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ectic solvents as tailored and
sustainable media for the extraction of five
compounds from compound liquorice tablets and
their comparison with conventional organic
solvents†

Jia-ni Dong, ‡a Guo-dong Wu,‡a Zhi-qiang Dong,c Dan Yang,a Yu-kun Bo,a

Ming An*a and Long-shan Zhao *b

An efficient and environmentally friendly ultrasound-assisted (UAE) natural deep eutectic solvent (NADES)

extraction method was applied for the extraction of five bioactive compounds (liquiritin, isoliquiritin,

liquiritigenin, glycyrrhizic acid and isoliquiritigenin) from compound liquorice tablets (CPLTs), and the

antioxidant activities of these compounds were evaluated. In this study, eighteen different NADES

systems based on either two or three components were tested and a 1,4-butanediol–levulinic acid

system (1 : 3 molar ratio) was selected as a topgallant solvent for maximizing analyte extraction yields.

Various extraction parameters, such as water content, liquid/solid ratio, extraction time and temperature,

were systematically optimized by single-factor and response surface methodology (RSM) experiments.

The results indicated that the optimum extraction conditions for the analytes featured a water content of

17%, a liquid/solid ratio of 42 mL g�1 and an extraction time of 30 min. The extracted amounts of

liquiritin, isoliquiritin, liquiritigenin, glycyrrhizic acid and isoliquiritigenin reached 5.60, 3.17, 1.27, 74.62

and 1.34 mg g�1, respectively, under optimized conditions, which were much higher than those

extracted using conventional organic solvents. In addition, antioxidant tests revealed that the NADES

extracts showed higher DPPH and hydroxyl radical-scavenging capacity than the conventional solvent

extracts used for comparison. This study provides a suitable approach for efficiently extracting the

bioactive compounds of CPLTs. Meanwhile, NADESs can be extended to other natural products as green

extraction media.
1. Introduction

The dry root of Glycyrrhiza uralensis Fisch, or liquorice, of the
family Leguminosae, is recognized as “the progenitor of herbs”.
This plant is widely distributed across northeast and northwest
China.1–2 In addition to liver protection3 and antioxidant and
anti-aging effects,1 the main pharmacological effects of Glycyr-
rhiza uralensis Fisch are anti-tussive,4 anti-inammatory5,6 and
antiviral action in traditional and modern medicine;7 hence, it
is widely used in the prevention and treatment of various
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diseases, as well as in foods and cosmetics.8,9 Studies have
shown that the main pharmacological bioactive compounds of
Glycyrrhiza uralensis Fisch are saponins and avonoids, among
which avonoids, including liquiritin and liquiritigenin, mainly
have anti-cancer,10 anti-inammatory,11 and immune regula-
tory12 functions. Meanwhile, saponins also have numerous
pharmacological effects, such as anti-inammatory and anti-
viral activities.13 Glycyrrhizic acid is the major chemical
constituent of these saponins.14 Nevertheless, the content of
some compounds such as isoliquiritin and liquiritigenin is low,
which leads to the inability to play a better pharmacological
role. Compound liquorice tablets (CPLTs) are listed as anti-
tussive expectorants in the Chinese Pharmacopoeia, consist of
liquorice-immersed ointment, opium, camphor, star anise oil
and sodium benzoate, and are particularly enriched in the
bioactive compounds found in Glycyrrhiza uralensis Fisch.15–17

CPLTs are commonly used as apophlegmatic and anti-
inammatory drugs for the symptomatic treatment of various
respiratory diseases.18 In CPLTs, a large amount of bioactive
compounds of Glycyrrhiza uralensis Fisch play
RSC Adv., 2021, 11, 37649–37660 | 37649
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a pharmacological role exhibiting anti-inammatory and anti-
viral action, and other components assist. For example,
camphor and anise oil stimulate the bronchial mucosa and
enhance cough-reex sensitivity.16,17 Therefore, not only can the
extraction of CPLTs yield high contents of bioactive
compounds, but excipients in CPLTs can also enhance the
pharmacological action of the extract. The bioactive
compounds of CPLTs are usually extracted with conventional
organic solvents. According to the Chinese Pharmacopoeia,19

the conventional extract solvent for liquiritin and glycyrrhizic
acid was 70% ethanol. Guo et al.20 reported that ultrasonic-
assisted 50% methanol has higher extraction efficiency for the
extraction of liquiritin and glycyrrhizic acid from CPLTs.
However, organic solvents have the disadvantages of volatility,
pollution and low biodegradability, which do not conform to
the concept of green chemistry.21–25 Thus, it is crucial to develop
a green and efficient extraction solvent for CPLTs in order to
minimize environmental pollution and cost, and improve safety
and health.

