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antioxidant properties†
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In this study, a response surface method (RSM) was used to optimise the ultrasonic-assisted deep eutectic

solvent (DES) extraction of myricetin from myricetin leaves. The results demonstrated that the DES-5

(choline chloride–oxalic acid) system exhibited better extraction results than the other seven DESs

prepared. The optimum extraction conditions for myricetin were a DES-5 system with 19% water content

of DES, a liquid-to-solid ratio of 37 : 1 mL g−1, an extraction time of 45 min, and an extraction

temperature of 72 °C. Under these conditions, the extraction amount of myricetin was 22.47 mg g−1. To

optimise the extraction process, the crude myricetin extract was purified, and the optimal conditions

were as follows: an AB-8 macroporous adsorption resin was used with an anhydrous ethanol desorption

agent. The adsorption rate was 1 BV per h (bed volume per hour), the desorption rate was 1 BV per h,

and the desorption capacity was 2 BV (bed volume). The antioxidant properties of the myricetin were

also investigated. The results demonstrated that, with an increase in concentration, the scavenging rates

of DPPH and cOH free radicals increased. Compared to Vc, myricetin had a better scavenging ability for

DPPH free radicals, whereas purified myricetin had a better antioxidant effect. At the same

concentration, the radical-scavenging rate of the cOH radical was slightly higher in myricetin purified by

the macroporous adsorption resin than in Vc, and that of the unpurified myricetin was the smallest.

Myricetin was purified using a macroporous adsorption resin to improve its antioxidant properties.
1 Introduction

Myrica is an evergreen tree of the genus Myrica that has high
medicinal value.1 Myricetin, a polyhydroxyl avonoid, is themain
active ingredient in the leaves of Myrica rubra.2 The phenolic
hydroxyl group in its structure can react with free radicals to form
a more stable semiquinone free radical, thereby effectively scav-
enging free radicals.3 Myricetin has good biological activity and is
widely used in medicine, healthcare, and food.4

The ultrasonic-assisted extraction technique uses the cavi-
tation effect of ultrasound to increase the frequency of move-
ment of macromolecules, thus increasing the penetration of the
deep eutectic solvent (DES), andmechanical and thermal effects
of ultrasound to increase the dissolution rate of myricetin, thus
increasing the amount of dissolution.5,6 Ultrasound-assisted
extraction technology has been widely used for the extraction
of natural products because of its short extraction time, high
extraction efficiency, and environmental friendliness.7–10

DES is prepared by mixing hydrogen bond acceptors (quater-
nary ammonium salts, amphoteric ions, etc.) with hydrogen bond
donors (amides, carboxylic acids, etc.) in a certain molar ratio and
l of Chemistry and Environment Science,
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tion (ESI) available. See DOI:

135
has the advantages of low toxicity, green, and is environmentally
friendly.11–14 Using DES as an extraction solvent combined with
ultrasonic-assisted extraction technology can further improve the
extraction efficiency of natural plants and has promising appli-
cations in the extraction and separation of natural plants. Oliveira
et al.15 developed seven DES and used pectin lyase and DES to
extract high concentrations of avonoids from citrus pomace. The
extraction effect and antioxidant activity of avonoids and total
phenolic compounds from citrus pomace using DES were higher
than those of conventional extraction, and it had excellent
extraction potential and was related to pectin lyase. Du et al.,16

conrmed that DES (betaine hydrochloride : sucrose : water = 1 :
1 : 94.50) was a more efficient and green extraction solvent when
extracting jasmine avonoids with DES compared with water and
ethanol, which are two traditional solvents. Wu et al.9 adopted an
ultrasonic-assisted natural deep eutectic solvent method (UAE-
NADES) to extract ve polyphenols greenly and efficiently
(chlorogenic acid, (+)-catechin, protocatechuic acid, caffeic acid,
and gallic acid) from Chaenomeles speciosa (CSP), and choline
chloride–urea–malonic acid (ChCl–Ur–MA) was identied as the
optimal composition for NADES. The total yield of ve compo-
nents was 3.92 ± 0.03 mg g−1, which was higher than traditional
organic solvents. Wang et al.17 adopted a low eutectic solvent
oscillation-assisted extraction (DES-OS) combined with a macro-
porous resin adsorption–desorption technique to achieve rapid
green extraction and separation of dihydromyricetin (DMY),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DES components and molar ratios

