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ABSTRACT: Selaginella tamariscina, a traditional Chinese medi-
cine, contains a variety of bioactive components, among which
biflavonoids are the main active ingredients and have antioxidant,
antitumor, and anti-inflammatory properties. In this study,
ultrasonic-assisted ionic liquid extraction (UAILE) is used for the
first time to extract two main biflavonoids (amentoflavone (AME)
and hinokiflavone (HIN)) from S. tamariscina. A high-performance
liquid chromatography method is used for the simultaneous
determination of AME and HIN in S. tamariscina. Then, three
novel ILs are synthesized for the first time by a one-step method
using benzoxazole and three acids or acid salts as raw materials, and
the structures of the synthesized ILs are characterized by elemental analysis, infrared spectroscopy, and NMR spectroscopy, as well
as the thermal stability of the ILs is evaluated by thermogravimetric analysis. After screening the extraction effects of three
benzoxazole ILs, three pyridine ILs, and three imidazole ILs, it is found that [Bpy]BF, is the best and therefore selected as the
extractant. The optimal extraction process is explored in terms of the yields of AME and HIN from S. tamariscina by a single-factor
experiments and response surface analysis. Under the optimal level of each influencing factor (IL concentration of 0.15 mol/L,
solid—liquid ratio of 1:12 g/mL, ultrasonic power of 280 W, ultrasonic time of 30 min, and three extraction cycles), the extraction
rates of AME and HIN from S. tamariscina are 13.51 and 6.74 mg/g, respectively. Moreover, the recovery experiment of [Bpy]BF,
on the extraction of biflavonoids shows that the recovered IL can repeatedly extract targets six times and the extraction rate is about
90%, which indicates that the IL can be effectively reused. UAILE can effectively and selectively extract AME and HIN, laying the
foundation for the application of S. tamariscina.

1. INTRODUCTION oH o

Selaginella tamariscina (Beauv.) Spring, known as Huiyang
grass, is a perennial evergreen grass and is distributed in many
places of China, including Guizhou, Yunnan, Shandong,
Liaoning, and Hebei."” It is mainly used to treat constipation,
hematuria, inflammation, chronic hepatitis, gout, and hyper-
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uricemia.>™> The chemical components in S. tamariscina
include biflavonoids, alkaloids, phenylpropanoids, and terpe- OH
noids.*™® Among them, biflavonoids are the characteristic and Amentoflavone Hinokiflavone

main active ingredients, especially amentoflavone (AME) and
hinokiflavone (HIN) (see Figure 1), which have a variety of
significant biological properties such as anti-inflammatory,
antioxidation, antivirus, antitumor, hypoglycemic, and vaso-
dilator.”~"® For instance, AME reduces cell viability in
hepatocellular carcinoma cells in a dose-dependent manner,
but does not affect normal hepatocyte viability, which may be
through downregulation of hexokinase 2 (HK2), thereby
inhibiting the tyrosine kinase 2 UAKZ) /signaling and tran-
scription activatin$ factor 3 (STAT3) signaling pathway to
prevent glycolysis."* Yang and colleagues'> proved that HIN
can inhibit the proliferation of three melanoma cancer cell lines
(human melanoma A375, CHL-1 cells, and murine melanoma
B16-F10 cells) and induce cancer cell apoptosis as well as

Figure 1. Structures of amentoflavone (AME) and hinokiflavone
(HIN).

prevent cancer cell migration, invasion, and cancer cell stage S
for melanoma. In addition, Shim et al.'® found that HIN can
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Table 1. Results of Elemental Analysis

N/% C/% H/% S/% 0/%
experimental  theoretical  experimental  theoretical ~ experimental  theoretical  experimental  theoretical ~ experimental  theoretical
ILs value value value value value value value value value value
[HBox]CH,4 6.49 6.54 44.53 44.86 4.17 3.74 14.83 14.95 29.80 2991
SO,
[HBox]PF, 5.30 5.30 31.82 31.82 1.92 1.89 5.30 6.06
[HBox] 6.03 6.01 46.55 46.35 2.16 2.14 20.70 20.60
CF;COOH

inhibit the production of inflammatory mediators NO, IL-6,
IL-8, and TNF-a and inhibit the expression of nitric oxide
synthase and cyclooxygenase (COX)-2 induced by lip-
opolysaccharide, thereby showing anti-inflammatory proper-
ties.

Biflavonoids have attracted the attention of many scholars
due to their wide biological activities. Obtaining biflavonoids
from medicinal plants is one of the main ways. Currently, there
are many traditional methods for extracting biflavonoids,
including diafiltration,’” soxhlet extraction,'® heating reflux
extraction,"” and alkali-soluble acid precipitation.20 But these
extraction methods have the disadvantages of being environ-
mentally unfriendly and time-consuming, as well as having low
extraction efficiency.