Ionic liquids (ILs) can potentially replace organic solvents
due to their chemical stability, negligible volatility, high
solvency, and favorable thermal properties.26,27 However, ILs
have limited application in the pharmaceutical and food
industries due to the high synthesis costs and the toxicity of
some components.28 To overcome these issues, new solvents
with similar physical properties to ILs, which are known as deep
eutectic solvents (DESs), were rst described by Abbot and his
colleagues in 2003. DESs are naturally occurring, safe and
inexpensive mixtures of two or more components including
choline chloride (ChCl), polyols, organic acids, and sugars.29–32

In addition, DESs have other advantages such as biodegrad-
ability, non-toxicity, low cost of production and simple
synthesis.33,34 They are widely used in material chemistry, elec-
trochemistry, organic synthesis and extraction processes.35–37 To
extend the range of green solvents, Choi et al. have recently
described DES-like media that are primarily composed of
natural primary metabolites, and named them NADESs.38–40

NADESs exhibit greater biodegradability and compatibility, and
lower toxicity than the DESs, and are therefore increasingly
replacing DESs and ILs for the extraction of natural prod-
ucts.41–45 However, little is known regarding the application of
NADESs for extracting CPLT compounds.

UAE extraction facilitates the release of extractable
compounds and the penetration of solvents to plant matrices by
disrupting plant cell walls, thereby providing equivalent or
higher extraction yields of targeted compounds than conven-
tional extractions do.46 Therefore, in this study, we evaluate the
efficiency of UAE extraction of ve CPLT bioactive compounds
including liquiritin, isoliquiritin, liquiritigenin, glycyrrhizic
acid and isoliquiritigenin, using different NADESs. To the best
of our knowledge, studies related to the use of UAE-NADESs for
the extraction of CPLT have yet to be reported. The molar ratio
and water content of the NADESs, liquid/solid ratio, extraction
time and temperature were optimized by single-factor and RSM
experiments. The latter is a practical tool for optimizing
complex extraction procedures, and is used to evaluate multiple
parameters and their interactions through mathematical
37650 | RSC Adv., 2021, 11, 37649–37660
models that avoid the inuence of external factors.47 Thereinto,
Box–Behnken design (BBD) can effectively design and interpret
experiments.48 In addition, the antioxidant activities of different
solvent extracts were explored by DPPH and hydroxyl radical-
scavenging activity. Overall, the aim of the current study is to
develop an efficient and sustainable extraction method based
on UAE-NADESs for the extraction of liquiritin, isoliquiritin,
liquiritigenin, glycyrrhizic acid and isoliquiritigenin from CPLT
and quantication by high-performance liquid chromatography
(HPLC), which can be a technical reference for further research.

2. Materials and methods
2.1 Sample of CPLT

The CPLT (Inner Mongolia Yili Pharmaceutical Co. Ltd.) was
ground into powder with a particle size of 355 � 13 mm, and
preserved under dry conditions at room temperature away from
light.

2.2 Chemicals

ChCl, 1,3-propylene glycol, 1,3-butanediol, 1,4-butanediol,
lactic acid, malonic acid, levulinic acid, L-proline and 1,1-
dipheny-2-picrylhydrazyl (DPPH) were provided by Shanghai
Roen Reagent Co., Ltd (Shanghai, China). Liquiritin (purity
98%), isoliquiritin (purity 98%), liquiritigenin (purity 98%),
glycyrrhizic acid (purity 98%) and isoliquiritigenin (purity 98%)
were purchased from Chengdu Alfa Biotechnology Co., Ltd
(Chengdu, China). Methanol, ethanol, acetonitrile and phos-
phoric acid (all HPLC grade) were obtained from MREDA
technology (USA). Deionized water was obtained through
a Milli-Q water facility (Themo, USA). All samples were ltered
through a 0.45 mm membrane (MEMBRANA, Germany) before
being injected into the HPLC system.

2.3 HPLC analysis

2.3.1 HPLC conditions. HPLC was performed using
a Supersil ODS2 5 mm column (4.6 mm � 250 mm, 5 mm). The
mobile phase consisted of acetonitrile (mobile phase A) and
0.05% phosphoric acid aqueous solution (mobile phase B) at
a ow rate of 1 mL min�1. The gradient elution is as follows: 0–
8 min, 81% B; 8–30 min, 81–57%; 30–33.5 min, 57% B; 33.5–
40 min, 57–55% B. The temperature of the column was main-
tained at 25 �C, the injection volume was 10 mL and samples
were detected at 237 nm for liquiritin, liquiritigenin, glycyr-
rhizic acid and isoliquiritigenin, and 360 nm for isoliquiritin.

