction methods was: ethanol concentration (A1)
> ultrasonic power (C1) > liquid–solid ratio (B1), and the factors that
affect the extraction amount of MOLF using UAN extraction method
was: liquid–solid ratio (C2) > ultrasonic time (B2) > ultrasonic power
(A2).

To clarify the interaction of the three variables on the MOLF, 3D
response surfaces were applied (Fig. 2). The response surface could
intuitively reflect whether the interaction between the two factors was
obvious. The greater the inclination of the surface in the three-
dimensional graph, the darker the color in the two-dimensional graph,
the more approximate the ellipse of the graph, and the closer the dis-
tance between contour lines, indicates that the interaction between the
two factors is more obvious, otherwise the interaction was not signifi-
cant [45]. In Fig. 2B, the curve of A1C1 interaction showed a good
inclination, and the contour lines were oval and dense, indicating that
the interaction of ethanol concentration and ultrasonic power had a
significant impact on the extraction amount of MOLF. The RSM had a
steep slope, and the contour line was oval, indicating that C2 and A2 and
the interaction of B2 and C2 had a significant impact on the amount of
MOLF extraction (Fig. 2G, I). The predicted optimal parameters for
MOLF extraction by UATS were: 72.3 % ethanol concentration, 51.3
mL/g liquid–solid ratio, and 434 W ultrasonic power, resulting in a
predicted MOLF content of 32.4 mg RE/g DW. Meanwhile, optimal
extraction conditions for MOLF by UAN were: 579 W of ultrasonic
power, 33 min ultrasonic time, and 51.6 mL/g liquid–solid ratio, with a
predicted MOLF content of 54.82 mg RE/g DW. In order to operate
easily, the verification experiments of UATS extraction were performed
under 72 % of ethanol concentration, 51 mL/g of liquid–solid ratio, and
420 W of ultrasonic power; the verification experiments of UAN
extraction were performed under 560 W of ultrasonic power, 33 min of
ultrasonic time and 51 mL/g of liquid–solid ratio. The experimental
values determined were 32.06 ± 0.24 mg RE/g DW and 54.69 ± 0.19
mg RE/g DW in UATS and UAN, respectively, which accurately matched
our predicted values with a low error.

3.4. A two-level factorial experiment for verification of factors
significantly affecting MOLF

In this study, the experimental model provided by the two-level
factorial experiment (Tables S3, 4) was used to generate normality

and pareto plots (Fig. 3A–D) in order to validate the main and interac-
tion effects of the factors on the amount of MOLF extracted. The stan-
dardized Pareto charts were visualized in this study (Fig. 3A and C).
Each bar represents an effect, arranged from most pronounced to least,
with its length correlating to its standardized effect. A vertical line at the
0.05 critical value marks the threshold for statistical significance. Bars
extending to the right of this line indicate effects achieving statistical
significance at the 5 % level [46]. When using UATS to extract MOLF
(Fig. 3A), the ethanol concentration, ultrasound power, and their
interaction had a positive influence on the response variable, meaning
that changes in these variables will lead to changes in the amount of
MOLF extracted. Similar to the partial response surface experiment in
the previous section, with the exception of the varied effect of the liq-
uid–solid ratio on the extraction amount. The divergence may be
attributed to the nearly identical extraction quantities of MOLF observed
at liquid–solid ratios of 40:1 and 60:1. This assertion found validation in
the outcomes of the single-factor experiments delineated in the 3.2
section. When using UAN to extract MOLF (Fig. 3C, D), the impact on the
extraction amount in descending order was liquid–solid ratio, ultra-
sound time, and ultrasound power. Meanwhile, the interaction between
liquid–solid ratio and ultrasonic time, liquid–solid ratio and ultrasonic
power also had a significant effect on the extraction amount. This result
was consistent with the response surface result, and it can be seen that
the liquid–solid ratio played the most important role in the extraction of
MOLF by UAN. However, the interaction plots clearly showed that the
extraction of the MOLF was not dependent on a single factor but rather
on a combination of influences of different single factors and their in-
teractions (Fig. 3B and D).