Ionic liquid (IL), a special molten salt, is usually composed
of organic cations and inorganic or organic anions and is also
called a room-temperature molten salt.”' Since the composi-
tion of ILs can be flexibly adjusted, there are many types of ILs
such as imidazole, pyridine, quaternary ammonium, and
quaternary phosphorus ILs. The anions cover almost all
organic and inorganic anions and the representative anions are
HSO,~, BE,”, PF,, CF,COO~, Br-, etc.” Compared with
conventional organic solvents, IL has special properties, such as
designability, low vapor pressure, large liquid range, and strong
solubility.”*** At present, the synthetic methods of ILs are
mainly divided into a one-step method*® and a two-step
method.”® The one-step synthesis method is a direct synthesis
method, which means that the IL can be synthesized in one
step through an acid—base neutralization reaction or
quaternization reaction. It has the advantages of simple
operation, low cost, no byproducts, and easy preparation.

Ultrasonic-assisted ionic liquid extraction (UAILE), a new
green extraction approach, can more effectively extract target
components from natural products, which can establish a
method that has many advantages such as time-saving, simple
operation, safety, and high extraction efficiency, and is suitable
for the extraction of biflavonoids.”’ > Kou and colleagues™’
used IL-ultrasonic-assisted extraction (UAILE) to extract
turmeric polysaccharides from ginger, with a yield of 92.82%.
Compared with traditional methods, UAILE not only
significantly increased the yield of turmeric polysaccharides
but also shortened the extraction time.

Based on the unique characteristics of ionic liquids, UAILE
is used to extract the main biflavonoids of S. tamariscina, which
has many advantages such as strong operability, time-saving,
high extraction efficiency, and environment-friendly. First,
through the screening of several ionic liquids, the best IL is
selected as the extraction solvent. Moreover, process
parameters are optimized through a single-factor experiment
and response surface design. Finally, this optimal UAILE is
compared with the traditional extraction methods, which can
provide a reference for the research of biflavonoids.

2. RESULTS AND DISCUSSION

2.1. Characterization of lonic Liquids. Three new
benzoxazole ILs, namely, benzoxazole methanesulfonate
([HBox]CH;S0O;), benzoxazole hexafluorophosphate
([HBox]PFy), and benzoxazole trifluoroacetate ([HBox]-
CF;COOH), are synthesized by one-step synthesis. Elemental
analysis, NMR, and infrared spectra analysis are used to
characterize the structure of the synthesized ionic liquid, and
thermogravimetric analysis is used to investigate the thermal
stability of the ionic liquid.

2.1.1. Elemental Analysis. An elemental analyzer is used to
determine N, C, H, O, N, and S elements of the three
benzoxazole ILs. As shown in Table 1, the results indicate that
the elemental contents of the ILs are 31.82—46.55% C, 1.92—
417% H, 5.30-29.80% O, 5.30—6.49% N, and 14.83% S,
which show that the elemental analysis test value of each
compound is basically consistent with the theoretical value.

2.1.2. NMR Spectroscopy. NMR spectroscopy can provide
further insight into the chemical composition of the three
benzoxazole ILs. [HBox]CH;SO;'H NMR (DMSO-d,, 400
MHz) 8: 10.68 (1H, s, H-7), 9.71 (1H, br s, H-8), 7.25 (1H, d,
J=8.4Hz H-2),7.21 (1H, t, ] = 8.4 Hz, H-3), 6.98 (1H, d, ] =
82 Hz, H-5), 6.85 (1H, t, J = 7.5 Hz, H-4), 232 (3H, s,
CH,;S0;); '*C NMR (DMSO-d;, 100 MHz) &: 40.2
(—=CH,S0;), 116.6 (C-1), 119.1 (C-2), 119.8 (C-4), 124.6
(C-3), 129.9 (C-5), 151.2 (C-6).

[HBox]PF, 'H NMR (DMSO-d,, 400 MHz) &: 6.98 (1H,
dd, J = 7.8, 1.6 Hz, H-2), 6.89 (1H, ddd, J = 8.0, 7.2, 1.6 Hz,
H-3), 6.83 (1H, dd, J = 8.0, 1.5 Hz, H-5), 6.72 (1H, td, ] = 7.5,
1.6 Hz, H-4); '*C NMR (100 MHz, DMSO-d,) &: 115.9 (C-
5), 119.9 (C-2), 120.9 (C-4), 125.1 (C-3), 125.8 (C-1), 148.6
(C-6).

[HBox]CE,COOH 'H NMR (DMSO-d, 400 MHz) &:
10.68 (1H, s, H-7), 9.71 (1H, br s, H-8), 7.25 (1H, d, ] = 8.4
Hz, H-2), 7.21 (1H, t, ] = 8.4 Hz, H-3), 6.98 (1H, d, ] = 8.2
Hz, H-5), 6.86 (1H, t, ] = 7.9 Hz, H-4); 3C NMR (100 MHz,
DMSO-dg) &: 115.8 (-CF,C0O0), 116.4 (C-5), 119.7 (C-2),
121.2 (C-4), 123.5 (C-3), 128.4 (C-1), 150.6 (C-6).