2.3.2 Preparation of standard curve. Liquiritin (9.87 mg),
isoliquiritin (10.64 mg), liquiritigenin (9 mg), glycyrrhizic acid
(25.89 mg) and isoliquiritigenin (9.43 mg) standards were
accurately weighed and respectively transferred to a 10 mL
volumetric ask and diluted as a stock solution. Then, 1.5, 0.8,
0.4, 6.9 and 0.4 mL of liquiritin, isoliquiritin, liquiritigenin,
glycyrrhizic acid and isoliquiritigenin stock solution were
transferred to a 10 mL volumetric ask as mixed standard
solutions. The mixed standard solution was diluted to get
a battery of concentrations for developing the calibration
curves.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Independent variables and levels used for BBD

Variables

Level

�1 0 1

Water content (%) 10 20 30
Liquid/solid ratio (mL g�1) 30 40 50
Extraction time (min) 20 30 40
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2.4 Preparation of NADESs

NADESs were synthesized by the heating method according to
the previously published procedure.49,50 Different components
were mixed in the appropriate molar ratio and heated at 80 �C
for 20–60 min with constant stirring until a homogeneous
liquid was obtained. For the rst screening experiment, 20% (v/
v) of water was added to each NADES. Eighteen NADESs were
synthesized, and they are summarized in Table 1.
2.5 Optimization of the extraction procedure

Different types of NADESs were tested under the same initial
screening condition (molar ratio, 1 : 2; water content, 20%;
liquid/solid ratio, 15 mL g�1; extraction time, 20 min; extraction
temperature, 50 �C). First, 0.3 g of CPLT sample was extracted
with 4.5 mL solvents in a conical ask. The mixture was vor-
texed for 30 s, and ultrasonicated for 40 min at room temper-
ature. The extracts obtained were then centrifuged at 5000 rpm
for 10 min. The suspension was diluted with water and ltered
through a 0.45 mm membrane before testing. Each extraction
was performed in triplicate, and the extraction yield was
calculated as follows:

Y ¼ C � N � V/M

where Y is the extraction yield, C is the concentration of ana-
lytes, N is the diluted multiples, V is the sample solution volume
and M is the mass of the sample.

The optimization of the extraction procedure parameters
including optimal NADES molar ratios of 1 : 1, 1 : 2, 1 : 3, 1 : 4
or 1 : 5, water contents of 10, 20, 30, 40 or 50%, liquid/solid
ratios of 10, 20, 30, 40 or 50 mL g�1, extraction time periods
of 10, 20, 30, 40, 50, 60 or 70 min, and extraction temperatures
of 30, 40, 50, 60 or 70 �C was carried out based on single-factor
experiments. When examining the effect of one factor on the
extraction yield, the other factors were maintained immobile.
Table 1 Composition of different NADESs

Abbreviation Component 1 Compon

NADES-1 ChCl Lactic ac
NADES-2 Levulini
NADES-3 Malonic
NADES-4 1,3-Prop
NADES-5 1,3-Buta
NADES-6 1,4-Buta
NADES-7 L-Proline Levulini
NADES-8 Malonic
NADES-9 1,3-Buta
NADES-10 1,4-Buta
NADES-11 1,4-Butanediol Malonic
NADES-12 Levulini
NADES-13 1,3-Butanediol Malonic
NADES-14 Levulini
NADES-15 Choline chloride 1,4-Buta
NADES-16 1,4-Buta
NADES-17 L-Proline 1,4-Buta
NADES-18 1,4-Buta

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.6 Experimental design

On the basis of single-factor experiments, three-level and three-
factor BBD was performed in order to obtain optimum extrac-
tion conditions. The three main independent variables were
water content (X1), liquid/solid ratio (X2) and extraction time
(X3), and the extraction yield of ve bioactive compounds was
the dependent variable of the equation. The experimental
design of BBD is outlined in Table 2.
2.7 Comparison between the optimal NADES and
conventional organic solvents

2.7.1 Comparison of extraction efficiency. The extraction
capacities of the optimal NADES and conventional organic
solvents were compared under optimal conditions in terms of
the CPLT yield. According to the Chinese Pharmacopoeia,19 the
conventional extract solvent for analytes was 70% ethanol.
Hence, 70% ethanol was selected for the comparison.