3.5. Microstructure of the M. oleifera leaf powder

TheM. oleifera leaf powder treated with different extraction methods
was examined using SEM. The surface of untreated powder appeared
smooth, with well-preserved cell structure and intact cell walls (Fig. 4B).
In contrast, powder treated with UATS exhibited rough surfaces and
visible cracks, though the fundamental cellular structure remained
observable (Fig. 4D). This phenomenon arises from the ultrasonic-
assisted 70 % ethanol extraction process, wherein ultrasonic waved fa-
cilitates penetration, enabling the solvent to breach the cellular mem-
brane, resulting in its disintegration. Furthermore, the cavitation
bubbles engendered during the ultrasonic procedure further exacerbate
the disruption of the cell wall [47,48]. The morphological characteris-
tics of the powder subsequent to ultrasonic assisted Bet-Urea extraction
were also illustrated (Fig. 4F). The botanical structure experienced
profound degradation, with the cellular framework being entirely
compromised, manifesting numerous cavities and juxtaposed fracture

Table 2
Analysis of variance results of RSM.

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

UATS UAN UATS UAN UATS UAN UATS UAN

Model 58.57/249.29 9 6.51/27.7 44.29/3005.02 <0.0001
A1/A2 0.9398/9.46 1 0.9398/9.46 6.40/1026.22 0.0393/<0.0001
B1/B2 1.31/9.51 1 1.31/9.51 8.90/1032.13 0.0204/<0.0001
C1/C2 6.50/23.79 1 6.50/23.79 44.26/2581.49 0.0003/<0.0001
A1B1/A2B2 0.0608/0.3727 1 0.0608/0.3727 0.4136/40.44 0.5407/0.0004
A1C1/A2C2 1.07/0.2981 1 1.07/0.2981 7.31/32.34 0.0305/0.0007
B1C1/B2C2 0.1024/0.0464 1 0.1024/0.0464 0.6969/5.04 0.4314/0.0597
A12/A22 13.41/45.88 1 13.41/45.88 91.24/4977.59 <0.0001
B12/B22 12.56/57.95 1 12.56/57.95 85.48/6286.63 <0.0001
C12/C22 17.53/80.68 1 17.53/80.68 119.33/8753.48 <0.0001
Residual 1.03/0.0645 7 0.1469/0.0092
Lack of Fit 0.8423/0.0347 3 0.2808/0.0116 6.03/1.55 0.0576/0.3326
Pure Error 0.1862/0.0298 4 0.0465/0.0075
Cor Total 59.59/249.35 16
R2 0.9827/0.9997
Adjusted R2 0.9606/0.9994
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Fig. 2. Three-dimensional (3D) response surface of the RSM design for MOLF. (A, D) Effects of liquid–solid ratio and ethanol concentration on the yield of MOLF
extracted by UATS. (B, E) Effects of ultrasonic power and ethanol concentration on the yield of MOLF extracted by UATS. (C, F) Effects of ultrasonic power and
liquid–solid ratio on the yield of MOLF extracted by UATS. (G, J) Effects of ultrasonic power and liquid–solid ratio on the yield of MOLF extracted by UAN. (H, K)
Effect of ultrasonic power and ultrasonic time on yield of MOLF by UAN. (I, L) Effects of liquid–solid ratio and ultrasonic time on the yield of MOLF extracted by UAN.
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planes, thereby augmenting the surface area. This heightened disruption
could be attributed to the synergistic interplay between ultrasonic waves
and the NADES solvent [49], expediting cellular disintegration and
facilitating the solubilization of flavonoids. This indicated that the
penetration and invasion ability of using NADES solvent on M. oleifera
leaves leaf powder was better than that of 70 % ethanol.

