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ARTICLE INFO ABSTRACT

Keywords: Recently, efficient extraction of natural products from traditional Chinese medicines (TCMs) by green solvents is
Suhuang antitussive capsule deemed an essential area of green technology and attracts extensive attentions. In this work, a green protocol for
Lignans simultaneous ultrasonic-extraction of the native compounds with different polarities of TCMs by using a hybrid
fonic hql,nds, ionic liquids (HILs)-water system was reported for the first time. As a case study, three superior ILs (1-ethyl-3-
Ultrasonication

methylimidazolium tetrafluoroborate ([EMIM][BF4]), 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]),
and 1-allyl-3-methylimidazolium chloride ([AMIM]CI)) were chosen as the compositions of the HILs system, and
the TCMs Suhuang antitussive capsule (SH) containing different-polarity lignans was selected. Primarily, an
ultra-performance liquid chromatography coupled to triple quadrupole tandem mass spectrometry (UPLC-QqQ-
MS/MS) method in the multiple reaction monitoring (MRM) mode was established for qualitative and quanti-
tative analysis of 18 lignans. After majorization by uniform design experiment, the HILs prepared with [AMIM]
Cl, [EMIM][BF4], and [EMIM][OAc] at a volume ratio of 1:5:5 could simultaneously extract multi-polarity
lignans compared to single IL. Subsequently, the conditions of ultrasonic extraction employing with HILs and
traditional organic solvent were optimized by the response surface methodology, respectively. The results
indicated that the extract efficiency of the HILs system for target compounds was significantly improved
compared with the traditional organic solvent-extraction, i.e. the content of total lignans in ethanol system was
up to 47 mg/g, while that in the HILs system was up to 69 mg/g, with an increasing of 47%. Additionally, 'H-
NMR and 'C-NMR spectra were used to characterize the hydrogen-bond interactions in the HILs-lignan mix-
tures. Extraction with the HILs in TCMs is a new application schema of ILs, which not only avoids the use of
volatile toxic organic solvents, but also shows the potential to be comprehensively applied for the extraction of
bioactive compounds from TCMs.

Response surface methodology

1. Introduction

Quality control of traditional Chinese medicines (TCMs) is an
important subject that has attracted much attention and continuously
explores with the rapid development of modern analytical techniques.
How to simultaneously extract diverse active ingredients as compre-
hensively as possible for quality assessment of TCMs is what the scien-
tists concern about. Suhuang antitussive capsule (SH), as one traditional

Chinese formula agent, has been well known for the remarkable effect
on the treatment of cough variant asthma (CVA) and post infectious
cough (PIC) during the long-term clinical application, with the sales
reaching about 2.0 billion RMB in 2019. SH is composed of nine Chinese
medicinal herbs, including honey-fried Ephedrae Herba, Perillae
Folium, Perillae Fructus, Schisandrae Chinensis Fructus (SCF), fried
Arctii Fructus (AF), honey-fried Eriobotryae Folium, Peucedani Radix,
Cicadae Periostracum, and Pheretima. And recent studies have further
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Arctii Fructus; MRM, multiple reaction monitoring.
* Corresponding authors.

E-mail addresses: drwang@cpu.edu.cn (Z. Wang), nhtan@cpu.edu.cn (N. Tan).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.ultsonch.2021.105539

Received 20 January 2021; Received in revised form 15 March 2021; Accepted 20 March 2021

Available online 25 March 2021
1350-4177/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:drwang@cpu.edu.cn
mailto:nhtan@cpu.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2021.105539
https://doi.org/10.1016/j.ultsonch.2021.105539
https://doi.org/10.1016/j.ultsonch.2021.105539
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2021.105539&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Wu et al.

explored its mechanism of CVA and sputum obstruction in our labora-
tory respectively [1-2]. Our previous investigation showed that 121
constituents have been identified by high-resolution mass spectrometry
(HRMS), and bioactive lignans in SH were abundant and originated from
SCF and AF [3]. SCF and AF as two famous TCMs were commonly used
as edible medicinal plants around the world, and numerous studies have
demonstrated diverse pharmacological activities, including anti-
inflammation [4], anti-viral [5], anti-obesity [6], against drug-induced
liver injury [7] and anti-cancer potential [8]. Further investigation
exhibited that lignans with dibenzocyclooctadiene and dibenzylbutyr-
olactone skeletons played crucial roles as active components in SCF and
AF, respectively [9-10]. Thus, it is necessary to establish a qualitative
and quantitative method, based on bioactive lignans, to control the
quality of SH.

Given the diversity of chemical components and the complexity of
production process in TCMs, it is urgent to establish a simultaneous
determination of the multi-components analytical method, for compre-
hensive supervision of TCMs. Generally, determination for lignans was
accomplished by various analytical strategies, mainly based on HPLC-
UV and LC-MS [11-12]. Currently, LC-MS has been gradually cut a
striking figure due to its short-time running, high sensitivity, along with
the superiority in determining the several ingredients with similar
structure and polarity. With these attributions in mind, liquid
chromatography-tandem triple quadrupole mass spectrometry (LC-
QgqQ-MS/MS), operating in multiple reaction monitoring (MRM) mode
would be the preference for determination of lignans. This technique
with the merits of higher sensitivity and less-time operation was
appropriate for identification of the multi-components at low concen-
tration without interference [13].

On extract methods, numerous safer, greener and targeted alterna-
tives have been reported for extraction of botanical products to super-
sede the conventional organic solvents which could be hazardous to the
environment [14], for example, supercritical antisolvent precipitation
[15], the use of ionic liquid [16] and deep eutectic solvent [17] as the
green reagent extraction. Noticeably, in the multi-components system of
TCMs, the selection of extract-solvents should give consideration to
compounds with different polarities; otherwise, it would result in inac-
curate quantification. Thus, proposing an efficient and green approach
that can simultaneously extract the multi-polarity components in TCMs
is a critical subject in developing green chemistry. Ionic liquid (IL) was a
complicated system that is composed of organic cations (imidazolium,
pyridium, ammonium) and organic or inorganic anions (tetra-
fluoroborate, acetate, bromide anion, and chloride anion) [18].
Compared with traditional organic solvents, ILs possessed a series of
unique properties due to the independent properties of ions and the
multiplicity of existing interactions within the molecule [19], for
instance, low flammability, nonvolatility, retrievability, excellent
chemical thermal stability, and wide liquid range [20-22]. Recently, a
significant number of studies have reported the effectiveness of ILs as
solvents coupling with other techniques in the extraction of bioactive
compounds such as carotenoids [23], furocoumarin [24], protein [25]
and essential oil [26]. It is worth noting that IL-based extraction in
previous studies usually used a single IL to extract lignans with similar
polarity [27], while hardly prepared with two or more ILs to simulta-
neously extract different-polarity compounds.

Considering polarities of lignans in TCMs with large differences, it
could not be thoroughly extracted by one IL. Therefore, we selected
several ILs with better extract efficiency on some lignans in sample.
Then the composition and proportion of ILs were optimized to obtain a
hybrid ionic liquids (HILs) system. Finally, the HILs system was com-
bined with ultrasonic extraction and expected that could improve the
extract yields of lignans with different polarities in TCMs. Therefore, an
eco-friendly and efficient method was proposed to extract 18 lignans in
SH simultaneously by HILs-based ultrasonic-extraction. Meanwhile, a
sensitive and specific analytical measure employing LC-MS/MS was
established to identify and quantify 18 lignans in the MRM mode. Three
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superior ILs (1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM]
[BF4]), 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]), and 1-
allyl-3-methylimidazolium chloride ([AMIM]CI)) were chosen as the
extract system after optimizing proportions. Eventually, 'H-NMR and
I3C.NMR spectra were used to characterize the hydrogen-bond in-
teractions in the ILs-lignans mixtures.