2.7.2 Comparison of antioxidant activity
2.7.2.1 DPPH radical-scavenging activity. DPPH radical

scavenging capability was investigated to compare the anti-
oxidant activity of CPLT extracted by the optimal NADES and
70% ethanol according to the results previously reported in
the literature.51,52 Briey, the desired sample (0.1 mL) was
mixed with 0.1 mL DPPH solution (0.2 mM) dissolved in
ethanol, and shaken and incubated at 25 �C for 30 min in the
dark. The absorbance of the samples was measured at 517 nm.
ent 2 Component 3 Mole ratio

id 1 : 2
c acid 1 : 2
acid 1 : 2
ylene glycol 1 : 2
nediol 1 : 2
nediol 1 : 2
c acid 1 : 2
acid 1 : 2
nediol 1 : 2
nediol 1 : 2
acid 1 : 2
c acid 1 : 2
acid 1 : 2
c acid 1 : 2
nediol Levulinic acid 1 : 1 : 1
nediol Malonic acid 1 : 1 : 1
nediol Levulinic acid 1 : 1 : 1
nediol Malonic acid 1 : 1 : 1

RSC Adv., 2021, 11, 37649–37660 | 37651
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Fig. 1 HPLC chromatograms of mixed standard solutions (A), CPLT
extract : NADES (B) and 70% ethanol (C). (1) liquiritin; (2) isoliquiritin; (3)
liquiritigenin; (4) glycyrrhizic acid; (5) isoliquiritigenin. The detection
wavelength was set at 237 (liquiritin, liquiritigenin, glycyrrhizic acid and
isoliquiritigenin) and 360 (isoliquiritin) nm.
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The DPPH radical-scavenging activity (%) was calculated
according to the following equation:

DPPH radical-scavenging activity (%) ¼ [1 � (A � A0)/A1] �
100%

where A and A1 are the desired samples replaced with the CPLT
extract and extraction solvents respectively, and A0 is the DPPH
solution replaced with ethanol.

2.7.2.2 Hydroxyl radical-scavenging activity. The hydroxyl
assay was used to determine the radical-scavenging activity of
the CPLT extract of the optimal NADES and 70% ethanol. As
described previously,53,54 1,10-phenanthroline solution (1 mL,
7.5 mM) was mixed with twice the volume of PBS (0.2 mM, pH
7.4). Aer adding 1 mL each of the desired sample, FeSO4

(7.5 mM, pH 7.4) and H2O2, the samples were mixed and fully
incubated at 37 �C for 30 min. Finally, the absorbance of the
samples was measured at 536 nm. The hydroxyl radical-
scavenging activity (%) was calculated according to the
following equation:

Hydroxyl radical-scavenging activity (%) ¼ (A � A1)/(A2 � A1) �
100%
Fig. 2 The effect of different types of NADESs on the extraction yield o

37652 | RSC Adv., 2021, 11, 37649–37660
where A and A1 are the desired samples replaced with the CPLT
extract and extraction solvents respectively, and A0 is H2O2

replaced with deionized water.

2.8 Statistical analysis

In this study, all experiments were performed in triplicate, and
the experimental data were expressed as the mean� SD of three
parallel measurements. The effects of parameters on extraction
efficiency were analysed via a one-way analysis of variance
(ANOVA) test (p < 0.05 signicance level; SPSS soware v. 17). All
diagrams were drawn using the Origin 2018. The SD is indicated
as error bars in the gures. Design Expert (version 12.0) was
used for the BBD experimental design and statistical analysis.

3. Results and discussion
3.1 HPLC analysis

The ve compounds of CPLT extracts of conventional solvent
and NADES were better separated under optimized chromato-
graphic conditions, and the chromatograms are shown in Fig. 1.
The calibration curve between the concentration (X) of the
standard solution and the corresponding peak area (Y) was
established (Table S1†). The calibration curves of the ve
components showed good linearity with correlation coefficients
(R2) larger than 0.9991.

3.2 Optimization of the NADES extraction parameters

3.2.1 Extraction efficiency of different NADESs. Studies
show that acid-, alcohol- and amide-based NADESs have supe-
rior extraction efficiencies to sugar-based solvents for most
compounds.48,55 Therefore, we synthesized eighteen NADESs
with ChCl, L-proline, acids and alcohols and extracted
compounds (n ¼ 3, p < 0.05). Owing to the high viscosity of
NADESs, 20% (w/w) water was added for preferable extraction
elds56,57 (Fig. 2). It is obvious that the extraction capacity of the
tested NADESs varied greatly depending on the type of hydrogen
bond donors (HBDs) and hydrogen bond acceptors (HBAs). For
liquiritin, isoliquiritin and liquiritigenin, NADES-1, NADES-2
f the five targeted compounds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The effect of molar ratio (A), water content (B), liquid/solid ratio (C), extraction time (D) and extraction temperature (E) on the extraction
yield of the five targeted compounds.
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and NADES-3 that consisted of ChCl and acids exhibited
generally better extraction yields compared to the other
NADESs. However, compared with NADESs that consisted of
ChCl and acids, the yield of the less polar compounds glycyr-
rhizic acid and isoliquiritigenin were higher with NADESs
composed of ChCl and alcohols (NADES-4 and NADES-6). In
addition, as HBA for NADESs, the extraction efficiency of most
choline chloride is higher than L-proline. Based on the results,
two or three components of acid–alcohol based NADESs were
synthesized (NADES-11–NADES-18). Comparison of all NADESs
showed that NADES-12 and NADES-14 exhibited optimum
© 2021 The Author(s). Published by the Royal Society of Chemistry
yields of different polarities. Among the total yields of the ve
targeted compounds of NADES-12 is 80.41� 0.04 mg g�1, which
was higher than that amount of NADES-14 (69.16 � 0.31 mg
g�1). The components of NADESs affect not only their physi-
cochemical properties such as polarity, viscosity and solubili-
zation ability, but also hydrogen bond interactions between the
solvent and analytes. Based on the above-mentioned results,
NADES-12 synthesized with 1,4-butanediol and levulinic acid
was selected as the optimal solvent for the subsequent
experiments.
RSC Adv., 2021, 11, 37649–37660 | 37653
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Table 3 Experimental conditions for BBD and the corresponding responses