2.1.3. Thermogravimetric Analysis. Thermal analysis is the
most well-known technique to determine the thermal stability
of ionic liquids.”’ According to the thermogravimetric analysis
curve in Figure 2, the decomposition temperatures of
[HBox]CH;SO,, [HBox|PF,, and [HBox]CF,COOH are
about 340, 310, and 215 °C, respectively. Notably, the weight
of [HBox]CH;SO; changes greatly from 7.8 mg to about 1.3
mg. Based on the above experimental results, it can be shown
that the ILs have good thermal stability. Additionally, the
thermal stability of these compounds may not be related to the
benzoxazole ring but is related to the type of anion; the order
of thermal stability is [HBox]CH,SO; > [HBox]|PF, >
[HBox]CF;COOH.
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Figure 2. Thermogravimetric analysis curves of the three ionic liquids.

2.1.4. Infrared Spectroscopy Analysis. Infrared spectrosco-
py analysis can provide a lot of information about the
functional groups of compounds, which can help confirm some
or all molecular types and structures. Therefore, the main
functional groups of the three ionic liquids are observed and
investigated in the range of 4000—400 cm™'. When the
absorption peak is within 3300—3200 cm™', the C—-H
stretching vibration of the three ILs is found on the aromatic
ring, and the vibration in the range of 2600—2950 cm™" is
considered as the hydrocarbon stretching vibration on the
oxazole ring (see Figure 3). Meanwhile, the absorption peaks
within 1640—1630 cm™" represent the stretching vibration of
the C=N double bond. There are absorption peaks at 1600
and 1500 cm™', which proved the existence of the skeleton
vibration of the benzene ring. In addition, when the absorption
peaks are within 1300—1000 cm™, the results indicate that
there is a bending vibration of the C—H bond in the benzene
ring. Additionally, the absorption peaks at 900—700 cm™" are
proved to be the bending vibration of the benzene ring out of
the C—H plane.

2.2. Screening of ILs. The structure of ILs has a great
influence on the extraction effect of the active ingredients from
natural products.’® Three different types of ionic liquids are
selected, including three benzoxazoles, three imidazoles, and
three pyridines, and screened for the extraction of AME and
HIN from S. tamariscina (Figure 4A—D). It can be seen from
the figure that the order of the influence of the three IL types
on their extraction effects is pyridines > benzoxazoles >
imidazoles, which may be due to the greater interaction
between pyridine ILs and biflavonoids, such as hydrogen

bonding effect, electrostatic effect, and van der Waals force.>
Therefore, the extraction capacity of different pyridine ILs will
be investigated in detail.

The anion of ILs has an important influence on the
properties of ILs and is considered to be the main factor
affecting the extraction rate of the target compounds.”* In this
experiment, N-butyl pyridine is selected as the cation and
combined with three different types of anions (HSO,”, Br~,
and BF,") separately to investigate the effects on the extraction
rate of AME and HIN. Compared with HSO,™ and Br™ (see
Figure 4C), BF,” has a better extraction effect on AME and
HIN in S. tamariscina, which may be due to the H bond
interaction between BE,” and biflavonoids.*® In addition, the
BF,” IL solution can effectively penetrate into the cells,
thereby increasing the solubility of the target product.
Therefore, BF,” is the best anion and therefore selected to
extract AME and HIN from . tamariscina.

In order to evaluate the influence of pyridine ILs with
different cations on the extraction rate of two biflavonoids,
BF,” is combined with 4 different cations ([Epy]*, [Bpyl,
[Hpy]*, and [Opy]*) to form different ILs. As shown in Figure
4D, as the alkyl chain length increases from ethyl to butyl, the
extraction yields of AME and HIN increased significantly,
which may be due to the enhanced hydrogen bonding and
hydrophobic interaction between ILs and target compounds.
When the cation further changes from butyl to octyl, the
extraction rate gradually decreased, which may be due to the
increase in the viscosity of the ILs, resulting in the weakening
of the solvation effect.’® Meanwhile, the molecular weight of
the ILs increased, resulting in an increase in steric hindrance,
thereby reducing the contact between IL molecules and
biflavonoids.”” In conclusion, [Bpy]® is employed as the
appropriate cation for further optimization.

Based on the above experimental results, it can be concluded
that the IL with the best extraction effect for AME and HIN in
S. tamariscina is [Bpy]BF,, which is selected for further single-
factor investigation.