2. Experimental
2.1. Chemicals and reagents

SH (18041311), SCF (304047-1711013) and AF (320278-1802002)
were provided by Yangtze River Pharmaceutical Group Beijing Haiyan
Pharmaceutical Co., Ltd. (Beijing, China). The collected information and
chemical structures of 18 lignans were shown in Table S1 and Fig. 1,
respectively. The purity of each compound was higher than 95%
detected by HPLC-PDA. 1-Ethyl-3-methylimidazolium tetrafluoroborate
([EMIM][BF4], >99%) and 1-ethyl-3-methylimidazolium acetate
([EMIM][OAc], > 98%) were obtained from Lanzhou Institute of
Chemical Physics (Lanzhou, China), and 1-allyl-3-methylimidazolium
chloride ([AMIM]C], >99%) was bought from Shanghai Cheng Jie
Chemical Co., Ltd.

Acetonitrile and methanol of chromatographic grade were purchased
from Merck (Darmstadt, Germany). HPLC grade formic acid was sup-
plied by Thermo Fisher Scientific (China) Co., Ltd. (Shanghai, China).
Analytical grade methanol and ethanol were provided by Wuxi City
Yasheng Chemical Co., Ltd and Shanghai Titan Scientific Co., Ltd,
respectively. Deionized water was prepared by using a Milli-Q Integral
Water Purification System (Millipore, USA). Other reagents were
analytical grade.

2.2. UPLC-QqQ-MS analysis conditions

UPLC-QqQ-MS analysis system for determining lignans was per-
formed using a Waters ACQUITY ® UPLC H Class system (Waters, USA)
coupled to a Waters XEVO® TQD system triple quadrupole mass spec-
trometer which was equipped with Masslynx data processing system
(Waters Corp., Milford, MA). Analyte separation was achieved on a
Waters ACQUITY UPLC ® BEH C18 column (100 mm x 2.1 mm, 1.7 pm)
at room temperature. The mobile phase was consisted of 0.1% formic
acid water (A) and acetonitrile (B). Gradient elution was performed to
investigate the optimal separation conditions, shown as follow: 0-7.1
min, 10%-34% B; 7.1-7.7 min, 34%-35.5% B; 7.7-12.0 min, 35.5%-58%
B; 12.0-18.0 min, 58%-70% B; 18.0-18.6 min, 70%-70.2% B; 18.6-22.0
min, 70.2%-82% B; 22.0-24.0 min, 82%-100% B. The flow rate, injec-
tion volume and detection wavelength were 0.3 mL/min, 2 pL and 278
nm, respectively. The MS analyses were carried out utilizing electro-
spray ionization (ESI) source in positive mode of multiple reactions
monitoring (MRM), with the mass spectra record ranged from 100 to
1000 m/z. The optimized parameters were as follows: cone gas rate, 50
L/h; desolvation temperature, 450 °C; capillary voltage, 2.5 kV; collision
gas, argon. The data of cone voltage, collision energy, parent ion and
characteristic product ion acquired with MRM for each analyte were
listed in Table 1.

2.3. Ultrasonic extraction of lignans

2.3.1. Sample preparation

SH was processed into powder by grinding and mixing equably after
removing the capsules. A proper amount of powder was ultrasonically
extracted by solvent of ethanol or ILs. Solvent was added to compensate
for the lost weight when the extract was cooled to room temperature.
After centrifugation for 10 min at 14000 rpm, the supernatant was
filtered through a 0.22 pm nylon membrane filter for subsequent anal-
ysis. For details, the extraction conditions were optimized depend on the
results in 2.3.2. SCF and AF powder were extracted according to the
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Fig. 1. Chemical structures of lignans (1-18).

Table 1
Optimized MRM transitions and mass spectrometer parameters for each lignan.

NO. Analytes Formula Parent ion (m/z) Product ion (m/z) Dwell (s) Cone (V) Collision (V)
1 Matairesinoside Co6H32011 543.05 381.20 0.02 60 30
2 Arcttin Ca7H34011 557.05 395.15 0.02 60 30
3 Matairesinol C20H2206 359.10 137.20 0.02 20 30
4 Arctigenin C21H2406 373.15 137.15 0.02 20 25
5 Lappaol B C31H3400 573.10 543.15 0.02 60 25
6 Schisandrol A Cz4H3507 455.20 409.20 0.02 40 25
7 Gomisin D CagH34010 531.15 401.30 0.02 50 25
8 Angeloylgomisin H CogH3608 523.20 315.20 0.02 50 40
9 Gomisin G C30H3209 559.05 415.17 0.02 40 20
10 Schisantherin A C30H3209 559.10 415.15 0.02 40 20
11 Schisantherin B CagH3409 537.05 415.20 0.02 40 20
12 Schisanhenol Ca3H3006 403.15 302.15 0.02 40 20
13 Gomisin L1 Ca2H2606 387.25 227.15 0.02 40 30
14 Schizandrin A C24H3206 417.15 316.05 0.02 40 20
15 Schizandrin B Ca3H2506¢ 401.10 300.15 0.02 40 25
16 Schizandrin C Ca2H2406 385.20 285.10 0.02 40 20
17 Benzoylgomisin O C3pH320g 543.15 399.20 0.02 30 15
18 Angeloylgomisin O CygH3405 521.25 399.15 0.02 30 15

production process of SH.

2.3.2. Response surface methodology (RSM) for optimizing the extraction
efficiency of lignans

RSM was applied to optimize the traditional organic solvent extract
conditions by selecting several factors that had great influences on the
extract efficiency based on previous single-factor experiments, to further

investigate the interaction between the factors. Box-Benhnken design
(BBD) was operated to establish the multiorder polynomial model to
analyze experimental data by using Design-Expert.V.8.0.6 [28]. Three
factors were examined at three levels, namely, ethanol concentration
(X1, %), liquid to solid ratio (X2, mL/g) and frequency (X3). The yields
of 18 lignans were taken as responses, which were solved by 12 inde-
pendent combinations and 4 replicates at the center of the experimental
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domain. The factors and their levels, with both coded and actual values,
were listed in Table S2.

[EMIM][BF4], [EMIM][OAc] and [AMIM]CI were participated in the
HiLs-based ultrasonic extraction after preliminary screening, and a
proper proportion of three ILs was confirmed by Uniform Design
Experimentation [29]. Based on single-factors experiment, BBD com-
bined with RSM was used to further investigate the three factors at
three-level, namely, total ILs content (X1, Vis/Vh20), liquid to solid
ratio (X2, mL/g) and extract time (X3, min), to determine the optimal
extract conditions. The factors and their levels, with both coded and
actual values, were listed in Table S8. Accomplished the extract opti-
mization, to ulteriorly compare the extract efficiency of HILs with that of
the traditional organic solvent and single IL, different solvents including
[EMIM][BF4], [EMIM][OAc], [AMIM]Cl and ethanol were used,
respectively.