3.6. Qualitative and quantitative analysis of MOLF by UPLC-Q Exactive/
MS

A total of 39 kinds of polyphenol standards (including flavonoids)
such as gallic acid, 3,4-dihydroxybenzoic acid and Proto-
catechualdehyde were selected for qualitative and quantitative analysis
of MOLF components extracted by UATS and UAN (Table 3). The UPLC-
Q Exactive/MS data were processed using TraceFinder software for
baseline filtering, peak matching and other preprocessing steps [50].
The Total Ion Flow Chromatography (TIC) was a continuous plot ob-
tained by adding up the intensities of all ions in the mass spectrum at
each time point (Fig. 4A). The horizontal axis depicts retention time,
while the vertical axis represents ion flow intensity for ion detection.
The TIC peak patterns of extracting MOLF using UATS were disorderly
(Fig. 4C), which may be influenced by many non-target substances.
Nevertheless, the peak spectrum of MOLF extracted by UAN was clear
and obvious, and the TIC of MOLF extracted by UAN was different from
that extracted by UATS, which suggested that the components of MOLF
extracted by the two methods may be different.

Compared with UATS extraction methods, 3,4-Dihydroxybenzoic
acid, Catechin, and (+)-Dihydroxyquercetin were detected in MOLF
extracted with UAN, all of which belong to flavonoid compounds.
Meanwhile, Daidzein and Isoliquiritigenin were also detected, both of
which belong to isoflavones. This proved that using UAN was more
conducive to extracting a more diverse range of flavonoid compounds.
The components with the highest MOLF content obtained by the two
extraction methods were basically similar, ranked from high to low as
Quercetin 3-β-D-glucoside, Rutin, Kaempferol-3-O-glucoside, Vitexin,
Quercetin, which is consistent with the report by Chigurupati et al. [51].
The above results indicated that NADES is a good solvent for extracting
natural products, and compared to UATS, multiple extraction products
could be obtained. Compared with previous reports, the types and

quantities of extraction products from different NADES varied, and the
principle of extraction mechanism was more important in future
research.

3.7. COSMO-RS model for verifying the solubility of flavonoids

In this study, COSMO-RS model was used to study the affinity be-
tween flavonoids and NADES, and reflected the charge in the molecular
configuration. COSMO-RS model verified the solubility of eight different
NADES for flavonoids, and explained why Bet-Urea has the highest
extraction efficiency for MOLF [52]. A geometric model of five major
flavonoids (Quercetin 3-β-D-glucoside, Rutin, Kaempferol-3-O-
glucoside, Vitexin, Quercetin) in MOLF, Bet-Urea was constructed
(Fig. 5B).Here, the green segment signifies the non-polar “neutral”
moiety of the molecule, the red segment denotes the negatively charged
“hydrogen receptor” region, and the blue segment represents the posi-
tively charged “hydrogen donor” region [53]. The sigma distribution
across the five flavonoids ranged from − 0.0084 e/Å2 to 0.0084 e/Å2,
indicating that they were non-polar. Furthermore, the σ-profile
extended into the positive domain (σ > 0.0084 e/Å2), implying that
these flavonoids were inclined to function as HBA. This suggests that
HBD in NADES exert a pronounced influence on the extraction efficiency
of flavonoids from MOLF. Although NADES is composed of HBA and
HBD, its ability to dissolve flavonoids in MOLF could not be determined
by the combination of HBA and HBD alone σ-profile to determine.
COSMO-RS model should be used to further calculate the solubility and
activity coefficients of five flavonoids in NADES. The solubility and
activity coefficients of flavonoids in five MOLF in NADES with different
molar ratios were calculated at t = 298.15 K (Fig. 5C, D). The activity
coefficient of a substance at infinite dilution (γ∞) serves as an evaluation
parameter to determine the most effective NADES for flavonoid
extraction. The solubility of compounds in solvents is inversely pro-
portional to their activity coefficients in the system [54]. The results
showed that the solubility order of five flavonoids in MOLF in different
NADES was Bet-Urea (1:1) > Bet-Gly (1:1) > Bet-CA (2:1) > Bet-Suc
(2:1) > ChCl-EG (1:2) > ChCl-Urea (2:5) > ChCl-Suc (2:1) > ChCl − CA
(2:1). The σ-profile, activity coefficient and solubility determined
through the COSMO-RS model elucidated that Bet-Urea exhibited the
best extraction effect on MOLF. However, the results showed that the