Number Components Mole ratio

DES-1 Choline chloride–glycerol 1 : 2
DES-2 Choline chloride–ethylene glycol 1 : 1
DES-3 Choline chloride–ethylene glycol 1 : 2
DES-4 Choline chloride–D-fructose 1 : 2
DES-5 Choline chloride–ethanedioic acid 1 : 1
DES-6 Choline chloride–propanedioic acid 1 : 1
DES-7 Choline chloride–lactic acid 1 : 2
DES-8 Choline chloride–urea 1 : 2
DES-9 Choline chloride–triethanolamine 1 : 1
DES-10 Choline chloride–ethylene glycol–urea 1 : 1 : 1
DES-11 Choline chloride–vanillin–lactic acid 1 : 1 : 1
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View Article Online
a characteristic component of vine tea. Multivariate data analysis
demonstrated that the DES system composed of tetrabuty-
lammonium bromide (N444Br) and pyruvate (molar ratio: 1 : 2)
enhanced the destruction of the DMY cell wall structure, resulting
in the release of more DMY and good extraction performance. Liu
et al.,18 used natural eutectic solvents to extract ve important
coumarins from Angelica dahurica: bergapten, oxypeucedanin,
imperatorin, cnidilin, and isoimperatorin. Compared to conven-
tional extraction methods, the extraction efficiency of this
method increased by 10.74%. Wang et al.,19 used ultrasonic-
assisted extraction (DES-UAE) with deep eutectic solvent to
extract the Selaginella chaetoloma total biavonoids (SCTB).
Tetrapropylamonium bromide-1,4-butanediol (Tpr-But) was used
as the extractant for optimisation. DES-UAE saves time and
increases the extraction rate of SCTB by 1.5–3 times. SCTB has
excellent antioxidant activity and can effectively inhibit cancer cell
growth. Rashid et al.,20 used a natural eutectic solvent (NADES) in
combination with ultrasound-assisted extraction (UAE) to extract
bioactive compounds from apple pomace. The solvent that out-
performed conventional solvents was DES1 (choline chloride :
glycerin (1 : 2)). High-performance liquid chromatography (HPLC)
of the optimised extract was used to quantify the polyphenol
compounds. Quercetinwas themain compound present, followed
by chlorogenic acid, gallic acid, phloretin, phloretin, and rutin.
Peng et al.,21 selected low eutectic solvent (choline chloride
(ChCl)–urea) to extract avonoids from Moringa oleifera leaves
(FMOL) with the highest extraction efficiency of 63.2 ± 0.3 mg R
per g DW, and identied 9 types of avonoids. FMOL is superior to
positive control drugs in terms of antioxidant activity. This study
conrmed that FMOL extracted with (ChCl)–urea is rich in
bioactive components and that microencapsulated FMOL has
potential applications in the food industry. Ultrasonic-assisted
DES extraction technology has become a research hotspot in the
eld of natural product research in recent years, with signicant
potential for development.22,23 At present, research on this aspect
mainly focuses on process conditions, such as the water content
of the DES, liquid–solid ratio, extraction temperature, extraction
time, and other factors.24,25

Macroporous resin adsorption is based on the van der Waals
attraction between the resin and myricetin through the specic
surface physical adsorption of the resin, followed by eluent
purication and separation using myricetin technology.26,27

Myricetin extracted using ultrasound-assisted DES and further
puried bymacroporous resin can have better biological activity
and signicantly expand its applications.28–30

In this study, we investigated the process conditions for the
DES extraction of myricetin and its separation and purication
by macroporous resin. Finally, the antioxidant activity of the
myricetin was evaluated. This study aimed to provide a refer-
ence for the extraction, purication, and application of myr-
icetin from Myrica rubra leaves.

2 Materials and methods
2.1 Instruments and chemicals

2.1.1 Main instruments. FW117 herbal pulveriser (Tianjin
Teste Instruments Co., Ltd), BSA224S-CW Electronic Balance
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Sartorius Scientic Instruments (Beijing) Co., Ltd), GW1030
ultrasonic cleaning machine (Shenzhen Guanbo Technology
Co., Ltd), LD5-10 low-speed centrifuge (Beijing Jingli Centrifuge
Co., Ltd), Cary50 ultraviolet-visible spectrophotometer (Varian),
and WGLL-230BE electric blast drying oven.