Run X1 X2 X3 Yliquiritin (mg g�1) Yisoliquiritin (mg g�1) Yliquiritigenin (mg g�1) Yglycyrrhizic acid (mg g�1) Yisoliquiritigenin (mg g�1)

1 1 1 0 5.26 2.92 1.16 66.80 1.14
2 0 �1 �1 5.36 3.02 1.20 70.14 1.21
3 0 0 0 5.68 3.15 1.27 73.38 1.31
4 0 0 0 5.58 3.11 1.26 72.99 1.30
5 1 0 1 5.28 2.90 1.17 66.22 1.14
6 0 �1 1 5.39 3.02 1.20 69.96 1.26
7 0 1 1 5.50 3.03 1.21 70.91 1.27
8 0 1 �1 5.47 3.04 1.21 71.33 1.27
9 0 0 0 5.56 3.13 1.25 73.04 1.28
10 �1 �1 0 5.16 2.97 1.20 69.77 1.25
11 0 0 0 5.66 3.13 1.26 73.31 1.33
12 1 0 �1 5.21 2.92 1.16 66.46 1.13
13 0 0 0 5.61 3.12 1.25 72.83 1.31
14 �1 0 1 5.39 3.02 1.23 71.21 1.33
15 �1 0 �1 5.36 3.06 1.24 72.10 1.32
16 1 �1 0 5.17 2.92 1.16 65.97 1.07
17 �1 1 0 5.41 3.05 1.23 71.64 1.31
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3.2.2 Extraction effects of different molar ratios of NADES.
The extraction efficiency of NADES-12 of different molar ratios
(1 : 1, 1 : 2, 1 : 3, 1 : 4, and 1 : 5) was evaluated (n ¼ 3, p > 0.05).
As shown in Fig. 3A, it is apparent that the yield of all ve
compounds increased as the molar ratio was raised from 1 : 1 to
1 : 3, most likely due to enhanced hydrogen bond formation.
However, a higher molar ratio decreased the yield since the
increase in HBDs resulted in considerable steric hindrance,
which prevented interactions between the targeted compounds
and HBAs.48,58,59 Hence, 1,4-butanediol and levulinic acid at
a molar ratio of 1 : 3 were used for subsequent experiments.

3.2.3 Extraction effect of different water content in NADES.
We next compared the extraction efficiency of NADES-12 (molar
ratio 1 : 3) with 10, 20, 30, 40 and 50% water content (n ¼ 3, p <
0.05). Fig. 3B shows that the extraction efficiency for all
Table 4 Analysis of the variance of the experimental results of the BBD

Variables

Liquiritin Isoliquiritin Liquiritig

Mean
square F-Value p-Value

Mean
square F-Value p-Value

Mean
square

Model 0.0470 23.09 0.0002 0.0119 42.82 <0.0001 0.0023
X1 0.0202 9.92 0.0162 0.0246 88.62 <0.0001 0.0072
X2 0.0378 18.57 0.0035 0.0011 3.83 0.0912 0.0003
X3 0.0031 1.53 0.2562 0.0006 2.23 0.1786 4.805 �

10�6

X1X2 0.0068 3.33 0.1110 0.0015 5.40 0.0531 0.0003
X1X3 0.0002 0.1218 0.7374 0.0001 0.3489 0.5733 0.0001
X2X3 3.802 �

10�6
0.0019 0.9667 6.400 �

10�7
0.0023 0.9631 3.025 �

10�7

X1
2 0.2448 120.20 <0.0001 0.0499 179.48 <0.0001 0.0063

X2
2 0.0647 31.75 0.0008 0.0128 46.05 0.0003 0.0038

X3
2 0.0183 9.01 0.0199 0.0096 34.52 0.0006 0.0018

Lack of
t

0.0012 0.4378 0.7383 0.0004 1.72 0.3008 0.0001

R2 0.9674 0.9822 0.9699
Adjusted
R2

0.9255 0.9592 0.9312

37654 | RSC Adv., 2021, 11, 37649–37660
compounds increased signicantly when the water content was
raised from 10 to 20%, which could be attributed to the corre-
sponding decrease in viscosity that promoted the formation of
an ordered hydrogen bond network. However, high water
contents (30, 40, and 50%) can limit the interactions between
the solute and solvents, and thus, lower the extraction effi-
ciency.60–62 Based on these results, NADES-12 with 20% water
was used for the subsequent experiments.

3.2.4 Extraction effect of different liquid/solid ratios. The
effect of liquid/solid ratio ranging from 10 : 1 to 50 : 1 on the
extraction efficiency of the NADES-12 was examined (n ¼ 3, p <
0.05). As shown in Fig. 3C, the extraction yield of the solute
increased signicantly with the increase in solvent volume and
peaked at the liquid/solid ratio of 40 mL g�1, before plateauing
and then decreasing. This is likely due to the fact that excess
enin Glycyrrhizic acid Isoliquiritigenin

F-Value p-Value
Mean
square F-Value p-Value

Mean
square F-Value p-Value

25.06 0.0002 12.05 107.44 <0.0001 0.0015 46.42 <0.0001
77.46 <0.0001 46.36 413.51 <0.0001 0.0674 272.75 <0.0001
3.37 0.1091 2.93 26.10 0.0014 0.0049 19.92 0.0029
0.0518 0.8265 0.3728 3.33 0.1110 0.0006 2.42 0.1637

2.78 0.1396 0.2745 2.45 0.1616 0.0001 0.2185 0.6544
0.7878 0.4042 0.1083 0.9658 0.3585 0.0000 0.0856 0.7783
0.0033 0.9561 0.0155 0.1380 0.7212 0.0005 2.21 0.1803

67.95 <0.0001 39.48 355.34 <0.0001 0.0183 74.15 <0.0001
40.42 0.0004 9.31 83.06 <0.0001 0.0092 37.04 0.0005
18.97 0.0033 4.51 40.27 0.0004 0.0002 0.8982 0.3748
1.12 0.4413 0.1905 3.57 0.1252 0.0001 0.3882 0.7685

0.9928 0.9835
0.9132 0.9623

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Correlation graphs of predicted values and actual yields of the five targeted compounds.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 7
:0

0:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solvent volume increased dissolution of impurities along with
that of targeted analytes, which eventually hindered the disso-
lution of the latter.47,63 Jing et al.64 similarly reported that the
solvent volume above a certain threshold can inhibit analyte
dissolution due to the presence of impurities.

3.2.5 Extraction effect of different extraction time periods.
Extraction durations of 10 to 70 min were tested, and as shown
in Fig. 3D, there was a strong correlation between the extraction
© 2021 The Author(s). Published by the Royal Society of Chemistry
efficiency and time (n ¼ 3, p < 0.05). There was a signicant
time-dependent increase in the extraction yield within 30 min,
whereas the prolonged extraction process decreased the yield.
Acoustic cavitation and mechanical agitation due to ultrasound
effectively broke down the plant cytoderm and allowed disso-
lution of the active compounds. However, prolonged sonication
can alter or even decompose the target compounds, resulting in
lower yields.60,62,65 Thus, the targeted compounds could be
RSC Adv., 2021, 11, 37649–37660 | 37655
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Fig. 5 Three-dimensional response surface plots of liquiritin. (A) Water content and liquid/solid ratio; (B) water content and extraction time; (C)
liquid/solid ratio and extraction time.
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completely extracted within 30 min and the condition was used
for subsequent experiments.

3.2.6 Extraction effect of different extraction temperatures.
To determine the optimal extraction temperature, the samples
were extracted in the range of 30–70 �C (n ¼ 3, p > 0.05). The
results are outlined in Fig. 3E, and the extraction yield did not
increase noticeably with the increase in temperature.
3.3 Optimization of extraction conditions by RSM

3.3.1 Statistical analysis and model tting. Based on the
results of single-factor experiments, the content of water in
NADES-12 (10–30%), the liquid/solid ratio (30–50 mL g�1) and
extraction time (20–40 min) were selected as independent
variables and extraction yields of ve compounds were taken as
the response value. BBD was used to optimize the extraction
conditions for ve compounds in CPLT with three conditions
and three levels. The data obtained from the 17-run experi-
ments are summarized in Table 3. On the basis of multivariate
regression analysis of experimental data, the second-order
polynomial equation of ve compounds was obtained as
follows:
Fig. 6 Three-dimensional response surface plots of isoliquiritin. (A) Wate
(C) liquid/solid ratio and extraction time.