Fig. 3. The pareto chart (A, C) and the normal plot (B, D) obtained from two-level factorial experiment showing the significance of the primary and interaction
effects: Factor A1, B1, C1, ethanol concentration, liquid–solid ratio and ultrasonic power of UATS; Factor A2, B2, C2, ultrasonic power, ultrasonic time and liquid–solid
ratio of UAN.
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content of MOLF extracted by Bet-Gly was high. Nonetheless, during
practical application, deviations from the predicted Bet-Gly extraction
results by the model occur due to the intricate interplay of physical and
chemical properties of plant raw materials, target compounds, and
varying solvents.

3.8. In vitro antioxidant activities

3.8.1. DPPH scavenging abilities of MOLF extracted from UAN and UATS
DPPH is extensively utilized for the quantitative assessment of the

antioxidant capacity of biological samples, phenolic substances and
foods [55]. The scavenging capacity of MOLF extracted by UAN was
higher than that extracted by UATS in the range of 0.2–2.0 mg/mL
(Fig. 6A). When the concentration was 0.8 mg/mL, the scavenging
ability of UAN group reached the peak, which was 77.56 ± 1.82 %,
while the clearance ability of UATS group was only 66.63 ± 3.15 %.
However, the VC group had already reached its peak at 0.1 mg/mL,
which was 87.91± 0.19 %. The IC50 of the UAN group was 0.21 mg/mL,
while the IC50 of the UATS group was 0.47 mg/mL. At a concentration of
2 mg/mL, the clearance ability of these two groups was similar.

3.8.2. ABTS+ scavenging abilities of MOLF extracted from UAN and UATS
ABTS free radical scavenging ability detectionmethod is a commonly

used antioxidant activity evaluationmethod [56]. This method is mainly
based on the reduction of ABTS free radicals to alcohols under visible
light, and at the same time generates green ABTS+ ions. Our study
indicated that the free radical scavenging cationic activity of ABTS+was
concentration dependent of sample concentration, and reached the
maximum value at 1.2, 1.6 and 0.5 mg/mL for UAN, UATS and VC
groups, respectively (Fig. 6B). The IC50 of UAN and UATS groups were
0.32 and 0.45 mg/mL, respectively, which indicated that the MOLF
extracted by UAN had better free radical scavenging ability than that
extracted by UATS in the low concentration range.

3.8.3. Ferric reducing antioxidant power
In the oxidation–reduction process, the reduction potential of tran-

sition metal ions is very important for the pre oxidation reaction. FRAP
method can be used to determine the reducing activity of Fe3+ in single
electron transfer reaction [57]. The MOLF exhibited notable iron
reduction capability, aligning with the experimental outcomes of DPPH
and ATBS (Fig. 6C). These findings suggested that flavonoids possessing
robust antioxidant properties constitute a significant portion of the
constituents within UAN. However, it is plausible that the antioxidant
activity of MOLF extracted via UATS are comparatively lower than that
of the UAN group within the low concentration range, potentially
attributed to an excess of non-flavonoid impurities or substances lacking