2.4. Validation of quantitation method

2.4.1. Linearity, limit of detection (LOD), and limit of quantification
(LOQ)

Calibration samples were diluted from a standard solution, and the
calibration curves were constructed based on the peak area of each
analyte versus the corresponding concentration. Limits of detection
(LOD) and limits of quantification (LOQ) were defined as the quantities
of analytes at a signal-to-noise ratio (S/N) of 3 and 10, respectively,
where N was the standard deviation of response and S was the slope of
the corresponding calibration curve.

2.4.2. Precision, stability and repeatability

Precision, defined as relative standard deviation (RSD, %), was
evaluated by analyzing retention time (Rt) and signal intensity (peak
area) of mixed standards solution within one day and over 3 consecutive
days for six replicates (n = 6), which to establish intra- and inter-day
precision, respectively. Stability was calculated RSD % of peak areas
for each analyte by taking the sample solution for injection analysis at 0,
2, 4,6, 8,12, 24, and 48 h. Repeatability was assessed by analysis of six
replicates with one sample solution.

2.4.3. Recovery and matrix effect

Recovery was assessed by analyzing sample that had been accurately
spiked known quantities for the standard at three different concentra-
tion levels (high, middle and low). The spiked samples were analyzed in
triplicate. Recovery was calculated with the following equation:

(total concentration — original concentration)

- - x 100%
spiked concentration

Recovery(%) =

Matrix effect referred to significant interference of other components
in sample during analysis process except for the analytes, which would
enhance or weaken influence on the analytic results and extremely affect
accuracy of analysis. Because of extensive source of crude drugs and
complex coexistence of multi-components in SH, it was difficult to
accurately quantify some trace lignans in matrix by common techniques.
Therefore, the equation described by Zhang et al was used to evaluate
matrix effect for lignans in sample [13]. A matrix-based calibration
curve was prepared with extracts dissolving the mixed standards. To
compare the slope of the solvent (60% methanol/water, v/v)-based
curve with that of the matrix-based curve, the influence of rest compo-
nents in the matrix on the ionization of analytes would be evaluated. The
equation of matrix effect was as followed:

Matrix effect(%) = (slope solvent/slope matrix) x 100%

2.5. Characterization of the interaction between ILs and lignans

Noncovalent interactions greatly affected the physical properties of
the mixtures of ILs-target compound, and the key to understand the
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solubility-promotion effect of ILs on compounds was to investigate the
molecular interactions between them. Among various interactions, un-
doubtedly, hydrogen-bonding is one of important kinds of force in-
teractions. Arctigenin (4) and schisantherin A (10), with significant
improved-yields in the HILs system, were selected to determination of
interaction between ILs, as representative components in AF and SCF
respectively. 'H-NMR and 3C-NMR spectra were acquired on the Bruker
400 MHz spectrometer to characterize the hydrogen-bond interactions
in the ILs-lignans system. Before measurement, 20 mg of each sample
was weighed and dissolved in 0.5 mL DMSO-de.

3. Results and discussion
3.1. Optimization of UPLC-MS/MS conditions

3.1.1. Optimization of LC conditions

Efficient chromatographic separation of analytes is important to
avoid ionization interference in the MS source, which is good for
improving the sensitivity and accuracy of the entire analysis [30].
Initially, the Waters ACQUITY UPLC ® BEH C18 column (100 mm x 2.1
mm, 1.7 pm) exhibited excellent performance by comparing several
UPLC-analysis columns in our laboratory. Subsequently, acetonitrile
was selected as the organic phase in terms of better peak separation and
lower instrumental pressure than methanol. Then, 0.1% acidic aqueous
mobile phase was necessary to improve the peak shape and ionization
efficiency of the analytes. Lastly, the optimized gradient elution
described in 2.2 was adopted to separate 18 compounds with different
polarities, which could achieve satisfactory separation of the target
analytes.

3.1.2. Optimization of MS conditions

The correct ionization mode was beneficial to increase the signal
intensity of analytes and improve sensitivity of MS analysis [31]. In-
jection of the individual standard of each analyte in both positive and
negative modes and the positive mode was selected for monitoring of
lignans, which showed better protonation and sensitivity. After the
optimization of desolvation temperature (450 °C), capillary voltage (2.5
kV) and gas flow (50 L/h) by manual experiments, the molecular ions of
lignans [M + H]' and [M + Na]* were adopted as precursor ions of
MRM transitions under the positive mode. Cone voltage (CV) and
collision energy (CE) for each analyte were optimized by gradually
changing the voltage and energy range while monitoring the signal in-
tensity of ion. The value that gave the best signal intensity for the ion
was considered optimum.

The interest lignans were unambiguously segregated into two groups
by the skeletons of dibenzocyclooctadiene and dibenzylbutyrolactone.
Main product ions were observed in the MS/MS spectra of these lignans
(Table 1). The lignans with dibenzylbutyrolactone skeleton have similar
cleavage pathway, which generated fragments by loss of a glucose res-
idue, and subsequently obtained product ion (m/z 137) by benzylic
cleavage of the C7-C8 bond (Fig. S1A). According to the position of the
oxygen-containing substituent, dibenzocyclooctadiene skeleton lignans
were divided into unsubstituted in the eight-membered dibenzene ring,
substituented in C-5, substituented in C-6 and double-substituted in C-5
and C-6 (Fig. S1B-S1E). Unsubstituted lignans tended to open the ring
by losing of C4Hg fragment (56 Da) to obtain the product ion. Lignans
with substituent at C-5 or C-6 were characterized by loss of substituents,
and subsequently generated the predominant product ions by loss of
H50 or carboxylic acid.

Based on the above fragmentation pathways and optimization of
dwell time, cone voltages, and collision energy, the specific and stable
MRM method for 18 lignans was established. All transitions for each
analyte and their corresponding parameters were summarized in
Table 1.
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3.2. Validation of quantitation method

The validation of the proposed quantitation method was performed
according to international guidelines in terms of specificity, linearity,
sensitivity, stability, repeatability, accuracy and matrix effect [30]

3.2.1. Specificity and selectivity

Fig. 2 displayed the typical LC-MS/MS MRM chromatograms of the
18 lignans standards mixture, in which no interference between 18
analytes at the retention time. Additionally, the signal intensity of the
analytes in the MRM chromatograms was sufficient for quantitation,
illustrating this method with high specificity and good sensitivity.

3.2.2. Linear regression, LOD, and LOQ

The calibration curve of each analyte was established to investigate
linearity by plotting the signal intensity (peak area, Y) as abscissa and
the corresponding concentration as ordinate. As presented in Table 2,
the calibration curves for 18 lignans presented satisfactory linearity (R?
> 0.99) within the calibration range of 0.01-24.20 pg/mL. The LOD and
LOQ were deemed as minimum concentrations to confidently identify
and quantify for analytes in method. The ranges of LOD and LOQ for all
lignans were 0.26-70.60 pg and 0.52-141.20 pg, respectively (Table 2).
The developed analysis significantly improved sensitivity when
compared with the published UPLC-MS quantification, and demon-
strated wider linear range of lignans [12].