2.1.2 Chemicals. Myricetin standard ($97%, Shanghai
Dibo Biotechnology Co., Ltd). Myrica rubra leaves collected in
Yuyao, Zhejiang Province, China. Vitamin C tablets (Xi'an Lijun
Pharmaceutical Co. Ltd). DPPH ($98%, Shanghai Ika Biotech-
nology Co., Ltd). Choline chloride (ChCl, AR, 98%), 1,2-pro-
panediol (C3H8O2, AR, 99%), glycerol (C3H8O3, 98%), D-fructose
(C6H12O6, 99%), vanillin (C8H8O3) were obtained from Aladdin
Chemistry Co. Ltd. Ethanedioic acid (H2C2O4, $99.5%), pro-
panedioic acid (C3H4O4, 98%), lactic acid (C3H6O3, 85%), urea
(CH4N2O, $99.5%), triethanolamine (C6H15NO3, AR) were
purchased from Shanghai Macklin Biochemical Co., Ltd.
Ethanol (CH3CH2OH, AR, 95.0%), methanol (CH3OH, AR,
99.5%), ferrous sulfate (FeSO4$7H2O, AR, $99.0%), hydrogen
peroxide (H2O2, AR, 30 wt% in H2O), and salicylic acid (C7H6O3,
AR, 99.5%) were purchased from Chengdu Alfa Biotechnology
Co., Ltd (Chengdu, China).
2.2 Preparation of DES

Combined with the research reports on the extraction of avo-
noids in plants, hydrophilic DESs were selected to extract Myr-
icetin.21,22 According to the molar ratio of hydrogen bond
acceptor to hydrogen bond donor in Table 1, a certain mass of
hydrogen bond acceptor and hydrogen bond donor was
weighed into a 250 mL beaker, and the glass rod was stirred and
mixed evenly. The DES was prepared by heating at 80 °C with
magnetic stirring.
2.3 DES extraction of myricetin in Myrica rubra leaves

2.3.1 Determination of the maximum absorption wave-
length. Twenty milligrams of the myricetin standard in a 50 mL
beaker was dissolved in a 50 mL beaker with a volume fraction
of 80% ethanol aqueous solution by volume, transferred to
a 100 mL volumetric bottle, and shaken well to x the volume.
The maximum absorption wavelength of myricetin was deter-
mined by measuring the wavelength of the myricetin solution
RSC Adv., 2024, 14, 18126–18135 | 18127
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View Article Online
aer a certain proportion of dilution using UV
spectrophotometry.

2.3.2 Preparation of standard curve of myricetin. The
myricetin standard (20 mg) was accurately weighed and dis-
solved in a 100 mL beaker with methanol, transferred to
a 100 mL volumetric bottle, and shaken well to determine the
volume. Subsequently, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 mL
myricetin standard solution were put into ve-10 mL volumetric
asks, respectively, diluted with methanol, and shaken well at
a constant volume. A 1–1.5 mL of diluted standard solution was
taken to a 0.22 mm lter membrane and the peak area of the
myricetin standard was determined; the standard curve was
plotted on a horizontal coordinate as the concentration of the
solution (mg mL−1) and vertical coordinate as the peak area.
Chromatographic conditions: methanol : water = 40 : 60 of
mobile phase, detection wavelength 370 nm, column: C18
(4.6 mm × 150 mm, 5 mm), ow rate 1.0 mL min−1.

2.3.3 Pre-treatment ofMyrica rubra leaves. The leaves were
washed with distilled water, dried naturally, and put in an oven
at 60 °C until they were absolutely dry. The bayberry leaves were
pulverised using a Chinese herbal crusher, sied through a 40-
mesh sieve, and the powder was sealed for later use.

2.3.4 Extraction of myricetin. A 100 mg of arbutus leaf
powder was accurately weighed in a 10 mL centrifuge tube,
2.5 mL of DES with 2.5 mL of 80% ethanol aqueous solution by
volume was added, and a centrifuge tube was put into an
ultrasonic cleaning machine for ultrasonic-assisted extraction.
Aer ultrasonication, the samples were cooled to room
temperature and centrifuged, and the supernatant was
collected to record the volume (V) and the crude extract of
myricetin was obtained. The sample was diluted severally, the
absorbance of the diluted sample was measured, and the
concentration of the crude extract of myricetin (C) was calcu-
lated based on the standard curve equation; each experiment
was repeated three times. Finally, the amount of extracted
myricetin was calculated using eqn (1-1).

Extraction amount of myricetin:

Y ¼ C � V �N

M
(1-1)

C—the concentration calculated from the standard curve
equation, mg mL−1, V—the volume of myricetin extract, mL,
N—dilution ratio, M—powder quality of bayberry leaves, g.