Fig. 4. Total Ion Flow Chromatography of phenolic compositions in the mixed standard solution (A), UATS (C), and UAN (E); SEM of M. oleifera powder before
extraction (B), after extraction by UATS (D), and after extraction by UAN (F). 1, Gallic acid; 2, 3,4-Dihydroxybenzoic acid; 3, Protocatechualdehyde; 4, 4-Hydrox-
ybenzoic acid; 5, Phthalic acid; 6, Catechin; 7, Vanillic acid; 8, Caffeic acid; 9, Syringic acid; 10, Epicatechin; 11, Dihydromyricetin; 12, Vanillin; 13, p-Hydrox-
ycinnamic Acid; 14, Syringaldehyde; 15, Rutin; 16, Vitexin; 17, Trans-Ferulic acid; 18, Sinapic Acid; 19, Salicylic acid; 20, Luteoloside; 21, Quercetin 3-β-D-glucoside;
22, (+)-Dihydroquercetin; 23, Genistin; 24, Benzoic acid; 25, Kaempferol-3-O-glucoside; 26, (+)-Dihydrokaempferol; 27, Resveratrol; 28, Daidzein; 29, Luteolin; 30,
Quercetin; 31, Hydrocinnamic acid; 32, Trans-Cinnamic acid; 33, Naringenin Chalcone; 34, Phloretin; 35, Naringenin; 36, Apigenin; 37, Kaempferol; 38, Iso-
rhamnetin; 39, Isoliquiritigenin.
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Table 3
The phenolic compounds identified in the M. oleifera leaves extract using UPLC-Q Exactive/MS.

Peak Phenolic compounds RT
(min)

Curve Equation Ion
mode

Expected Mass (m/
z)

Detect Mass (m/
z)

Molecular Quantitative results (ng/
100 mg)