3.2.3. Precision, stability, and repeatability

Intra-day precision of instrument was used to analyze the standard
mixture for six replicates in one day, and the RSDs of peak area for the
analytes were below 4.29%. Inter-day precision was calculated based on
the data of six replicates in three consecutive days and the RSDs were
entirely below 7.12% (Table 2). These results revealed that the method
possessed good precision whether determination was conducted on an
intra- or inter-day basis. To investigate stability of samples in different
extract processes, the RSDs of peak areas for sample with ethanol-
extraction were<10.45% (Table 3-1), while the RSDs for HILs-
extraction were below 9.89% (Table 3-2). Repeatability of the quanti-
tative approach was assessed by analyzing one sample for six continuous
injections. The RSDs of repeatability were<7.48% in ethanol-sample

\ | 1 | I
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(Table 3-1), while<5.88% in HILs-sample (Table 3-2). These results
indicated that the sample possessed good stability and repeatability
whether extracted with ethanol or HILs system.

3.2.4. Recovery and matrix effect

Recovery experiment was carried out to evaluate the accuracy of the
quantitation method by adding standards mixture at three different
levels, equivalent to 50%, 100% and 150% of endogenous compounds
concentrations, into samples [32]. In the samples processed by ethanol
(Table 3-1), the ranges of recoveries were 83.14%-110.81% at 50%
spiking level (RSDs < 8.69%), 80.49%-110.85% at 100% spiking level
(RSDs < 7.49%), and 86.30%-120.11% at 150% level (RSDs < 4.12%).
While in the sample with HILs-extraction (Table 3-2), the recoveries
were in the range of 82.64%-119.25% (RSDs < 10.40%), 86.30%-
118.61% (RSDs < 6.76%), 81.09%-119.28% (RSDs < 7.54%) at spiking
levels of 50%, 100%, and 150%, respectively. It was failed to calculate
the recovery of lappaol B (5) in ethanol-extraction due to low concen-
tration. These results suggested that the proposed method has the
acceptable accuracy. The matrix effects were evaluated by calculating
the slope ratio of the calibrations curve that was obtained between
matrix-free standard mixture and matrix-matched sample solutions. The
values were accepted below a range of 20% in ethanol extracts (80.20%—
119.95%) (Table 3-1) and HILs extracts (81.33%-114.62%) (Table 3-2)
for 18 lignans, indicating that matrix has no significant effect on the
quantitation for the interested analytes [13].

In summary, specificity, selectivity and precision of the quantitation
with UPLC-QqQ-MS in the MRM mode and stability and accuracy of
samples employing with ethanol or HILs for 18 lignans had been
strongly demonstrated by the results of the methodological validation.

3.3. Extraction optimization of lignans

3.3.1. Optimization for extract conditions employing the conventional
organic solvent

Contents of target compounds were conducted as the response values
to investigate the influence of different extraction methods, extraction
solvents, ultrasonic time, ultrasonic temperature, frequency, ethanol
concentration, and liquid to solid ratio respectively on extraction effi-
ciency. The results of the single-factor experimental analysis indicated
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Fig. 2. Typical LC-MS/MS MRM chromatograms of 18 lignans (C1-C18) standard mixtures, which are matairesinoside (C1), arcttin (C2), matairesinol (C3), arcti-
genin (C4), lappaol B (C5), schisandrol A (C6), gomisin D (C7), angeloylgomisin H (C8), gomisin G (C9), schisantherin A (C10), schisantherin B (C11), schisanhenol
(C12), gomisin L1 (C13), schizandrin A (C14), schizandrin B (C15), schizandrin C (C16), benzoylgomisin O (C17) and angeloylgomisin O (C18), respectively.
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Table 2
Linear regression, LOD, LOQ, and precision data of lignans (1-18).

NO. Analytes Range (pg/ml) Regression equations R? LOD (pg) LOQ (pg) Precision (RSD %)
Intra-day Inter-day
n=6) (n=6)

1 Matairesinoside 0.10-4.95 y = 3.6808E-04x + 2.2906E-01 0.9961 19.80 99.00 2.38% 3.11%

2 Arcttin 0.45-22.50 y = 1.5902E-04x — 2.5217E-01 0.9925 11.50 23.00 2.24% 3.89%

3 Matairesinol 0.01-2.00 y = 1.5418E-05x — 9.3195E-04 0.9999 1.00 2.50 1.43% 2.49%

4 Arctigenin 0.48-24.20 y = 1.3670E-05x — 7.1440E-01 0.9996 6.05 12.10 1.05% 0.97%

5 Lappaol B 0.14-7.06 y = 8.8192E-04x + 6.5821E-02 0.9994 70.60 141.20 3.77% 2.39%

6 Schisandrol A 0.16-16.20 y = 3.9203E-04x — 2.9038E-01 0.9988 9.95 19.90 4.29% 0.98%

7 Gomisin D 0.10-2.10 y = 5.0992E-04x — 3.0819E-03 0.9999 42.00 105.00 1.29% 7.12%

8 Angeloylgomisin H 0.07-3.55 y = 1.6117E-04x — 1.8634E-01 0.9957 35.50 71.00 3.51% 1.06%

9 Gomisin G 0.01-0.61 y = 2.6153E-05x — 8.7045E-03 0.9985 1.53 3.05 2.48% 2.52%

10 Schisantherin A 0.02-1.05 y = 1.8298E-05x — 3.2710E-02 0.9965 1.05 2.10 2.99% 1.57%

11 Schisantherin B 0.07-3.35 y = 2.3898E-05x — 2.5098E-01 0.9936 1.68 3.35 2.26% 1.55%

12 Schisanhenol 0.01-0.60 y = 9.8519E-06x + 1.6689E-03 1.0000 0.60 1.50 3.47% 3.20%

13 Gomisin L1 0.01-0.95 y = 1.8377E-05x — 4.6113E-04 0.9999 4.75 9.50 3.89% 1.58%

14 Schizandrin A 0.06-6.00 y = 4.8897E-06x — 8.0361E-02 0.9997 1.50 3.00 2.21% 0.29%

15 Schizandrin B 0.12-11.50 y = 5.6589E-06x — 3.1710E-01 0.9969 2.88 5.75 2.58% 1.63%

16 Schizandrin C 0.01-0.81 y = 1.6225E-05x + 1.7799E-04 0.9999 0.81 8.10 3.89% 2.98%

17 Benzoylgomisin O 0.01-0.62 y = 5.6597E-06x — 4.0086E-03 0.9999 0.31 0.63 2.23% 1.40%

18 Angeloylgomisin O 0.01-0.52 y = 3.5111E-06x — 2.8068E-03 0.9999 0.26 0.52 2.36% 2.92%

Table 3.1
48 h stability, repeatability, recovery data, and matrix effect of samples in the ethanol-extraction.
NO.  Analytes 48 h Stability (RSD%, n Repeatability (RSD%, n =  Recovery (%, n = Matrix effect
=8) 6) 3) (%)
high middle low
Mean RSD% Mean RSD% Mean RSD%