2.4 Separation and purication of myricetin

2.4.1 Separation and purication of myricetin. To separate
and purify the myricetin extract, the resin was added to a glass
chromatography column, and a 10 cm (5%mass concentration)
hydrochloric acid solution was added above the resin layer and
soaked for 2–4 hours. A 5% (mass concentration) hydrochloric
acid solution of 4 times the volume of the column, was then
passed through the column. Distilled water was added to wash
the solution to neutral pH. The resin was then soaked in 5%
(mass concentration) NaOH solution for 4 hours. The column
was washed four times with a 5% (mass concentration) NaOH
solution. Finally, distilled water was used for washing until the
pH was neutralised.
18128 | RSC Adv., 2024, 14, 18126–18135
The crude extract of myricetin obtained from experiment
2.3.4, was passed through the column at a rate of 1 BV per h, and
the resin was washed with distilled water. Ethanol was then
used for elution at rates of 2 BV and 1 BV per h. The effluent was
collected to obtain the myricetin extract, which was stored for
further use. The eluate was collected, concentrated by vacuum
using a rotary evaporator and nally dried under vacuum to
obtain crystal powder.

2.4.2 Adsorption rate test of macroporous resin. The crude
extract of myricetin obtained in experiments 2.3.4, was passed
through the column at rates of 1, 2, and 3 BV per h. The effluent
was collected, and the absorbance was measured.

2.4.3 Adsorption analysis rate test of macroporous resin.
The crude extract of myricetin obtained in experiment 2.3.4, was
passed through the column at a rate of 1 BV per h, respectively,
and the resin was washed with distilled water and then eluted
with ethanol at rates of 1, 2, and 3 BV per h. The effluent was
collected, and the absorbance was measured.

2.4.4 Desorption capacity test of macroporous resin. The
crude extract of myricetin obtained in experiments 2.3.4, was
passed through the column at a rate of 1 BV per h, and the resin
was washed with distilled water. Subsequently, ethanol was
administered at 1 BV per h at dosages of 1, 2, and 3 BV. The
effluent was collected, and the absorbance was measured.

2.4.5 Calculation of adsorption capacity and desorption
rate of macroporous resin. The adsorption rate of the macro-
porous resin was calculated using eqn (1-2), and the desorption
rate of the resin was calculated using eqn (1-3).

q ¼ V � ðC0 � C1Þ
M

(1-2)

where q is the resin adsorption capacity (mg g−1); V is the
volume of crude extract (mL); C0 is the concentration of myr-
icetin in the sample solution of Myrica rubra leaves (mg mL−1);
C1 is the concentration of myricetin adsorbed by the crude
extract (mg mL−1); and M is the resin dry weight (g).

D ¼ V2 � C2

V � ðC0 � C1Þ (1-3)

where D is the desorption rate of the adsorbent resin; C2 is the
concentration of myricetin in the resolving solution (mg mL−1);
V2 is the volume of the resolving solution, mL; V is the volume of
the crude extract solution (mL); C0 is the concentration of
myricetin in the sample solution of Myrica rubra leaves (mg
mL−1); and C1 is the concentration of myricetin in the complete
crude extract solution (mg mL−1).

2.4.6 Determination of sample purity. Take the crystal
powder obtained in 2.4.1 and use the HPLC conditions in 2.3.2
to determine the peak area and calculate the purity of myricetin
in the powder (=mass of myricetin in the powder/mass of the
powder).31,32

2.5 Antioxidant test

2.5.1 DPPH method. DPPH-scavenging capacity was
determined with reference to Wang et al.,33 eight-10 mL test
tubes with plugs were used to extract 2 mL crude myricetin of 2,
4, 6, 8, 10, 12, 14, and 16 mg mL−1 of myricetin (1.3.4 extraction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of DES type on extraction yields.
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View Article Online
of myricetin). Next, 2 mL of DPPH solution (6.34 × 10−4 mmol
L−1) was added to each stoppered test tube, shaken well, and
allowed to stand for 30 min away from light. The absorbance
value was measured as A with a visible spectrophotometer, the
wavelength was adjusted to 517 nm, anhydrous ethanol plus
DPPH solution was used as a blank control and recorded as A0,
and clearance was recorded as (1-4).

The above experiments were repeated, and the crude myr-
icetin extract was replaced with the myricetin extract aer
separation and purication of 2.4.1.

The above experiment was repeated, and the crude myricetin
extract was replaced with the same concentration of Vc solution.

2.5.2 cOH radical method. Determination based on sali-
cylic acid method,34 eight-10 mL test tubes with plug were used
to measure 2 mL of 2 L, 4, 6, 8, 10, 12, 14, and 16 mg mL−1 of
myricetin solution. Subsequently, a 1 mL of 9 mmol per L FeSO4

solution was added, then 1 mL of 8.8 mmol per L H2O2 solution
was added. Aer 5 min reaction, a 1 mL of 5.4 mmol per L
salicylic acid–ethanol solution was added and then shaken well
and wasmeasured at 510 nm aer reaction in a 35 °C water bath
for 30 min. Distilled water was used as a blank control instead
of the sample to be tested and was recorded as A0. The radical
scavenging rate was calculated according to eqn (1-4).