UATS UAN

1 Gallic acid 0.97 Y = 1.263e5X;
R^2: 0.9988

[M− H]− 169.01425 169.01442 C9H8O4 126.28 112.61

2 3,4-Dihydroxybenzoic
acid

1.87 Y = 2.105e5X;
R^2: 0.9991

[M− H]− 153.01933 153.01939 C7H8O4 0 94.8764

3 Protocatechualdehyde 3.15 Y = 4.92e5X;
R^2: 0.9972

[M− H]− 137.02442 137.02455 C7H6O3 189.6687 198.1469

4 4-Hydroxybenzoic acid 3.37 Y = 4.13e5X;
R^2: 0.9986

[M− H]− 137.02442 137.02453 C7H6O3 564.3413 48.8663

5 Phthalic acid 3.55 Y = 1.862e5X;
R^2: 0.9971

[M− H]− 165.01933 165.01951 C8H6O4 55.0559 12.5370

6 Catechin 3.96 Y = 2.129e5X;
R^2: 0.9987

[M− H]− 289.07176 289.07180 C15H14O6 0 6.5603

7 Vanillic acid 4.15 Y = 2.594e5X;
R^2: 0.9967

[M− H]− 167.03498 167.03495 C8H8O4 65.3074 69.0689

8 Caffeic acid 4.32 Y = 3.437e5X;
R^2: 0.9984

[M− H]− 179.03498 179.03495 C9H8O4 95.6597 114.9990

9 Syringic acid 4.51 Y = 2.286e5X;
R^2: 0.9959

[M− H]− 197.04555 197.04525 C9H10O5 29.4810 5.8379

10 Epicatechin 4.8 Y = 2.839e5X;
R^2: 0.9991

[M− H]− 289.07176 289.07180 C15H14O6 27.3483 12.2006

11 Dihydromyricetin 4.84 Y = 1.681e5X;
R^2: 0.9991

[M− H]− 319.04594 319.04650 C15H12O8 10.1517 0

12 Vanillin 5.13 Y = 4.865e5X;
R^2: 0.9980

[M− H]− 151.04007 151.04011 C8H8O3 82.0749 12.3972

13 p-Hydroxycinnamic Acid 5.29 Y = 5.512e5X;
R^2: 0.9967

[M− H]− 163.04007 163.04016 C9H8O3 140.2255 140.3931

14 Syringaldehyde 5.44 Y = 4.498e5X;
R^2: 0.9982

[M− H]− 181.05063 181.05082 C9H10O4 46.3723 2.7447

15 Rutin 5.57 Y = 1.857e5X;
R^2: 0.9998

[M− H]− 609.14611 609.14721 C27H30O16 8021.0908 5279.7812

16 Vitexin 5.59 Y = 3.239e5X;
R^2: 0.9995

[M− H]− 431.09837 431.09902 C21H20O10 3321.3972 2763.9433

17 Trans-Ferulic acid 5.64 Y = 3.356e5X;
R^2: 0.9949

[M− H]− 193.05063 193.05062 C10H10O4 71.5878 5.0263

18 Sinapic Acid 5.68 Y = 2.42e5X;
R^2: 0.9911

[M− H]− 223.0612 223.06108 C11H12O5 10.9371 1.7345

19 Salicylic acid 5.69 Y = 6.365e5X;
R^2: 0.9994

[M− H]− 137.02442 137.02450 C7H6O3 489.9950 10.8328

20 Luteoloside 5.73 Y = 1.722e5X;
R^2: 0.9983

[M− H]− 447.09328 447.0936 C21H20O11 5.7844 1.2725

21 Quercetin 3-β-D-glucoside 5.72 Y = 2.5e5X;
R^2: 0.9986

[M− H]− 463.0882 463.08837 C21H20O12 11678.9481 10123.7660

22 (+)-Dihydroquercetin 5.81 Y = 3.025e5X;
R^2: 0.9986

[M− H]− 303.05103 303.05087 C15H12O7 0 0.7548

23 Genistin 5.81 Y = 3.016e4X;
R^2: 0.9992

[M− H]− 431.09837 431.09872 C21H20O10 169.2535 469.7720

24 Benzoic acid 6 Y = 1.553e5X;
R^2: 0.9981

[M− H]− 121.0295 121.02959 C7H6O2 526.1856 43.1915

25 Kaempferol-3-O-glucoside 6.05 Y = 1.968e5X;
R^2: 0.9999

[M− H]− 447.09328 447.09384 C21H20O11 5325.7156 5519.1712

26 (+)-Dihydrokaempferol 6.41 Y = 6.226e5X;
R^2: 0.9993

[M− H]− 287.05611 287.05599 C15H12O6 4.7764 0.7477

27 Resveratrol 6.65 Y = 3.53e5X;
R^2: 0.9997

[M− H]− 227.07137 227.07122 C14H12O3 0 0

28 Daidzein 6.8 Y = 1.008e6X;
R^2: 0.9981

[M− H]− 253.05063 253.05050 C15H10O4 0 0.0284

29 Luteolin 7.01 Y = 7.059e5X;
R^2: 0.9996

[M− H]− 285.04046 285.04034 C15H10O6 6.1846 1.3495

30 Quercetin 7.05 Y = 4.001e5X;
R^2: 0.9996

[M− H]− 301.03538 301.03521 C15H10O7 936.9820 136.9240

31 Hydrocinnamic acid 7.1 Y = 2.672e5X;
R^2: 0.9967

[M− H]− 149.0608 149.06085 C9H10O2 9.3104 2.8835

32 Trans-Cinnamic acid 7.19 Y = 2.507e5X;
R^2: 0.9978

[M− H]− 147.04515 147.04537 C9H8O2 114.7984 15.2503

33 Naringenin Chalcone 7.49 Y = 2.167e5X;
R^2: 0.9982

[M− H]− 271.0612 271.06103 C15H12O5 0 0

34 Phloretin 7.5 Y = 1.307e6X;
R^2: 0.9990

[M− H]− 273.07685 273.07641 C15H14O5 0.1717 0.0466

35 Naringenin 7.53 Y = 1.094e6X;
R^2: 0.9973

[M− H]− 271.0612 271.06167 C27H32O14 5.5369 1.8217

36 Apigenin 7.53 Y = 1.377e6X;
R^2: 0.9993

[M− H]− 269.04555 269.04559 C15H10O5 2.0768 0.3556

(continued on next page)
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antioxidant activity. Feng et al. found that the antioxidant activity of
Camellia oleifera polyphenols extracted using DES composed of choline
chloride and fructose is significantly higher than that extracted using 80
% ethanol [26]. It was worth noting that at 1.6 mg/mL, the antioxidant
activity of UAN group had been similar to that of VC group. Until 2.0
mg/mL, the antioxidant activities of the three groups were basically the
same, which indicated that MOLF shows good antioxidant activity in
vitro.