1 Matairesinoside 4.33% 3.67% 117.84% 2.21% 98.57% 4.39% 83.14% 3.19% 95.85%

2 Arcttin 6.98% 1.71% 107.08% 0.62% 108.86% 1.34% 83.68% 3.80% 118.49%

3 Matairesinol 2.83% 2.97% 86.30% 1.91% 90.17% 1.69% 110.81% 5.57% 118.82%

4 Arctigenin 1.68% 1.57% 87.29% 1.40% 92.92% 1.09% 98.82% 3.25% 119.15%

5 Lappaol B 6.17% 7.37% - - - - - - 80.20%

6 Schisandrol A 4.75% 3.55% 103.02% 0.84% 110.85% 1.94% 86.67% 4.48% 89.13%

7 Gomisin D 5.08% 7.48% 92.49% 3.68% 95.50% 6.37% 109.45% 5.78% 80.56%

8 Angeloylgomisin 6.71% 2.83% 99.85% 3.17% 103.28% 6.04% 104.38% 8.69% 103.19%

H

9 Gomisin G 4.78% 2.52% 114.49% 2.12% 103.46% 7.49% 87.81% 8.59% 119.95%

10 Schisantherin A 2.43% 2.99% 88.47% 3.67% 88.21% 4.21% 91.31% 8.35% 109.45%

11 Schisantherin B 10.45% 0.72% 112.47% 3.48% 101.71% 4.29% 94.84% 4.97% 96.26%

12 Schisanhenol 1.93% 1.48% 93.22% 2.11% 90.33% 2.46% 98.21% 6.63% 118.31%

13 Gomisin L1 2.74% 1.54% 93.87% 2.47% 80.49% 1.88% 90.33% 3.94% 95.00%

14 Schizandrin A 2.52% 0.87% 88.27% 1.02% 92.28% 3.85% 96.40% 4.43% 81.27%

15 Schizandrin B 2.36% 1.22% 108.75% 2.15% 105.09% 2.98% 102.71% 4.43% 117.50%

16 Schizandrin C 3.08% 1.45% 112.41% 3.41% 105.52% 6.12% 92.42% 4.09% 87.79%

17 Benzoylgomisin O 4.86% 2.05% 110.19% 4.12% 109.80% 6.43% 93.18% 3.95% 107.48%

8.21% 3.95% 120.11% 1.89% 105.34% 2.63% 89.44% 5.27% 87.95%

18 Angeloylgomisin
(0]

that the target compounds obtained higher extract efficiency when it
was performed under the ultrasonic extraction, ultrasonic time of 30
min, ultrasonic temperature of 40 °C, frequency of 2, ethanol concen-
tration of 80% and liquid to solid ratio of 200 mL/g (Fig. S2). And the
obvious influencing factors of ethanol concentration, liquid to solid ratio
and extract frequency were selected for further optimization with RSM
combined with BBD (Table S2). The ANOVA was performed to test the
significance of models.

The results obtained from 17 experimental runs of BBD were shown
in Table S3. The results of ANOVA for the regression models were shown
in Tables S4. The significance of regression models was checked by F-test
and p-values and the model behaved an excellent fitness if the p-value
was below 0.05. The regression models of 17 lignans were extremely
significant (p < 0.01), expect for lappaol B (5). The values of “lack of fit”
were not significant (p > 0.05) for 17 lignans, except for schisandrol A
(6). The results indicated that the significant models could suitable for
parameter optimization with good predictability for variables.

The p-value was applied to verify the significance for each coefficient
of the parameters and the F-value was used to evaluate the incidence of

that on the experimental index, which would exert a greater influence
with a larger value. The influence of various parameters on extract
yields for lignans was shown in Table S4. Factors of X1, X2, and X3
collectively affected the extract yields of 10 compounds (1-4, 7, 11,
13-14 and 17-18). Noticeably, the liquid to solid ratio (X2) exerted no
significant influence on the yields of compounds (6, 10, 12, 15 and 16),
while the frequency (X3) had no impact on angeloylgomisin H (8). Be-
sides, the extract efficiency of Gomisin (9) was independent of ethanol
concentration (X1).

The predicted response of 18 lignans could be expressed as the
following multiorder polynomial equations in Table S5 in terms of the
coded levels and 3D response surface plots for that presented the visual
graphics of the interaction effects between two independents variables.
The interactions between ethanol concentration (X1) and liquid to solid
ratio (X2) were presented in Fig. S3, with the frequency (X3) held at
level of 0 (2). For yields of lignans (1-4, 7-8, 11, 13-14 and 17-18),
ethanol concentration and liquid to solid ratio exhibited remarkable
impacts on quadratic terms, and the correlative effects of them pre-
sented remarkable influences. As the ethanol concentration increased,
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Table 3.2

48 h stability, repeatability, recovery data, and matrix effect of samples in the HILs-extraction.

Ultrasonics Sonochemistry 73 (2021) 105539

NO.  Analytes 48 h Stability (RSD%, n Repeatability (RSD%, n =  Recovery (%, n = Matrix effect
=8) 6) 3) (%)
high middle low
Mean RSD% Mean RSD% Mean RSD%
1 Matairesinoside 4.60% 2.25% 119.28% 0.90% 114.91% 5.39% 84.57% 6.06% 96.66%
2 Arcttin 3.81% 3.03% 102.11% 5.14% 101.47% 5.57% 87.08% 9.51% 92.29%
3 Matairesinol 1.56% 1.15% 83.31% 7.54% 88.12% 3.92% 94.59% 3.49% 89.11%
4 Arctigenin 1.76% 0.51% 82.63% 4.52% 95.75% 2.87% 90.98% 10.40% 88.04%
5 Lappaol B 9.89% 4.62% 84.94% 4.75% 118.61% 2.84% 119.25% 2.20% 114.62%
6 Schisandrol A 6.12% 1.64% 92.28% 4.81% 116.42% 1.59% 111.13% 3.98% 85.74%
7 Gomisin D 5.41% 2.38% 102.05% 2.32% 99.45% 3.58% 115.05% 1.96% 97.76%
8 Angeloylgomisin 2.74% 1.90% 86.67% 2.78% 94.35% 6.25% 111.25% 4.01% 112.33%
H
9 Gomisin G 4.23% 1.55% 89.10% 4.53% 105.32% 2.39% 83.81% 2.68% 81.65%
10 Schisantherin A 5.42% 4.30% 83.35% 5.95% 106.05% 3.81% 83.12% 1.20% 83.14%
11 Schisantherin B 2.31% 2.23% 89.03% 4.39% 89.42% 5.82% 114.34% 2.18% 81.33%
12 Schisanhenol 2.64% 1.89% 81.09% 1.01% 86.30% 5.44% 87.34% 8.41% 82.35%
13 Gomisin L1 2.36% 4.09% 92.91% 2.38% 118.16% 2.02% 98.30% 1.18% 102.44%
14 Schizandrin A 4.40% 5.88% 89.76% 3.89% 92.00% 6.76% 82.64% 1.17% 110.83%
15 Schizandrin B 4.66% 1.60% 96.65% 3.65% 103.43% 3.01% 117.43% 1.68% 88.12%
16 Schizandrin C 2.66% 2.25% 90.73% 6.76% 97.84% 3.32% 83.52% 2.63% 102.25%
17 Benzoylgomisin O 4.06% 4.79% 98.34% 4.81% 96.15% 5.61% 115.32% 0.38% 101.36%
18 Angeloylgomisin 3.35% 4.02% 82.44% 3.45% 89.20% 4.54% 101.46% 8.32% 98.87%
o
the average yield of lignans in SCF was increased while that in AF was Table 4
able

deceased relatively. This phenomenon was related to the polarity be-
tween solvent and constituents; because of lignans in SCF were small
polarity while medium in AF [33]. Therefore, mostly lignans could
achieve a good extract-efficiency when the concentration of ethanol was
60%. The 3D response surface for the interaction of liquid to solid ratio
(X2) and frequency (X3) with fixed ethanol concentration (X1) (level 0)
was displayed in Fig. S3, in which remarkable correlative effects were
obtained in lignans (1-4, 7, 9, 11, 13-14 and 17-18). As the liquid to
solid ratio and frequency increased, contents of lignans increased
significantly and then tended to plateau or slightly reduced. The purpose
of increasing liquid to solid ratio and frequency was to increase the
contact area between solvent and sample, so that the liquid could fully
extract target components; however, large solvent volumes could make
the extraction difficult and lead to unnecessary waste [24]. A significant
correlative effect between ethanol concentration (X1) and frequency
(X3) was observed for contents of most lignans.