The aforementioned experiments were repeated and the
crude extract of myricetin was replaced with 2.4.1 myricetin
extract aer the isolation and purication of myricetin.

The aforementioned experiments were repeated with the
addition of extracts replaced with the same concentration of Vc
solution. Finally, the clearance was calculated using eqn (1-4).

Radical scavenging rate ¼
�
1� A

A0

�
� 100% (1-4)

3 Result analysis and discussion
3.1 Selection of maximum absorption wavelength

The test was conducted as described in Section 2.3.1. As shown
in Fig. S1,† the maximum absorption wavelength of the myr-
icetin standard is 370 nm.

3.2 Standard curve of myricetin

As described in Section 2.3.2, the HPLC chromatogram of the
standard sample is illustrated in Fig. S2.† The linear equation is
A = 0.05088C + 0.03578 in the concentration range of 3.7–18.5
mg mL−1, where R2 = 0.99963, indicating that there is a good
linear relationship between absorbance and myricetin standard
solution concentration.

3.3 Analysis and discussion of single factor results

3.3.1 Selection of DES. The DES was prepared according to
the procedure described in Section 2.2, and the myricetin
extraction experiment was conducted according to Section 2.3.
DES-1, DES-2, DES-3, DES-4, DES-5, DES-6, DES-7, DES-8, DES-9,
DES-10, and DES-11 with 30% water content and 80% aqueous
ethanol solution by volume fraction were used as the extraction
solvents. The amounts of myricetin extracted fromMyrica leaves
© 2024 The Author(s). Published by the Royal Society of Chemistry
were compared. The extracted amounts are illustrated in Fig. 1.
The other conditions were an extraction time of 50 min,
extraction temperature of 60 °C, ultrasonic power of 600 W, and
a liquid-to-material ratio of 25 : 1 mL g−1. The extracted
amounts are illustrated in Fig. 2.

As illustrated in Fig. 1, the extraction yields of DES-4, DES-5,
DES-6, DES-8, and DES-10 were higher than those of 80%
ethanol extraction, with DES-5 having the highest extraction
yield. This was caused by the different polarities of the different
DES species, with DES-5 being the closest to myricetin. The
viscosities and densities of the DESs differed at different
temperatures, and the extraction of DES-5 was better than that
of the other 10 under the same extraction conditions. Therefore,
DES-5 (choline chloride–oxalate molar ratio of 1 : 1) is a suitable
extraction solvent.

3.3.2 Effect of DES water content on the extraction amount
of myricetin. As illustrated in Fig. 2a, with an increase in the
water content of the DES, the amount of myricetin extracted
from bayberry leaves decreased. When the water content of the
DES was 0–20%, the extraction amount of myricetin from Myr-
ica rubra leaves was larger, and then with an increase in the
water content of the DES, the extraction amount decreased.

A possible reason for this is the change in system polarity
owing to the increase in water content.35 Although the surface
tension decreased with the increase in water content, the
viscosity of the DES decreased accordingly, which facilitated the
extraction; this is not sufficient to compensate for the change in
the polarity of the system, while a small amount of bound water
exists in oxalic acid itself.36 Moreover, an increase in water
content can reduce the amount of DES and extraction costs.

3.3.3 Effect of liquid–solid ratio on extraction amount of
myricetin. As illustrated in Fig. 2b, with an increase in the
liquid–solid ratio, the extraction amount of myricetin from
Myrica rubra leaves gradually increased and tended to be at
when the liquid–solid ratio reached 30 : 1. It is because with the
increase of the liquid–solid ratio, that is, the amount of DES
RSC Adv., 2024, 14, 18126–18135 | 18129
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Fig. 2 Effects of DES different parameters on the extraction yields of myricetin. (The extraction experiment of myricetin was performed as
outlined in Section 2.3.) (a) Effect of water content on the extraction yields of myricetin. (Extraction conditions: extraction time of 50 min,
extraction temperature of 60 °C, ultrasonic power of 600W, and liquid-material ratio of 25 : 1 mL g−1.) (b) Effect of liquid–solid ratio on extraction
yields of myricetin. (Extraction conditions: extraction time of 50 min, extraction temperature of 60 °C, ultrasonic power of 600 W.) (c) Effect of
extraction time on the extraction amount of myricetin. (Extraction conditions: extraction time of 50 min, extraction temperature of 60 °C,
ultrasonic power of 600 W, liquid–material ratio of 32 : 1 mL g−1.) (d) Effect of extraction temperature on the extraction amount of myricetin
(Extraction conditions: extraction time of 50 min, the ultrasonic power of 600 W, liquid–material ratio of 32 : 1 mL g−1.).
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increases, myricetin is continuously extracted. When the
liquid–solid ratio was increased to 30 : 1 mL g−1, myricetin was
extracted; thereaer, the extraction amount remained
unchanged by increasing the DES. The dosage of DES and
extraction costs increased simultaneously. In summary, the
most suitable liquid–solid ratio was 30 : 1 mL g−1.