3.8.4. Protective effect of MOLF on H2O2 induced oxidative damage in
IPEC cells

In order to verify the antioxidant effect of MOLF obtained by
different extraction methods in vitro, the H2O2 induced oxidative stress
model of IPEC cells was established. The ROS level in cells was quan-
tified by measuring the fluorescence intensity of probe DCFH-DA. The
results showed that 3 % H2O2 could significantly increase the intensity
of intracellular oxidative stress, while 10–200 μg/mL UAN and VC could
significantly reduce the oxidative degree of IPEC cells, and 50–200 μg/
mL UATS exhibited a similar effect (Fig. 6D). The antioxidant capacity of
the three treatments exhibited a concentration-dependent pattern.
Notably, at equivalent concentrations, the UAN group demonstrated a
superior antioxidant capacity compared to the UATS group. This

suggested that the MOLF extracted by UAN can effectively diminish the
fluorescence intensity of ROS in IPEC cells, and may play a role in
protecting IPEC cells from free radical damage by reducing the amount
of ROS.

4. Conclusions

In this study, we compared the extraction of flavonoids from
M. oleifera leaves using NADES and traditional solvent 70% ethanol, and
investigated their extraction, composition, and biological activity. To
accomplish this objective, we meticulously selected the optimal NADES
with betaine as the HBA and urea as the HBD, maintaining a molar ratio
of 1:2 and a water content of 50% from eight representative NADES. The
extraction yield was optimized through single-factor experiments and
RSM. Under the optimal circumstances, the content of MOLF extracted
by UANwas 54.69± 0.19 mg RE/g DW, whereas that extracted by UATS
amounted to only 32.06 ± 0.24 mg RE/g DW, representing a 1.7-fold
increase in extraction yield. Subsequently, UPLC-Q Exactive/MS was
used to compare the MOLF components extracted by the two methods,
which will facilitate further identification of the components. Further-
more, based on the COSMO-RS model, the five principal flavonoids in
MOLF were validated to exhibit the highest solubility in the NADES

Table 3 (continued )

Peak Phenolic compounds RT
(min)

Curve Equation Ion
mode

Expected Mass (m/
z)

Detect Mass (m/
z)

Molecular Quantitative results (ng/
100 mg)

UATS UAN

37 Kaempferol 7.62 Y = 8.581e5X; R^2:
0.9991

[M− H]− 285.04046 285.04040 C15H10O6 89.6168 20.4347

38 Isorhamnetin 7.69 Y = 9.187e5X; R^2:
0.9991

[M− H]− 315.05103 315.05108 C16H12O7 91.1687 7.4387

39 Isoliquiritigenin 7.85 Y = 1.63e6X; R^2:
0.9985

[M− H]− 255.06628 255.06616 C15H12O4 0 0.1033

Fig. 5. Sigma-profiles of five main flavonoids in MOLF (A) and geometric optimization of molecular structures of betaine, urea and flavonoids (B); Solubility (C) and
activity coefficients (D) of five main flavonoids in MOLF.
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comprised of Bet-urea. Additionally, in vitro antioxidant assessments
revealed that MOLF extracted by UAN displayed superior performance
compared to that extracted by UATS, showcasing enhanced antioxidant
efficacy. This study introduced a novel approach for the efficient
extraction of bioactive compounds and substantiates its superior
bioactive effects compared to conventional methods.
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