The optimization for conditions of conventional organic solvent-
assisted ultrasonic extraction was fitted out using RSM and was pre-
dicted as follows: ethanol concentration of 60%, liquid to solid ratio of
300 mL/g and extract frequency of 2. And the predicted maximum
contents of lignans were listed in Table 4. Three parallel experiments
were conducted to verify the predicted optimal conditions, which gave
the actual values of lignans shown in Table 4. The actual values were
close to the predicted values, indicating that RSM was the available
method for improving the extract yields of lignans in ultrasound-assisted
extraction with the conventional organic solvent.

3.3.2. Optimization of extract conditions employing HILs

3.3.2.1. Optimization for the proportion of HILs using uniform design.
According to the tentatively study, [EMIM][BF4], [EMIM][OAc] and
[AMIM]CI showed higher extractability for partial lignans respectively.
Whereas, we found that use of a single IL could not increase the content
of all target compounds due to their polarity differences. Therefore, we
wondered whether extraction with a mixture of ILs could effectively
improve the contents of 18 lignans simultaneously.

To further optimize the composition and proportion of HILs, three ILs
mentioned above were chosen for uniform design from six levels, which
ensured the experimental points distributed evenly under the premise of
needing fewer trials. The software of the Data Processing System (DPS

Comparison the predicted values of RSM with the actual values of verification
experiment for lignans.

NO. Analytes Extraction with ethanol Extraction with HILs

Predicted Measured Predicted Measured

value value (mg/  value value

(mg/g) g) (mg/g) (mg/g)
1 Matairesinoside 0.2654 0.2478 0.1885 0.1795
2 Arcttin 8.6021 7.4672 7.2159 7.1869
3 Matairesinol 0.2111 0.2029 0.2237 0.2363
4 Arctigenin 4.3236 3.9111 4.2100 4.3619
6 Schisandrol A 3.3475 2.7081 3.2770 3.6161
7 Gomisin D 0.1293 0.1183 0.1323 0.1361
8 Angeloylgomisin 0.2589 0.2661 0.4976 0.5369
9 Gomisin G 0.1123 0.1071 0.1222 0.1214
10 Schisantherin A 0.0762 0.0767 0.1258 0.1131
11 Schisantherin B 0.1929 0.1779 0.3999 0.4217
12 Schisanhenol 0.0701 0.0706 0.0718 0.0724
13 Gomisin L1 0.0345 0.0339 0.0334 0.0352
14 Schizandrin A 0.8363 0.9246 1.0071 1.0191
15 Schizandrin B 1.4602 1.4215 1.3260 1.4063
16 Schizandrin C 0.1410 0.1395 0.0855 0.0974
17 Benzoylgomisin 0.0071 0.0072 0.0109 0.0115

(0]
18 Angeloylgomisin 0.0021 0.0023 0.0052 0.0055
(0]

Version 7.01) was used to generate the experimental design. According
to the uniform design table U6 (63), three ILs acted as the independent
variables (X1, X2 and X3), and the contents of lignans (1-4 and 6-18) as
the dependent variables except for lappaol B (5). Three parallel exper-
iments were conducted by controlling the volume ratio of the total ILs to
H0 to be 1:1, and the optimal proportion for HILs was obtained. The
experimental design and results were listed in Table S6.

The SPSS 19.0 was applied for subsequent data analysis and
regression model generation. The significant tests demonstrated the
validity of models and multiple regression equation along with corre-
sponding indexes, as listed in Table S7. The results indicated that the
content of [AMIMICI (X1) showed a downside impact on yield for
compounds (3, 7, 8, 10, 12 and 13), while a upside impact on matair-
esionside (1). Additionally, the content of [EMIM][OAc] (X2) exerted
significant upside influences on yields of compounds (1-4, 6, 8, 9, 11
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and 13), and [EMIM][BF4] (X3) positively affected compounds (1, 9,
14-18). Consequently, the extract yield of lignans could be improved by
relatively raising the proportion of [EMIM][OAc] and [EMIM][BF4].
The optimized proportion for HILs obtained was: [AMIM]CL:[EMIM]
[OAc]:[EMIM][BF4] of 1:5:5.

To verify the composition of HILs associated with the yield of target
compounds, the verification experiment was conducted following the
optimal proportion obtained previously and compared that with the
single IL, as illustrated in Fig. 3. Comparison of extract abilities of the
HILs with the [AMIM]CI (Fig. 3A), the yields of the compounds (1,
14-18) increased greatly, in which, the yields of schizandrin A (14),
schisandrin B (15), schizandrin C (16), benzoylgomisin O (17) and
angeloylgomisin O (18) with an enhancement>100%. As for [EMIM]
[OAc] (Fig. 3B), the extract yields for compounds (6, 9-11) with an
increased between 30% and 100%. Obviously, matairesinoside (1) and
compounds (14-18) increased by over 100% after optimization. As to
[EMIM][BF4] (Fig. 3C), the contents of matairesinoside (1) increased by
131%, while arcttin (2) increased by 32%. The uniform design results

B [AMIMICI
&8 HILs

*

ek

Content (mg/g)

Compared the [AMIM]CI with HILs system

A

| [EMIM][BF4]
B HiLs

Content (mg/g)

Compared the [EMIM|[BF4] with HILs system

C
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concluded the proportion of [AMIM]CI was relatively low. Therefore, we
compared the HILs with that without [AMIM]CI (Fig. 3D), and found
that the contents of matairesinoside (1), angeloylgomisin H (8), schi-
santherin A (10) and schisanhenol (12) were abundant in system con-
taining [AMIM]C, but rare in that without [AMIM]CI. Accordingly, the
three ILs mixtures were determined as the extract system according to
the above results.

3.3.2.2. Optimization for extract conditions using RSM. Based on the
optimal proportion, we conducted the single-factor experiment and
showed that the target compounds with higher extract yield by ultra-
sonic extraction, HILs content of 1:1 (Viis/Vu20), ultrasonic time of 30
min, ultrasonic temperature of 60 °C, ultrasonic power of 100 W, fre-
quency of 1 and liquid to solid ratio of 200 mL/g (Fig. S4). Of which, the
factors of HILs content, liquid to solid ratio and extract time were
selected for further optimization with RSM combined with BBD
(Table S8).

The results of BBD were shown in Table S9 and the ANOVA for the
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“* ” represents the extraction efficiency with the increase of 10%-30%,

«#% > represents the extraction efficiency with the increase of 30%-100%,

«*x% > represents the extraction efficiency with the increase of more than 100%.