3.3.4 Effect of extraction time on the extraction amount of
myricetin. As illustrated in Fig. 2c, the extraction amount of
myricetin from Myrica rubra leaves rst increased and then
decreased with an increase in ultrasonic time. At 20–40 min,
with an increase in time, ultrasonic mechanical cavitation was
enhanced, and the ow and penetration of the DES increased;37

thus, the amount of extraction increased. Myricetin was
extracted aer 40min. The extraction time exceeded 40min, the
structure of myricetin was damaged by mechanical action,
cavitation effect and thermal effect for a long time, resulting in
18130 | RSC Adv., 2024, 14, 18126–18135
the decomposition and loss of part of myricetin in Myrica rubra
leaves, and the extraction amount decreased instead. The
optimal extraction time was determined to be 40 min.

3.3.5 Effect of extraction temperature on the extraction
amount of myricetin. As illustrated in Fig. 2d, with an increase
in temperature, the extraction amount of myricetin rst
increased and then decreased, and the maximum extraction
amount was reached at 60 °C. This is because of the maximum
solubility of DES5 at 60 °C for myricetin. Simultaneously, the
viscosity decreased with increasing temperature, which was
more conducive to the dissolution of myricetin.38 When the
temperature was higher than 60 °C, the extraction amount
decreased. A possible reason for this is that the structure of
myricetin is easily damaged by high temperatures. In summary,
the extraction efficiency was higher at 60 °C.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.4 Response surface results analysis

3.4.1 Response surface method experimental design.
Based on the single-factor test, response surface methodology
(RSM) was adopted to investigate the water content of the DES,
liquid–solid ratio, extraction temperature, and extraction time
as the four main factors inuencing the extraction amount of
myricetin (Y), denoted by A, B, C, and D. The different test levels
for each factor were coded as−1, 0, and 1, and the Box–Behnken
experimental design (BBD) was selected. To further optimise
the extraction process and increase the precision of the exper-
iment, ve central points were selected, and 29 groups of
experiments were conducted.39,40 The response surface design
factor levels are listed in Table 2.

3.4.2 Response surface test results. The test was conducted
according to the response surface design described in Section
3.4.1, and the results are listed in Table 3.
Table 2 Response surface design factor level table

Factors

Level

−1 0 1

Water content (%) 10 20 30
Liquid–solid ratio (mL g−1) 24 : 1 32 : 1 40 : 1
Extraction temperature (°C) 60 70 80
Extraction time (min) 30 40 50

Table 3 Response surface design results for extraction of myricetin from

Run Water content/%
Liquid–solid
ratio/mL g−1 Extraction time/

1 −1 −1 0
2 −1 1 0
3 1 −1 0
4 1 1 0
5 0 0 −1
6 0 0 −1
7 0 0 1
8 0 0 1
9 −1 0 0
10 −1 0 0
11 1 0 0
12 1 0 0
13 0 −1 −1
14 0 −1 1
15 0 1 −1
16 0 1 1
17 −1 0 −1
18 −1 0 1
19 1 0 −1
20 1 0 1
21 0 −1 0
22 0 −1 0
23 0 1 0
24 0 1 0
25 0 0 0
26 0 0 0
27 0 0 0
28 0 0 0
29 0 0 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4.3 Analysis of variance for response surface test results.
The results in Table 3 were statistically analysed using SAS
Release 8.01 TS Level 01MO, and the results are listed in Tables
4 and 5.

As listed in Table 4, model P < 0.0001, indicating that the
regression model reached a signicant statistical level of 0.01;
equation determination factor R2 = 0.9133, that is, the variables
explain 91.33% of the variation in the model; there are many
factors inuencing the process of extracting myricetin, factors
not accounted for, and interactions between factors not
accounted for, and those in the model can affect the regression
equation.24,25 The model explained only 8.67% of the total
variation, indicating that the equation had a high degree of
tness. This model can be used to analyse and predict the
extraction process of myricetin from myricetin leaves. The t-test
results for the model are listed in Table S1.†