2.3. Single-Factor Experiments. After IL screening, the
influence of five parameters, i.e., IL concentration, extraction
power, ultrasonic time, solid—liquid ratio, and the number of
extractions on the extraction of AME and HIN from S.
tamariscina is investigated. As ILs are relatively sticky,
Hizaddin et al. found that pyridine ILs are best soluble in a
series of ethyl alcohols at the same temperature® and so we
used ethanol to dissolve the ILs.
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Figure 3. Fourier-transform infrared (FT-IR) spectra of the three ionic liquids: (A) [HBox]CH;SO;, (B) [HBox]CF;COOH, and (C) [HBox]PF,.
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Figure 4. Effects of different types of ionic liquids on the extraction efficiency of AME and HIN from S.tamariscina: (A) benzoxazoles, (B)
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The concentration of IL is the main factor that affects the
extraction rate of active ingredients of natural products. To
find the best IL concentration, a series of different ionic liquid
concentrations (0.025, 0.0S, 0.075, 0.1, 0.125, 0.15, and 0.175
mol/L) are investigated on the extraction effects of AME and
HIN. As the IL concentration is in the range of 0.025—0.15
mol/L (see Figure SA), with the increase of the IL
concentration, the extraction rates of AME and HIN gradually
increase. When the IL concentration is 0.15 mol/L, the
extraction rate reaches a maximum. However, the extraction
rate decreases gradually from 0.15 to 0.175 mol/L. This may
be because the increase of IL concentration leads to the
increase of IL viscosity, thereby decreasing the IL diffusion
capacity, which makes it difficult for the IL solution to
penetrate plant tissues to fully extract the target com-
pounds.””*’ Therefore, [Bpy]BF, concentrations of 0.125,
0.15, and 0.175 mol/L are used for the subsequent
optimization study of RSM.

The extraction of active ingredients from natural products
requires a longer time, and too long extraction time produces a
lot of impurities. Hence, it is necessary to determine the
appropriate extraction time. In this study, the effect of different
extraction times (10, 15, 20, 25, 30, 35, and 40 min) on the
extraction rates of AME and HIN is determined. As illustrated
in Figure SB, when the ultrasonic time is in the range of 10—30
min, the extraction rate of the two biflavonoids gradually
increases and the extraction rate of biflavonoids reaches a

maximum value at 30 min. However, the extraction rate shows
a downward trend at 30—40 min. As a shorter extraction time
will lead to incomplete extraction of the target product and,
after complete extraction, the excess time will increase the
energy consumption and cause wastage,41 25, 30, and 35 min
are selected for further RSM optimization.

The ratio of solvent to raw medicinal materials is a key factor
affecting the extraction efficiency of biflavonoids, and hence,
changing the solid—liquid ratio can change the contact area
between the solvent and medicinal materials.*” As shown in
Figure 5C, when the solid—liquid ratio improved from 1:6 to
1:12 g/mL, the extraction rate of AME increased from 5.85 to
13.10 mg/g and that of HIN increased from 2.12 to 6.12 mg/g.
This may be because as the solid—liquid ratio is enhanced, the
contact area between the medicinal materials and the solvent
expands, thereby promoting energy transfer. However, with the
further improvement of the solid—liquid ratio, the extraction
efficiency shows a downward trend. If the solid—liquid ratio is
too high, a lot of impurities will be produced in the IL solution,
which causes the biflavonoid content to decrease signifi-
cantly.”” In addition, a large amount of solvent will cause
unnecessary waste, and less solvent will make the extraction of
the targets incomplete. Finally, three solid-to-liquid ratios of
1:10, 1:12, and 1:14 g/mL are selected for the optimization
study for evaluating RSM.

The effects of different ultrasonic powers (160, 200, 240,
280, 320, and 360 W) are investigated on the extraction rate of
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Table 2. ANOVA Results of the Regression Equation for Y,

source sum of squares df F value
model 35.44 9 398.67
X, 0.040 1 4.07
X, 1.30 1 132.10
X, 0.76 1 77.19
XX, 022 1 22.08
XX 0.12 1 12.12
X, X5 0.031 1 3.10
X2 837 1 847.58
X2 11.07 1 1120.64
X2 10.07 1 1019.28
residual 0.069 7
lack of fit 0.012 3 0.28
pure error 0.057 4
cor total 35.51 16

R
0.9981

R? (adj)
0.9955

P value

<0.0001
0.0834
<0.0001
<0.0001
0.0022
0.0103
0.1217
<0.0001
<0.0001
<0.0001

significant

significant

0.8354 not significant

AME and HIN, and other process parameters are as follows: IL
concentration is 0.15 mol/L, solid—liquid ratio is 1:12 g/mL,
and ultrasonic time is 20 min. As shown in Figure 5D, when
the ultrasonic power is increased from 160 to 280 W, the
extraction rate of AME increases from 3.79 to 12.10 mg/g and
that of HIN increases from 2.13 to 6.11 mg/g. This may be the
mechanical action, cavitation performance, and thermal effect
produced by ultrasound, which can increase the speed of
molecular motion, thereby improving the extraction efhi-
ciency.” Interestingly, as the extraction power is in the
range of 280—360 W, the extraction rate of the two
diflavonoids hardly changes. Therefore, 280 W is selected as
the best ultrasonic power.

The effects of the number of extractions 1, 2, and 3 on the
extraction rate of AME and HIN are investigated (see Figure
SE) with IL concentration of 0.15 mol/L, solid—liquid ratio of
1:12 g/mL, and ultrasonic time of 20 min. When the number

of extractions is 1 or 2, the extraction effect is not good. As the
number of extractions increases, the extraction rate of the two
biflavonoids gradually increases. When the extraction number
is 3, the extraction yields of the biflavonoids reach maximum
values of 11.87 and 5.73 mg/g, respectively. This shows that
the increase of the extraction number is beneficial to the
significant improvement of the extraction yields and so in the
UAILE experiment, we choose to repeat the extraction three
times.