Fig. 3. Comparison of extraction yields of target compounds between the HILs and single IL: (A) comparison between HILs and [AMIM]CI, (B) comparison between
HILs and [EMIM][OAc], (C) comparison between HILs and [EMIM][BF4], (D) compared to the HILs without [AMIM]CI.
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regression models was shown in Table S10. Considering the low
response value of lappaol B (5), contents of 17 lignans were participated
in fitting the regression models in RSM. The regression models for 17
lignans were extremely significant (p < 0.01), and the value of “lack of
fit” was not significant (p > 0.05) for 16 lignans except for schisantherin
A (10). The results indicated that the significant models could be applied
for parameter optimization with a good prediction for variables.

The p-value and F-value for each coefficient of parameters were
shown in Table S10. It was indicated that the ILs content (X1) played a
critical role in the increasing of yields for 14 target compounds except
for matairesinol (3), gomisin D (7) and schisanhenol (12). The contents
of 13 target lignans were significantly affected by the liquid to solid ratio
(X2) except for schisanhenol (12), schizandrin B (15), benzoylgomisin O
(17) and angeloylgomisin O (18). And the extract time (X3) exerted a
significant influence on the yields of lignans (1-3, 6, 8-10 and 14-16).

The multiorder polynomial equations for the responses and variables
in terms of the coded levels were listed in Table S11, and the 3D response
surface plots of interaction effects between two independents variables
were shown in Fig. S5. The correlative effects between ILs content (X1)
and liquid to solid ratio (X2) were presented remarkable influences on
yields of 16 lignans except for schisanhenol (12), with the extract time
(X3) held at level of 0 (40 min). The yields of lignans improved with ILs
content increasing initially. After further increases, a significantly
decrease in extract-yield was observed. We suggested that the high
viscosity at high ILs concentration may result in poor solvent penetra-
tion into sample, leading to reduced extract-yield [24]. Moreover, as
liquid to solid ratio increased, yields of lignans improved obviously and
the reason for this phenomenon may be that concentration difference of
target lignans between sample and solvent were increased with the in-
crease of liquid to solid ratio. The increased concentration difference
enhanced the mass transfer rate and the extract efficiency increased
[16]. Another consideration was extract time (X3), it was demonstrated
that remarkable correlative effects for the interaction of ILs content (X1)
and extract time (X3) were obtained in mostly lignans, with fixed liquid
to solid ratio (X2) (level 0). The extract-ability expanded within 40 min,
and yields of lignans remained at a similar level during longer extract
time for the extraction was complete after 40 min.

The optimization for extract conditions employing HILs were
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predicted as follows: total ILs content of 1.2:1 (Vis/Vio0), liquid to solid
ratio of 210 mL/g and extract time of 40 min. The predicted maximum
contents of lignans were listed in Table 4. And three parallel verification
experiments were conducted under the optimized conditions, which
gave the practical value for lignans were shown in Table 4. The actual
values were close to the predicted values, indicating that RSM was a
suitable method for improving the extract yields of lignans in
ultrasound-assisted extraction with HILs.

3.3.3. Comparison of the efficiency employing HILs and traditional organic
solvent in ultrasonic-assisted extraction

To more comprehensively investigate the difference of extract-
abilities between HILs and organic solvent on the target compounds, a
series of extract experiments were conducted under the ultrasound-
assisted extraction.

When compared with the ethanol-extraction under the same condi-
tions, the proposed approach using HILs offered higher extract effi-
ciency. It was noted that significant increases in the contents of 15 target
compounds were shown in Fig. 4A and Table S12. Further analysis
revealed that the contents on compounds (9 and 12-14) increased be-
tween 10% and 20%, and six compounds (3, 6-8, 10 and 15) with an
increase between 20% and 40%. Besides, the contents of arcttin (2) and
arctigenin (4) increased distinctly, reaching 43%. Moreover, the yields
of matairesinoside (1), lappaol B (5), and schisantherin B (11) with an
extremely significant enhancement, which were up to 69%, 105%, and
60%, respectively. It was concluded that the proposed HILs-based
extraction was superior to traditional solvent under the same
ultrasonic-extract conditions.

To better characterize the advantages of the HILs system, we
compared it with the optimal ethanol-extract approach, as shown in
Fig. 4B and Table S12. The experimental results manifested that 13
target lignans obtained by HILs possessed higher extract efficiency than
optimal ethanol-extraction. Further data analysis discovered that the
yields for six compounds in HILs (5, 8, 11, 13, 15 and 17) increased
between 10% and 20%, and six lignans (3, 4, 7, 10, 12 and 18) with an
increase of 20%-40%. Additionally, the extract yields of gomisin G (9)
with obviously improvement reached 47%. These results indicated that
even compared with the optimized ethanol-extraction, the higher
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“*” means the extraction efficiency of HILs with the increase of 10%-20% than that of traditional solvent;
“** > means the extraction efficiency of HILs with the increase of 20%-40% than that of traditional solvent;
«#%% > means the extraction efficiency of HILs with the increase of more than 40% than that of traditional solvent.

Fig. 4. Comparison of the efficiency employing HILs and traditional organic solvent in ultrasonic-assisted extraction: (A) compared the HILs with 60% ethanol under
the same extraction conditions, (B) compared the HILs with 60% ethanol under the optimized extraction conditions.
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extract efficiency of target compounds still could be achieved by using
the HILs system. Briefly, it meant that the proposed HILs-based ultra-
sound-assisted extraction is a green and efficient extract protocol for
lignans.

To demonstrate the feasibility of the constructing HILs system in the
application of TCMs, according to the extraction process of SH, SCF and
AF were extracted employing with 60% ethanol and HILs at the same
conditions, respectively. The result indicated that the content of total
lignans in the ethanol system was up to 47 mg/g, while that in HILs
system was up to 69 mg/g, with an increasing of 47%. Remarkably,
there were significant increases in the contents of 12 compounds in the
TCMs, as shown in Fig. 5. Further data processing revealed that, in the
HILs system, the yields of matairesinoside (1), arctigenin (4), schisan-
drol A (6), gomisin L1 (13) and schizandrin C (16) were increased more
than 30%. Extraordinary, the concentration of bioactive arctigenin (4)
in HILs was highly outstripped than that in ethanol, with an increase by
nearly six times. Consequently, the HILs system could be widespread
generalized in the simultaneous extraction of compounds with different
polarities in TCMs.

3.4. Characterization of the interaction between ILs and lignans

Arctigenin (4) as a representative lignan in AF, with obvious
increased-yield in the HILs system, was selected by using 'H-NMR and
I3C.NMR measurements of arctigenin, [EMIM][OAc], [AMIM]CI,
[EMIM][BF4], [EMIM][OAc]-arctigenin mixtures, [AMIM]Cl-arctigenin
mixtures, and [EMIM][BF4]-arctigenin mixtures to determine in-
teractions between ILs and arctigenin.