The interaction terms B*D and C*D in Table 4 reached
a signicance level of 0.01, that is, the liquid–solid ratio,
extraction time, and extraction temperature. The contours in (e)
and (f) in Fig. 3 show a distinct ellipse; the long axis of the
ellipse is near the diagonal, and the response surface shows
a steep mountain range shape. The remaining contours are
basically circular, response surface is peak-shaped, and inter-
action effect is not signicant. If the liquid-to-material ratio or
extraction temperature was changed during the experimental
operation, the extraction time was adjusted accordingly. If the
myrica rubra leaves

min Extraction temperature/°C Myricetin content mg g−1

0 13.49
0 19.86
0 13.05
0 17.26
−1 15.83
1 12.08
−1 11.60
1 18.53
−1 11.30
1 13.73
−1 12.58
1 13.82
0 12.19
0 13.58
0 16.32
0 15.63
0 14.55
0 16.30
0 14.20
0 17.15
−1 17.74
1 10.43
−1 12.64
1 20.10
0 21.11
0 20.03
0 20.91
0 21.26
0 22.67
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Table 4 Variance analysis of the modela

Source of variance Degree of freedom Sum of squares Mean square F-Value p-Value

A 1 0.1141 0.1141 0.0536 0.8203
B 1 37.9141 37.9141 17.8034 0.0009*
C 1 4.8387 4.8387 2.2721 0.1540
D 1 4.0833 4.0833 1.9174 0.1878
A*A 1 65.8038 65.8038 30.8996 0.0001*
A*B 1 1.1664 1.1664 0.5477 0.4715
A*C 1 0.3600 0.3600 0.1690 0.6872
A*D 1 0.3540 0.3540 0.1662 0.6896
B*B 1 42.5126 42.5126 19.9627 0.0005*
B*C 1 1.0816 1.0816 0.5079 0.4878
B*D 1 54.5382 54.5382 25.6096 0.0002*
C*C 1 62.3888 62.3888 29.2960 0.0001*
C*D 1 28.5156 28.5156 13.3901 0.0026*
D*D 1 106.3333 106.3333 49.9310 0.0001*
Model 14 314.0914 22.4351 10.5349 0.0001*
Error 14 29.8144 2.1296
Total 28 343.9058

a *the difference was signicant, p < 0.05.

Table 5 Lack of fit test analysis

Source of variance Degree of freedom Sum of squares Mean square F-Value p-Value

Lack of t 10 26.1889 2.6189 2.89 0.1591
Pure error 4 3.6255 0.9064
Total error 14 29.8144 2.1296
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extraction time was changed, the liquid–solid ratio and extrac-
tion temperature were adjusted accordingly to obtain the best
extraction effect. The contour map is depicted in Fig. S3.†

As summarized in Table 5, the lack-of-t item P-value is
0.1591 > 0.05, indicating that the tted regression model is
consistent with the trend of data change, which is favourable to
the model. Basically, there is a lack of t items, and the
regression equation can be used to analyse the experimental
results instead of the real point of the experiment. Therefore,
the model was better for the theoretical prediction of the
amount of myricetin extracted from myricetin leaves in DES
using the following quadratic regression equation:

Y = 21.196 − 0.0975 × A + 1.7775 × B + 0.635 × C + 0.5833 × D

− 3.1851 × A × A − 0.5400 × A × B + 0.3 × A × A − 0.2975 × A

× D − 2.5601 × B × B − 0.52 × B × C + 3.6925 × B × D −
3.1013 × C × C + 2.67 × C × D − 4.0488 × D × D

The model predicted a maximum value of 21.99 and the
maximum value is the point of stability. The predicted optimal
conditions were: −0.081148, 0.659 076, 0.238 744, and 0.454
274, which are substituted back into Table 2, and the best
conditions are obtained as follows: moisture content 19.1885%,
liquid–solid ratio of 37.2716 : 1 mL g−1, extraction temperature
of 72.3874 °C, and extraction time of 44.5428 min. Considering
the operability of the experiment; the water content of 19%,
liquid–solid ratio of 37 : 1 mL g−1, extraction temperature of 72 °
C, and extraction time of 45 min were taken. Validation
18132 | RSC Adv., 2024, 14, 18126–18135
experiments were performed under these conditions and
repeated thrice to obtain an extraction amount of 22.47 mg g−1.
3.5 Analysis and discussion of myricetin separation by
macroporous resin

3.5.1 Adsorption rate of macroporous resin. The test was
performed according to Section 2.4.2. As shown in Fig. 4a, the
amount of adsorption decreased with an increase in the
adsorption rate. This is because adsorption occurs at a certain
rate and an extremely fast adsorption rate leads to a short
residence time for myricetin in the liquid phase, which cannot
be adsorbed onto the macroporous adsorption resin.18 The
adsorption rate was low, adsorption time was long, and oper-
ating costs increased. In summary, an adsorption rate of 1 BV
per h was the most suitable.

