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Abstract: As a new and green solvent, ionic liquids (ILs) have received more attention during
the green extraction and separation process for natural medicines. In this paper, IL-ultrasound-
assisted extraction (IL-UAE) of total biflavonoids (TBFs) from Selaginella helvetica was firstly
developed, and different ILs were employed and compared. Based on single-factor experiment,
solid-liquid ratio (1:10-1:14 g/mL), IL concentration (0.6-1.0 mmol/mL), and extract temperature
(40-60 °C) were further explored, according to response surface methodology (RSM), with TBF
yields as the index. Moreover, antioxidant activity of TBF extract was analyzed by four methods,
i.e., 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) and 2,2-azinobis-(3-ethylbenzth-iazoline-
6-sulphonate (ABTS) free radical scavenging assay, ferric ion reducing power assay, and chelation
of ferrous ions assay. The results indicated that [C¢mim]PF4 had a high selectivity and efficiency.
Moreover, important parameters for the extraction process were investigated and optimized. Through
parameter optimization (0.8 mmol/L, 250 W, 40 min, 1:12.7 g/mL, and 47 °C), a yield of 18.69 mg/g
biflavonoids was obtained from the extract of S. helvetica. Compared with ethanol-UAE, heat-reflux
extraction, Soxhlet extraction, and percolation extraction, IL-UAE could not only obtain higher
yield in a shorter time, but also reduce the solvent consumption. In addition, TBF extract showed
potential antioxidant activity based on the above four antioxidant methods. In short, IL-UAE was
first employed to develop a novel and green extraction method for TBF content, and this experiment
provides valuable references for further utilization of S. helvetica.

Keywords: Selaginella helvetica; ionic liquids; biflavonoid; ultrasound extraction; HPLC; response
surface methodology; antioxidant activity

1. Introduction

Selaginella helvetica, is a traditional Chinese medicine which grows in Northeast China and belongs
to the Selaginella genus [1]. According to traditional Chinese medical theories, it was beneficial
for reducing fever, removing toxicity, activating blood circulation, removing blood stasis, relieving
cough, reducing sputum [2], and more. The latest studies had reported that it was mainly used
for the treatment of laryngopharyngeal swelling, rheumatism, nasopharyngeal carcinoma, asthma,
and traumatic bleeding [3]. The major chemical constituents of S. helvetica include biflavonoids,
alkaloids, sterols, and organic acids [4].

Biflavonoids consist of two mono flavonoids with complex and diverse properties [5].
Since Okigawa etc. [6] first separated five biflavonoids in 1971 from S. tamariscina, scholars have
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separated more than 30 biflavonoids. Amentoflavone, ginkgetin, hinokiflavone and heveaflavone
(see Figure 1), known as biflavonoids, are active phytochemicals derived from S. moellendorffii,
S. tamariscina, and S. delicatula [7]. Most biflavonoids have prominent antioxidant characteristics [8,9],
and have a broad range of pharmacologic activity, such as anticancer, antiviral, anti-inflammatory;,
anti-Alzheimer’s disease, anti-myocardial ischemia, and antimicrobial effects [10,11].

Meanwhile, Li and colleagues [12] considered that the formation of some diseases, such as
occult malignancy, senescence, myocardial ischemia, cerebral ischemia, atherosclerosis, Alzheimer’s
disease, and Parkinson’s disease, had important relations with oxidative damage in the human body.
The reason was that reactive oxygen species (ROS) were produced in the body, which contributes to
an array of normal physiology metabolism, and clears excess free radicals at the same time under
normal conditions. However, if the reaction mechanisms are damaged, the excess free radicals will
affect the human body, leading to the damage of tissues and cells. Therefore, when the free radicals
were excessive or human antioxidants and repair function was damaged, it can cause oxidative stress
damage, producing different diseases [13]. It has always been a research hotspot to explore natural
antioxidants in plants [14]. There are some reports that flavonoids, phenolic acid, and coumarins can
be used as potential antioxidants [15]. However, the biflavonoids of S. helvetica had not been focused
on during the antioxidant research.
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Figure 1. Chemical structures of four biflavonoids from Selaginella helvetica.

Ionic liquid (IL) is a molten salt which consists of different cations and anions at room temperature.
In recent years, ILs have also received more attention as a green solvent because of their particular
characteristics, including high polarity, low viscosity, good hydrophobicity, and accurate selectivity [16].
Nowadays, IL has been widely applied in the extraction and separation process for natural medicine,
such as flavonoids [17], phenolic acids [18], alkaloids [19], terpenoids [20], and other compounds.
Most importantly, IL can be designed by various combinations of different anions and cations [21] to
change its physical and chemical properties and can infiltrate quickly into the plant cell and dissolve
the targets.

Recently IL-ultrasound-assisted extraction (IL-UAE) has been found for natural product extraction
and has many advantages, including less organic solvent usage, shortening of extraction time,
high extraction efficiency, and is also environmentally friendly [22]. For instance, Xu et al. [23] extracted
curcuminoid constituents from rhizomes of Curcuma longa with IL-UAE. First of all, after screening
different ILs, [Cgmin]Br had remarkable extraction efficiency. The response surface methodology (RSM)
was adopted to optimize experimental parameters on the curcuminoid yields, and then compared
with heat-reflux extraction and ethanol-UAE technique. The results illustrated that IL-UAE can not
only enhance the extraction efficiency of several curcuminoids, but also shorten extraction time.
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Thus, the aim of this study was first to develop a convenient, effective, and rapid IL-UAE method
for the extraction of total biflavonoids (TBF) from S. helvetica. After screening the extraction effect
of different ILs by various couplings of different anions and cations, the extraction parameters (IL
concentration, ultrasonic power, solid-liquid ratio, ultrasonication time, and extraction temperature)
were explored and optimized based on a single-factor experiment and RSM design. Several classical
extraction methods, including ethanol-UAE, percolation extraction, Soxhlet extraction, and reflux
extraction, were compared with the established IL-UAE approach. In addition, antioxidant activities
of the TBF extract were investigated for the sake of evaluating its potential value as a natural
antioxidant supplement.