2.4. Analysis of Response Surfaces. On the basis of the
analysis results of the single-factor experiment, three factors—
extraction time (X)), solid—liquid ratio (X;), and ionic liquid
concentration (X;)—are further optimized by the response
surface method. Based on the Box—Behnken technology,
Design-Expert 8.0.6.1 software was used to carry out the
experimental design of three factors, three levels, and five
central points (a total of 17 groups). In addition, the extraction
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Table 3. ANOVA Results of the Regression Equation for Y,

source sum of squares df F value P value R? R? (adj) significant
model 8.19 9 327.49 <0.0001 0.9976 0.9946 significant
X, 0.030 1 10.68 0.0137
X, 0.22 1 79.82 <0.0001
X3 0.16 1 58.84 0.0001
XX, 0.076 1 27.49 0.0012
XX 0.022 1 7.89 0.0262
X X5 6.728 X 1073 1 242 0.1638
X2 223 1 800.98 <0.0001
X2 2.40 1 863.73 <0.0001
X, 224 1 805.11 <0.0001
residual 0.019 7
lack of fit 8.206 x 1073 3 0.97 0.4887 not significant
pure error 0.011 4
cor total 821 16
g g g
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Figure 6. Three-dimensional surface and contour map of the interaction between each of the two factors in response surface analysis on the yield of
AME. Interactions between (A) extraction time and solid—liquid ratio, (B) extraction time and IL concentration, and (C) solid—liquid ratio and IL
concentration.

rates of AME (Y;) and HIN (Y,) are the response values. The Analysis of variance on the multiple quadratic regression
Box—Behnken factor level design is shown in Table S1 of the models Y; and Y, is performed to determine whether they are
Supporting Information, and the experimental results are statistically significant. It can be seen from the experimental
shown in Table S2 of the Supporting Information. The data in Tables 2 and 3 that the p values of the two models is
experimental data in Table S2 of the Supporting Information less than 0.0001, indicating that the regression model is
are fitted to obtain the quadratic multiple linear regression significant and the scheme is feasible. The correlation
equation of the response surface model for extracting AME and coefficients (R*) of the two models are 0.9981 and 0.9976,
HIN from S. tamariscina. respectively, which shows that the model equations have a
good linear relationship. Additionally, the lack of fit for AME

Y, = 13.35 = 0.071X; + 040X, — 0.31X; + 0.23X,X, and HIN is meaningless with p > 0.05. The primary term X,

and the secondary terms X;%, X,?, and X3 of the model have
the most significant impact on the extraction of two targets
- 1,55X32 from S. tamariscina. The above results show that the two
models can accurately analyze and predict the extraction rate of
AME (Y;) and HIN (Y,) in the IL extract.

The three-dimensional response surface and contour lines
— 0.074X,X; — 0.041X,X; — 0.73X12 - 0,76X22 (Figures 6 and 7) reflect the influence of the relationship
between variables on the extraction of the target compound
and are drawn using Design-Expert 8.0.6.1 software. The

— 0.17X,X, + 0.087X,X; — 1.41X;” — 1.63X,”

Ry
Il

6.67 — 0.061X, + 0.17X, — 0.14X, + 0.14X,X,

- 0.73X;”
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Figure 7. Three-dimensional surface and contour map of the interaction between each of the two factors in response surface analysis on the yield of
HIN. Interactions between (D) extraction time and solid—liquid ratio, (E) extraction time and IL concentration, (F) solid—liquid ratio and IL

concentration.
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Figure 8. SEM images of the IL extract from (A, A1) S. tamariscina raw materials and (B, B1) treated samples by UAILE observed under 1000 and
2000 magnification, respectively.

ordinate represents the content of AME or HIN, and the solid—liquid ratio, 1:12.2 g/mL; and IL concentration, 0.148
abscissa represents the variable of any two parameters. Figures mol/L. Under these extraction conditions, the theoretical
6 and 7 show that the three contour plots of the two outputs of AME and HIN are 13.57 and 6.71 mg/g,
biflavonoids are elliptical, and the response surface plots are all respectively. In the actual situation, the extraction process
convex figures opening downwards, indicating that the was adjusted to an extraction time of 30 min, a solid—liquid
interaction of three factors has a significant impact on the ratio of 1:12 g/mL, and an IL concentration of 0.15 mol/L.
extraction rates of AME and HIN. The optimal extraction The best yields of AME and HIN are 13.51 and 6.74 mg/g,
conditions of the biflavonoids obtained by the quadratic respectively, which are basically consistent with the predicted
regression equation are as follows: extraction time, 29.83 min; values.
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2.5. Scanning Electron Microscopy (SEM). To analyze
the micron surface features of the raw materials before and
after using UAILE, the surface morphology features of S.
tamariscina are obtained under 1000 and 2000 magnification
using the scanning electron microscopy (SEM). The SEM
results of Figure 8A,Al shows that the untreated S. tamariscina
distinctly shows an intact cell structure, thick cell walls, and
clear boundaries between different tissues. On the contrary, the
cell structure of S. tamariscina is almost completely destroyed
by UAILE technology in Figure 8B,B1, which facilitates the
dissolution of biflavonoids from the cells into the IL solution.
This may be due to the violent vibration of the ultrasound,
which has a very strong destructive effect on natural products,
thereby deforming the cell tissue, destroying the structure of
the cell wall, and accelerating the permeability of the solvent.**
The above results indicate that the UAILE technology may
cause a difference in the surface morphology of S. tamariscina
before and after extraction.