3.5.2 Adsorption and desorption rate of macroporous
resin. The test was conducted according to Section 2.4.3. As
shown in Fig. 4b, the resolution rate decreased with an increase
in the desorption rate. This is because the desorption speed was
extremely high for myricetin in the adsorption column to be
eluted in time, and the desorption rate was low. This is because
the desorption rate was extremely high, the amount of myricetin
in the adsorption column was less than that in the elution
column, and the desorption rate was low. The desorption rate
was low and myricetin was desorbed. Simultaneously, the
desorption rate decreased, desorption time increased, and
operating costs increased. On balance, a desorption rate of 1 BV
per h is suitable.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Response surface plots.

Fig. 4 (a) Effect of adsorption rate on adsorption volume. (b) Effect of desorption rate on resolution rate. (c) Effect of desorption volume on the
resolution rate.
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3.5.3 Desorption volume of macroporous resin. The test
was performed as described in Section 2.4.4, as shown in
Fig. 4c. With an increase in the desorption volume, myricetin
was continuously desorbed, and the desorption rate increased
at a desorption volume of 2 BV. Subsequently, the desorption
volume increased, and the desorption rate remained essentially
unchanged. As the desorption volume increased, the required
solvent and cost. Therefore, it was more appropriate to select
a desorption volume of 2 BV.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.5.4 Determination of sample purity. The experiment was
carried out according to 2.4.6 and it was found that the purity of
the puried samples of myricetin was 90.72%.

3.6 Antioxidant analysis and discussion

3.6.1 Antioxidant analysis and discussion of DPPH
method. The test was conducted according to Section 2.5.1, as
illustrated in Fig. 5a. With an increase in the concentration, the
radical scavenging rate of myricetin on DPPH free radicals
RSC Adv., 2024, 14, 18126–18135 | 18133
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Fig. 5 (a) Effect of concentration on DPPH free radical scavenging rate. (b) Effect of concentration on the scavenging rate of cOH radical.
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increased. At the same concentration, the radical scavenging
rate of DPPH free radicals puried by the macroporous
adsorption resin was higher than that of unpuried myricetin,
and the radical scavenging rate of Vc was the lowest. An HPLC
chromatogram of the extract is shown in Fig. S3.† The radical
scavenging rate of DPPH radicals by myricetin tended to be
unchanged aer the concentration was greater than 8 mg mL−1,
which was caused by the reaction between myricetin and DPPH
free radicals reached equilibrium. Overall, myricetin had
a better DPPH radical scavenging ability than Vc, and puried
myricetin had better antioxidant effects.

3.6.2 cOH radical antioxidant analysis and discussion. The
test was performed according to Section 2.5.2, as shown in Fig. 5b.
With an increase in the concentration, the radical scavenging rate
of myricetin for cOH free radicals increased as the myricetin
concentration increased. The scavenging rate of –OH radicals at
the same concentration was slightly greater for myricetin puried
by the macroporous adsorption resin than that for Vc, and the
lowest for unpuried myricetin. If myricetin is to be removed, it is
better to separate and purify the myricetin extract using a macro-
porous adsorbent resin to obtain better antioxidant properties.

4 Conclusion

(1) A DES-5 (choline chloride–oxalic acid) system with a water
content of 19% was used to extract myricetin. With a liquid–
solid ratio of 37 : 1 mL g−1, an extraction time of 45 min and
extraction temperature of 72 °C was a suitable DES extraction
process for myricetin. Under these conditions, the extraction
amount of myricetin was 22.47 mg g−1.

(2) Adsorption of myricetin extracted from DES using the AB-
8 macroporous adsorbent resin. Desorption using anhydrous
ethanol was performed under optimal conditions with an
adsorption rate of 1 BV per h, desorption rate of 1 BV per h and
desorption volume of 2 BV.

(3) The antioxidant effects of myricetin aer purication and
crude extraction were studied using an in vitro antioxidant
method and the scavenging effects of myricetin on DPPH and
cOH free radicals were investigated. The results showed that
with an increase in myricetin concentration, the scavenging
18134 | RSC Adv., 2024, 14, 18126–18135
rates of DPPH free radicals and cOH free radicals increased.
Compared to Vc, myricetin has a better scavenging ability for
DPPH free radicals, and puried myricetin has a better antiox-
idant effect. The scavenging rate of –OH radicals at the same
concentration was slightly greater for myricetin puried by the
macroporous adsorption resin than that of Vc and the lowest for
unpuried myricetin. Myricetin was puried using a macro-
porous adsorption resin to improve its antioxidant properties.
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