37656 | RSC Adv., 2021, 11, 37649–37660
Yliquiritin ¼ 5.62 � 0.0503X1 + 0.0688X2 + 0.0197X3 � 0.0411X1X2

+ 0.0079X1X3 + 0.0010X2X3 � 0.2411X1
2 � 0.1239X2

2 �
0.0660X3

2

Yisoliquiritin ¼ 3.13 � 0.0555X1 + 0.0115X2 � 0.0088X3 �
0.0194X1X2 + 0.0049X1X3 � 0.0004X2X3 � 0.1089X1

2 �
0.0551X2

2 � 0.0477X3
2

Yliquiritigenin ¼ 1.26 � 0.0300X1 + 0.0063X2 + 0.0008X3 �
0.0080X1X2 + 0.0043X1X3 + 0.0003X2X3 � 0.0387X1

2 �
0.0298X2

2 � 0.0204X3
2

Yglycyrrhizic acid ¼ 73.11 � 2.41X1 + 0.6047X2 � 0.2159X3 �
0.2620X1X2 + 0.1645X1X3 � 0.0622X2X3 � 3.08X1

2 � 1.49X2
2 �

1.04X3
2

Yisoliquiritigenin ¼ 1.30 � 0.0918X1 + 0.0248X2 + 0.0087X3 +

0.0037X1X2 + 0.0023X1X3 � 0.0117X2X3 � 0.0660X1
2 �

0.0466X2
2 � 0.0073X3

2

Y is the extraction yield of the different analytes (mg g�1), X1 is
the content of water in NADES-12 (%), X2 is the liquid/solid ratio
(mL g�1) and X3 is the extraction time (min).

As shown in Table 4, the coefficients of determination (R2) of
the quadratic models of ve analytes were 0.9674, 0.9822,
r content and liquid/solid ratio; (B) water content and extraction time;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Three-dimensional response surface plots of liquiritigenin. (A) Water content and liquid/solid ratio; (B) water content and extraction time;
(C) liquid/solid ratio and extraction time.
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0.9699, 0.9928 and 0.9835, suggesting that these models can be
used to describe the response of the experiment pertaining to
compounds. The experimental data was in agreement with the
prediction model (Fig. 4). The high F-value and the small p-
value mean signicant corresponding variables. The F-values of
the ve compounds respectively were 23.09, 42.82, 25.06, 107.44
and 46.42 respectively, and all p-values were less than 0.0005,
indicating that these models are highly signicant. Moreover,
the values of “lack of t” of ve quadratic models were not
signicant, indicating good tting. Furthermore, X1 and X1

2

were signicant for all models, X2 and X2
2 were signicant for

most models, whereas X3
2 was partly signicant. Accordingly,

the water content of NADES-12 had the highest inuence on the
extraction efficiency, followed by the liquid/solid ratio and
extraction time.

3.3.2 Response surface analysis. Three-dimensional (3D)
response surface plots were used to determine the interaction
between independent variables.35 Higher gradients indicated
signicant interaction between two factors. For Fig. 5(A)–9(A),
the extraction yields of the analytes increased with the increase
in the water content, and declined when the latter exceeded
17%. This is likely due to the fact that excessive water can alter
the hydrogen bonding network of the NADESs. The extraction
time had a lower impact than the water content, and the yield of
Fig. 8 Three-dimensional response surface plots of glycyrrhizic acid. (A
time; (C) liquid/solid ratio and extraction time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the compounds did not increase aer 30 min (Fig. 5(B)–9(B)).
With the optimum extraction time, the yield increased with the
increase in liquid/solid ratio and peaked at 42 mL g�1 before
declining (Fig. 5(C)–9(C)). It was because that high amounts of
the solvent quenched the ultrasonic energy and inuenced
extraction efficiency. The predicted maximum extraction yields
of liquiritin, isoliquiritin, liquiritigenin, glycyrrhizic acid and
isoliquiritigenin were 5.62, 3.14, 1.26, 73.66 and 1.33 mg g�1

respectively at 16.625% water content, 42.260 mL g�1 liquid/
solid ratio and 29.794 min extraction time. For the conve-
nience of practical operation, we selected 17% water content,
42 mL g�1 liquid/solid ratio and 30 min extraction time for
extraction. Under these conditions, the extraction yields of the
ve compounds were 5.60, 3.17, 1.27, 74.62 and 1.34 mg g�1,
respectively, and the relative standard deviation (RSD) values
were less than 0.9%.
3.4 Comparison of NADESs with a conventional extraction
solvent