2.6. Performance of Recovered [BpylBF,. After
extraction, [Bpy]BF, is recovered and used to extract AME
and HIN in the next batch of S. tamariscina. First, the samples
are dissolved in 100 mL of hot water and are extracted three
times with an equal volume of ethyl acetate. Then, the
extracted IL aqueous solution is combined, concentrated under
reduced pressure, and dried to a constant weight under
vacuum at 60 °C to obtain [Bpy]BF,.

Under the optimal extraction conditions, the effects of the
recovered [Bpy]BF, on the extraction efficiency of AME and
HIN in S. tamariscina are studied in detail. As indicated in
Figure 9, the extraction rates of AME and HIN decreased

" AME

HIN

Biflavonoid content(mg/g)

3 4 6
Cycles

Figure 9. Performance of the recovered [Bpy]BF, on the yields of
AME and HIN.

slightly with the increase in the number of repeated operations,
and the extraction rates of the two biflavonoids still reached
about 90% of the satisfactory extraction yields in the sixth
cycle. The results show that the recovered [Bpy]BF, can be
repeated six times to extract AME and HIN from .
tamariscina. Therefore, it can be proved that [Bpy]BF, is an

ideal solvent to extract the two biflavonoids from S.
tamariscina, with obvious advantages such as high efficiency
and good recyclability.

2.7. Method Validation. The extract of S. tamariscina is
analyzed by high-performance liquid chromatography (HPLC)
to establish a reliable and precise quantitative analysis method
for AME and HIN. The methodological investigation of HPLC
is further carried out, including precision, repeatability,
stability, and recovery.

Based on the peak area values of different concentrations of
AME and HIN in the HPLC diagrams, the linear relationship
of the two biflavonoids in the IL extract is investigated for the
first time, and their linear regression equation is established.
The regression equation of the AME reference substance is Y =
34688X + 5.4043 (R* = 0.9995), which shows that AME has a
good linear relationship with the peak areas in the range of
0.041—0.244 mg/mL. The regression equation of the HIN
reference substance is Y = 36860X + 75.613 (R? = 0.9996),
indicating that HIN has a good linear relationship with the
peak areas within 0.040—0.243 mg/mL (see Table 4). The
results from the tables confirm that the biflavonoids show good
linearity and their correlation coefficients (R*) are both greater
than 0.999. Additionally, LOQs (S/N = 10) and LODs (S/N =
3) for AME and HIN of S. tamariscina extracts are less than
0.286 and 0.081 pg/mlL, respectively.

Under the optimal extraction conditions, stability, precision,
repeatability, and recovery of the IL extracts are assessed in
detail. The precision of peak area and retention time is
measured to repeat the same analyte six times according to the
chromatographic conditions in Section 4.5, and their relative
standard deviations (RSDs) are less than 2%, which shows
good accuracy. The stability is explored based on the
determination of each analyte at 0, 3, 6, 9, and 12 h at 2§
°C, and the RSD of the peak area and retention time is less
than 2% for the two bioflavonoids, which indicates that AME
and HIN are stable in the IL extract at 12 h. The repeatability
is determined by weighing the same sample six times to
prepare the extract according to sample preparation in Section
4.4, and the results illustrate that the extraction yields of the
two biflavonoids have good repeatability with RSDs < 2%. The
recoveries for AME and HIN are evaluated by adding the same
target products with known content into 3.1 g of raw materials
(n = 6), respectively, and it can be seen from Table 4 that the
established methods have acceptable recoveries for AME and
HIN.

The application of this method makes the components
basically reach the baseline separation, and the retention time
is appropriate, the resolution of each peak is high, the peak
shape is good, and the methodological investigation is
reasonable. Therefore, this method is suitable for the
determination of AME and HIN in S. tamariscina.

Table 4. Method Validation for the Two Standard Compounds®

precision (n = 6)°

stability (n = 5)”  repeatability (n = 6)”

LOD LOQ retention peak retention peak retention peak recove
analyte calibration curve R? (ug/mL) (ug/mL) time area time area time area (n=6)
AME Y = 34688X + 5.4043 0.9995 0.064 0.243 0.206 0.121 0.756 0.601 0.047 0.120 1.59
HIN Y = 36860X + 75.613 0.9996 0.081 0.286 0.177 0.115 1.143 1.803 0.035 1.407 1.08

“LOD, limit of detection (S/N = 3); LOQ, limit of quantification (S/N = 10). *Intraday precision, interday precision, stability, repeatability, and

recovery are expressed as relative standard deviation (RSD) (%).