The analysis of I3C_.NMR data (Fig. S6B) of [EMIM][OAc]-arctigenin
mixtures, arctigenin, and [EMIM][OAc] showed an interesting phe-
nomenon. Compared with their single substance, in the [EMIM][OAc]-
arctigenin mixtures, the chemical shift of carbonyl (A5 = 0.12 ppm) in
[EMIM][OAc] moved to downfield at 5;173.60, and the chemical shift of
C-4 (AS = 2.19 ppm) in arctigenin moved to downfield at 6c147.28
overlapped with C-4/, which were confirmed by HMBC correlations
validly. Such a phenomenon indicated that the acetate anions of [EMIM]
[OAc] formed stronger hydrogen bond with arctigenin. The increase in
chemical shift for carbonyl in the [EMIM][OAc] was an indication for
the interaction between that with the phenolic hydroxyl proton in arc-
tigenin, which led to a decrease of electron cloud density around C-3, C-
4 and C-5 in arctigenin and causes a downfield shift [34]. Simulta-
neously, the carbonyl (A§ = 0.14 ppm) in arctigenin may form weaker
hydrogen bond with the ring protons (C-2, A§ = -0.38 ppm) in the

B2 60% Ethanol HILs

1.04

Content (mg/g)

Fig. 5. Comparison of the efficiency in TCMs (SCF and AF) employing HILs and
traditional organic solvent in ultrasonic-assisted extraction.
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imidazolium cation and hydrogens in C-9 (A5 = -0.25 ppm) of [EMIM]
[OAc]. Therefore the signals of the C-2 and C-9 in [EMIM][OAc] moved
upfield. The chemical shift of C-2 in imidazolium cation was due to
acidic and hydrogen bond donor properties in C2-H. And the upfield
change of C9 was mainly attributed to the increase of electron density
around the C-9 nucleus, owing to the stronger hydrogen bonds between
the acetate anion and arctigenin [35]. Consequently, chemical shifts
change of carbon atoms was ascribed to formation of new hydrogen
bonds between arctigenin and acetate anion of [EMIM][OAc]. As shown
in 'H-NMR (Fig. S6A), C2-H of imidazolium cation exhibited an obvious
upfield shift (from 10.06 ppm to 9.76 ppm) against of pure [EMIM]
[OAc]. Owing to formation of the inter-molecular hydrogen bonds be-
tween arctigenin and [EMIM][OAc], the intra-molecular hydrogen bond
between anion and cationic C2-H in the IL would be disturbed, resulting
in the upfield shift of C2-H.

Similar phenomena could be observed in [AMIM]Cl-arctigenin
mixtures (Fig. S7A). Compared to 'H-NMR spectrum of single sub-
stance, the signals of ~OH in arctigenin moved downfield (A§ = 0.40
ppm), while C2-H of [AMIM]CI moved upfield (A = -0.10 ppm). It was
reported that the formation of hydrogen bond led to downfield chemical
shift of the proton, while the weakening of hydrogen bond resulted in
upfield chemical shift of them [36]. Considering the acidity of -OH of
arctigenin was better than C2-H of [AMIMICI, the ClI" with strong
hydrogen bond accepting ability in the IL would preferentially form
hydrogen bond with —-OH of arctigenin, which would weaken the
hydrogen bond between anion and cationic C2-H in the IL [37]. Simi-
larly, C-4 in arctigenin exhibited an obvious downfield shift (A5 = 0.24
ppm) against of pure arctigenin in '>C-NMR, which confirmed the
hydrogen-bond interaction with IL (Fig. S7B). The interaction of
hydrogen bond between [EMIM][OAc] and arctigenin was superior to
other ILs, and there was no significant chemical shifts observed in 'H-
NMR and *C-NMR of [EMIM] [BF4]-arctigenin mixtures.

Schisantherin A (10), with a significant improved-yield in the HILs
system, was typically chosen as small-polarity lignan in SCF to reveal the
structural properties between that of IL.

It was noted from 'H-NMR spectra of [AMIM]Cl-schisantherin A
mixtures (Fig S8A) and [EMIM]OAc-schisantherin A mixtures (Fig S9A)
that signal of C4-H in schisantherin A moved toward downfield by 0.27
ppm and 0.10 ppm, respectively. While signals of C2-H in [AMIM]Cl and
[EMIM][OAc] moved to upfield by 0.11 ppm and 0.50 ppm, respec-
tively. The analysis of I3C.NMR data in [AMIM]Cl-schisantherin A
mixtures (Fig S8B) and [EMIM][OAc]-schisantherin A mixtures (Fig
S9B), we observed that C-4 and C-5 of schisantherin A were all shifted to
downfield compared with pure schisantherin A. Particularly, shifted
values of C-4 were 0.49 ppm and 0.22 ppm in [AMIM]Cl-schisantherin A
mixtures and [EMIM][OAc]-schisantherin A mixtures, respectively. And
the chemical shift of carbonyl (A§ = 0.08 ppm) in [EMIM][OAc] moved
to downfield at 6c173.56 (Fig S9B). Combining the data of 'H-NMR, a
possible explanation for such results were that hydrogen bonds were
formed between C4-H of schisantherin A and anions of ILs, and the
hydrogen bond formation ability of [AMIM]CI surpassed other ILs in
HILs system. There was no significant chemical shifts observed in 'H-
NMR and *C-NMR of [EMIM][BF4]-schisantherin A mixtures.

Consequently, the variation of chemical shifts in ILs-arctigenin
mixtures and ILs-schisantherin A mixtures could be concluded that the
ILs incorporated with the anions, which have strong hydrogen bond
acceptor and can effectively dissolve target compounds by formation of
hydrogen bonds between anions of ILs and active protons of lignans.
Furthermore, superposition effect of hydrogen-bond formation with
various ILs raises a rational interpretation why HILs system achieves a
significant increase in extract efficiency than organic solvent and single
IL.

4. Conclusions

In this study, firstly, a comprehensive identification and
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quantification of 18 lignans from SH was triumphantly developed based
on UPLC-Q@Q-MS/MS in the MRM mode method. It was concluded that
the developed method has the advantages of linearity, sensitivity, pre-
cision, specificity and accuration. And the fragmentation patterns of
18lignans were proposed by MS/MS analysis. Moreover, this study
provided a practical example by using lignans in SH illustrating the
feasibility of constructing a HILs system for ultrasonic-extraction of
natural compounds with different polarities. The results undoubtedly
indicated that this HILs system, which was formed using [AMIM]Cl:
[EMIM][OAc]:[EMIM][BF4] at the optimal proportion of 1:5:5,
exhibited higher extract ability compared to that of traditional organic
solvent and single IL. Compared with traditional organic solvent-
extraction under the same conditions, the yields for 15 lignans
increased obviously. Subsequently, compared with the optimized
traditional organic solvent-extraction, there were still significant in-
creases on extract efficiency for 13 lignans, among which 7 lignans with
the enhancement of over 20%. Moreover, the total lignans were
increased by 47% when the HILs system was generalized in the extrac-
tion of TCMs. Different from the use of single IL, a HILs system could be
tailored for the maximal extractability of diverse polarity compounds.
Finally, arctigenin (4) and schisantherin A (10) as representative lignans
were selected by using 'H- NMR and '>C-NMR spectroscopy to charac-
terize the interactions between ILs and compounds. It could be tenta-
tively deduced that the phenolic hydroxyl in arctigenin and C4-H in
schisantherin A as donors to form hydrogen-bond interactions with the
anions of HILs, promoting its solubility in the HILs system. Conse-
quently, the application of the HILs system in multi-compounds ultra-
sonic-extraction could avoid the employment of volatile toxic solvent,
and provide a great protocol for the utilization of IL, which possesses a
great application prospect. Although the method proposed in this paper
has been proved to be effective and feasible for the extract of lignans
from TCMs (SCF and AF), we have not applied it to extract other types of
chemical ingredients from natural products. Therefore, further study on
the application of HILs-extraction for more chemical compositions with
different structure types should be developed, which will undoubtedly
promote the large-scale application of ILs in various domains.
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