3.4.1 Comparison of extraction efficiencies. In order to
evaluate the extraction efficiency of the optimal NADES, the
extraction efficiencies of the optimal NADES and 70% ethanol
were compared, and the results are outlined in Fig. 10A. It could
be found that the extraction efficiency of NADES-12 was
) Water content and liquid/solid ratio; (B) water content and extraction

RSC Adv., 2021, 11, 37649–37660 | 37657
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Fig. 9 Three-dimensional response surface plots of isoliquiritigenin. (A) Water content and liquid/solid ratio; (B) water content and extraction
time; (C) liquid/solid ratio and extraction time.
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signicantly higher than that of 70% ethanol (p < 0.05).
Therefore, NADESs were a more efficient alternative solvent for
extracting bioactive compounds from CPLT.

3.4.2 Comparison of antioxidant activities. Besides extrac-
tion ability, the antioxidant activity of the NADES-12 extract was
another evaluation criterion for the feasibility of NADES-12 as
a green solvent. Therefore, we next examined DPPH and
hydroxyl radical-scavenging capacity to compare the antioxidant
activity of NADES-12 and 70% ethanol extracts. Indeed, the
NADES-12 extracts showed superior radical-scavenging capacity
to 70% ethanol extracts under the same conditions (p < 0.05)
(Fig. 10B), probably because of the higher extraction efficiency
of the NADES-12 system.66 Another hypothesis is that NADES-12
components also have certain antioxidant capacity as natural
primary metabolites. A study conducted by N. M. Woo et al.67

highlighted that DES (L-proline : glycerol) had antioxidant
activity, which was an important reason why the antioxidant
activity of DES extracts was signicantly higher than that of
methanol. On this basis, DPPH and hydroxyl radical assays of
pure NADES (1,4-butanediol : levulinic acid) were performed
under the same conditions, which also displayed results
consistent with our hypothesis. DPPH and hydroxyl radical-
scavenging capacities of pure NADES-12 were 15.69 � 0.69%
Fig. 10 Comparison of the extract of NADES-12 and 70% ethanol for extr
(B).

37658 | RSC Adv., 2021, 11, 37649–37660
and 14.23 � 0.53% respectively. The results indicated that pure
NADES-12 had antioxidant effects, which had an additive effect
on the antioxidant activity of the targeted extract. Taken
together, NADESs is a more efficient alternative solvent for
extracting bioactive compounds from CPLT in terms of both the
yield and the antioxidant activity of the extract.
3.5 Application and prospects

NADESs have attracted great attention from the scientic
community due to their advantages of simple and easy
synthesis, insignicant volatility, chemical and thermal
stability, non-ammability, highly biodegradable and low
toxicity. Moreover, the components of NADESs are abundantly
present in nature, have a low cost and are biorenewable.44,50,68 At
present, NADESs have been widely used for the extraction of
bioactive compounds from traditional Chinese medicine.
Compared with traditional organic solvents, NADESs have
higher extraction efficiency and lower cost. Another major
advantage is that since NADESs are generally composed of
natural primary metabolites, they may be directly incorporated
into drugs, food formulations and so on without additional
purication steps.39,45 In addition, NADESs are also widely used
in the extraction and separation of residual drugs and metal
action efficiency (A) and DPPH and hydroxyl radical-scavenging activity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ions and increase of bioavailability of compounds.69 Therefore,
NADESs can be applied for large-scale extraction of bioactive
compounds from traditional Chinese medicine as extraction
solvents without economic issues, which meet the principles of
green chemistry.

4. Conclusions

In this study, a green, efficient and simple UAE-NADES method
has been developed for the extraction of ve bioactive
compounds from CPLTs. NADESs were synthesized and applied
as tailored solvents for the CPLT. Single-factor and RSM-BBD
experiments were applied for optimizing extraction parame-
ters to maximize the extraction efficiency of the ve compounds
(liquiritin, isoliquiritin, liquiritigenin, glycyrrhizic acid and
isoliquiritigenin). The optimal experimental conditions are as
follows: NADES system, 1,4-butanediol–levulinic acid (1 : 3
molar ratio); NADES-12 water content, 17%; liquid/solid ratio,
42 mL g�1 and extraction time, 30 min. Under the optimal
extraction conditions, the NADES-12 extract exhibited higher
extraction efficiency and in vitro antioxidant activity than the
conventional solvent extract. The developed method is a prom-
ising strategy for the extraction of bioactive compounds, which
provides high efficiency for the natural product. The proposed
method is proved to be efficient, simple, environmentally
friendly and sustainable for obtaining ve bioactive compounds
from the CPLT, which contributes to the urgent need of
research on the green extraction of compounds in Chinese
herbal medicines.
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