33120

https://dx.doi.org/10.1021/acsomega.0c04723
ACS Omega 2020, 5, 33113-33124


https://pubs.acs.org/doi/10.1021/acsomega.0c04723?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04723?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04723?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04723?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04723?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

3. CONCLUSIONS

In this study, three benzoxazole ILs with novel structures, i.e.,
[HBox]CH,;SO;, [HBox]|PF;, and [HBox|CF,;COOH, are
synthesized for the first time using benzoxazole as the raw
material by a one-step synthesis method. The structures of the
synthesized ionic liquids are identified through elemental
analysis, NMR spectroscopy, and infrared spectroscopy. The
experimental results of thermogravimetric analysis prove that
the synthesized ILs have good thermal stability.

The effects of three types of ILs on the extraction of AME
and HIN from S.tamariscina are investigated, and the IL with
the best extraction effect is [Bpy]|BF,. The optimal process
parameters are as follows: IL concentration, 0.15 mol/L;
ultrasonic time, 30 min; solid to liquid ratio, 1:12 g/mlL;
ultrasonic power, 280 W; number of extractions, three; and
extraction rates of AME and HIN, 13.51 and 6.74 mg/g,
respectively. The [Bpy]|BF, can be recycled at least six times,
and the extraction rates of AME and HIN dropped only
slightly. Generally speaking, UAILE technology for extracting
AME and HIN fromS. tamariscina is a suitable, green, and
efficient method, which helps to lay the foundation for the
research of its medicinal value.

4. MATERIALS AND METHODS

4.1. Materials. S. tamariscina (batch no: 20180325) is
purchased from Zunyi traditional Chinese medicine market,
Guizhou, and is identified as the dried whole grass of S.
tamariscina by Prof. Yujin Zhang at the Department of
Pharmacy of Zunyi Medical University. The benzoxazole ionic
liquid is prepared in the laboratory, and the imidazole and
pyridine ionic liquids are bought from Aolike New Material
Technology Co., Ltd. (Qingdao, China; see Table S3 of
Supporting Information for the analysis test design).
Amentoflavone (AME) and hinokiflavone (HIN) standards
(>98% purity) are provided from Zeye Biological Technology
Co., Ltd. (Nanjing, China). Chromatographic grade acetoni-
trile and other analytical grade reagents are provided by
Taoyuan Chemical Reagent Company (Zunyi, China). Three
benzoxazole ILs, namely, benzoxazole methanesulfonate
([HBox]CH;S0;), benzoxazole hexafluorophosphate
([HBox]PFy), and benzoxazole trifluoroacetate ([HBox]-
CF,COOH), are synthesized by one-step synthesis.

4.2. Preparation of Benzoxazole lonic Liquids.
Benzoxazole (0.1 mol) is dissolved in 50 mL of absolute
ethanol, placed in a three-neck flask, and cooled to 5§ °C. Then,
the sample is mixed well with 20 mL of 0.1 mol
methanesulfonic acid and reacted at room temperature for 4
h under the protection of N,. After the reaction, the crude
product is washed with ethyl acetate (20 mL X 3),
recrystallized in absolute ethanol, and further dried under
reduced pressure to obtain orange-red crystals (melting point,
104 °C; yield, 75.6%).

Benzoxazole (0.1 mol) is placed in a three-neck flask and
dissolved in 50 mL of absolute ethanol at 5 °C. After the
sample is mixed well with 20 mL of 0.1 mol trifluoroacetic acid,
the mixture is reacted at room temperature for 2 h under the
protection of N,. Then, the obtained crude product is washed
with diethyl ether (10 mL X 3), recrystallized in ethyl acetate,
and further dried under reduced pressure to obtain reddish
crystals (melting point,108 °C; yield, 80.4%).

Benzoxazole (0.1 mol) is dissolved in SO mL of absolute
ethanol, placed in a three-neck flask, and cooled to 5§ °C. Then,
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the sample is mixed well with 20 mL of 0.1 mol sodium
hexafluorophosphate and reacted at room temperature for 4 h
under the protection of N,. After the synthesized crude
product is washed with ethyl acetate (20 mL X 3), the IL is
recrystallized in absolute ethanol, and further dried under
reduced pressure to obtain sandy and thick liquids (yield,
76.7%).

4.3. Structural Characterization of ILs. An element
analyzer (model: VARIOEL) is employed for the elemental
analysis of the synthetic ILs, including carbon, hydrogen,
oxygen, and sulfur. Meanwhile, the functional group character-
izations of the ILs are performed by Fourier transform infrared
spectroscopy (model: Nicolot is50), and the samples are
prepared by KBr compression; the wavenumber range is
4000—400 cm™'. The thermal stability of ILs is investigated
using a thermogravimetry differential thermal analyzer (model:
1600LF). The NMR hydrogen spectrum and carbon spectrum
of ILs are detected by an NMR instrument (model: Agilent-
400 MHz DDZ), and the sample is dissolved in DMSO-dg.

4.4. Preparation of Samples. According to the process
design scheme, the dried S. tamariscina is crushed and sieved
(100 mesh, 21-73 ym), and 5.0 g of the powder is weighed,
placed in a 100 mL conical flask, and extracted by the UAILE
technique in a ultrasonic device (F-100S, Fuyang Technology
Group Co. Ltd., Shenzhen, China). In short, the plants are
mixed with a fixed volume of IL solution, which is dissolved
using a pre-established volume of ethanol, and reacted at a
certain ultrasonic power and time.” After the reaction, the
extract is obtained by filtration and concentrated under
reduced pressure.

4.5. Determination of Biflavonoid Content. The
content of biflavonoids of the S. tamariscina extract is measured
using a 1260 high-performance liquid chromatography
(HPLC) system (Agilent, American). The determined
chromatographic conditions are as follows: a Megres
reversed-phase C,g chromatographic column (S pm, 250%4.6
mm, Hanbang, China), a mobile phase of acetonitrile and 0.1%
formic acid solution using gradient elution (see Table S4 of
Supporting Information for the analysis test design), a flow rate
of 1.0 mL/min, a column temperature of 25 °C, a detection
wavelength of 330 nm, and an injection volume of 10 uL. The
calibration curve equations for the two biflavonoids are Y, =
34688X + 5.4043 (R? = 0.9995) for AME (0.041—0.244 mg/
mL) and Yy = 36860X + 75.613 (R? = 0.9996) for HIN
(0.040~0.243 mg/mL). Each peak of the samples in the
HPLC profile (Figure 10) is identified by the retention times
of AME and HIN, respectively. Thus, the content of the two
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Figure 10. HPLC chromatograms of the (A) S. tamariscina extracts
and (B) standard mixture solution (1: AME, 2: HIN).
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biflavonoids in the S. tamariscina extract is obtained by the
formula

C (mg/mL) X 100 mL
m(g)

biflavonoid content (mg/g) =

where C is the concentration of biflavonoids and m is the mass
of the medicinal materials.

4.6. Process Optimization. 4.6.1. Single-Factor Experi-
ments. To investigate and analyze experimental results on the
biflavonoids of the extract from S. Tamariscina under UAILE,
IL concentration (0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and
0.175 mol/L), ultrasonic power (160, 200, 240, 280, 320, and
360 W), ultrasound time (10, 15, 20, 25, 30, 35, and 40 min),
solvent—material ratio (1:6, 1:8, 1:10, 1:12, 1:14, 1:16, and
1:18 g/mL), and the number of extractions (1, 2, and 3 times)
are evaluated as process parameters.

4.6.2. RSM Design. Based on the experimental results of the
single-factor experiments, three process parameters (extraction
time, solid—liquid ratio, and IL concentration) have a
significant impact on the extraction rate of each biflavonoid
and are further investigated by RSM technology. According to
the Box—Behnken experimental design (three factors, three
levels, and fiveS central points), 17 groups of random trials are
designed and carried out. The quadratic polynomial model is
used to evaluate the relationship between the response value
(biflavonoid extraction rate) and the three variables (see Table
S2 of Supporting Information for the analysis test design),
which is given by the following equation

Y=p8+BX +BX, + X + B, X"+ B,X,°
2
+ 0% + B X X, + B XX + 5, 00X (1)

where Y is the extraction rate and X;, X, and X; are the three
factors investigated.

4.7. Scanning Electron Microscopy. The microstructure
of S. tamariscina samples before and after extraction is
measured by a Quanta 200 scanning electron microscope
(SEM, Hillsboro). To enable the electrical conductivity, a thin
layer of gold (S—10 nm; 10 mA; 30 s) is plated on the surface
of the sample by a KYKY SBC-12 sputter coater (Beijing,
China) at room temperature.

4.8. Recovery of [BpylBF,. Based on the extraction
optimization, two biflavonoids from the S. tamariscina extract
are isolated by liquid—liquid extraction method, and the
recovered IL is continued to be used to extract the target
samples from the plant in the subsequent extraction procedure.
In brief, the IL extract is dissolved in water deionized 30 times.
Next, two biflavonoids and [Bpy]BF, are extracted with ethyl
acetate as the insoluble organic reagent (Vethyl acetate! Vextract =
3:1, v/v). The content of the two biflavonoids is measured by
the HPLC method as given in Section 3.3. In addition, the IL
that was distributed in the sublayer was concentrated to
remove deionized water, dried under vacuum, and reused to
investigate the extraction capability of target compounds. No
obvious absorbance of the two biflavonoids is detected at 330
nm in the recycled [Bpy]BF, solution, indicating that AME
and HIN are successfully separated.
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