2. Results and Discussion
2.1. Screening Different ILs

2.1.1. Effect of Anion

The screening effect of the IL anion on its extraction efficiency for analytes is considered to be a
critical factor, and has significant effects [24,25]. In this study, the 1-butyl-3-methylimidazolium ILs
with six different classes of anions (Br~, BF,~, OAC—, PFs—, Cl—, NO3 ™) were evaluated, and the
differences for TBF content were readily evident. As shown in Figure 2A, the yields of TBFs using
ionic liquids with PF¢~ and BF4~ were higher than those of other ILs with the same cation, as well as
PF¢~, showing the best results on account of the H-bond generated and the hydrophobic interaction.
The strong interaction between PFs~ with ethanol molecules results in the effective permeation of
IL solution into the cells for a high solubility of target products. Moreover, the hydrogen bonding of
IL with PF¢~ may generate strong dissolution capacity with the biflavonoids. Thus, PFs~ was the
optimum anion, and chosen for extraction of TBFs from S. Helvetica.
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Figure 2. Effect of the (A) ionic liquid (IL) anions and (B) IL cations for total biflavonoid content from
Selaginella helvetica.

2.1.2. Effect of Cation

The alkyl chain length of cation will also affect an IL’s extraction effectiveness towards target
compositions. In this study, six ILs with the same anion of PF;~, and using diverse 1-alkyl-3-
methylimidazolium cations, containing C,mim*, Cymim*, Cgmim*, Cgmim™, Cjomim™*, and Cjpmim*,
were evaluated on the yields of TBF. Figure 2B showed that [Comim]PFs had a remarkable extraction
effect towards target compounds among these six ILs. As the alkyl chain length was increased, the TBF
contents were significantly enhanced because of the addition of lipotropism and the hydrophobic
effect [26]. Nevertheless, when carbon chain lengths exceeded C-8, TBF yields were clearly decreased.
The possible reason is that steric hindrance effects were gradually enhanced between ILs and
biflavonoids, and the hydrophobic effect declined little by little. Based on the above results, Csmim*
was the best cation, and selected for further research.
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Considering the extract results of both anion and cation, [Comim]PFs was screened for use in the
next experiments.

2.2. Single-Factor Experiment

In the initial study, the influence of five factors, including ultrasonic power, solid-liquid ratio,
extraction temperature, IL concentration, and ultrasonication time, on the extraction of TBFs from
S. helvetica, were researched and evaluated. According to the literature of He et al. [27], it is found that
imidazoles had the highest solubility in a series of ethyl alcohols at the same temperature, so we used
ethanol to dissolve the ionic liquids.

2.2.1. Effect of IL Concentration

The IL concentration can be regarded as the primary factor to be optimized. The extraction effects
of different IL concentration (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mmol/L) on TBF yields were analyzed
in detail. As shown in Figure 3A, when the IL concentration was changed from 0.2 to 0.8 mmol/L,
TBF yields were enhanced from 10.63 to 18.17 mg/g. This might be because [Comim]PF4 could
easily destroy the structure of cell membranes, infiltrated quickly into plant cells and dissolved more
biflavonoids, and promoted the addition of TBF content [28]. However, the extraction efficiency was
constantly decreased with further increasing of [Csmim]PFg concentrations. Seeing that the viscosity
of IL solution was added little by little, and its liquidity reduced on a continuous basis, the targets
were distinctly influenced and the IL’s extraction efficiency was decreased [29]. Therefore, [Csmim]PFg
concentrations of 0.6, 0.8, and 1.0 mmol/L were investigated for the subsequent optimization study
of RSM.
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Figure 3. Effects of extraction parameters on total biflavonoid yields of Selaginella helvetica extracts.
(A) IL concentration, (B) extraction temperature, (C) ratio of solid to liquid, (D) ultrasound power,
and (E) extraction time.

2.2.2. Effect of Extracting Temperature

Ultrasonic temperature was also an important factor for the biflavonoid extraction. Under the
established extraction conditions (1:12 g/mL of solid-liquid ratio, 0.8 mmol/L of IL solution, 250 W
of extraction power, 40 min of extract time), the effects of different ultrasonic temperatures (20, 30,
40, 50, 60, and 70 °C) on TBF yields were evaluated in detail. As shown in Figure 3B, with ultrasonic
temperature improving continually from 20 °C to 50 °C, the TBF content of S. helvetica was obviously
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increased, changing from 8.54 to 18.19 mg/g. The results indicated that the mass transfer of targets
was clearly influenced, and the biflavonoids was quickly dissolved in [Cgmim]PFg solution to improve
TBF content. However, the yields of TBF were distinctly reduced with further increasing extraction
temperature. A plausible reason for the low TBF yield could include thermal instability and phenolic
oxidation at isolation temperatures >50 °C [30,31]. Therefore, ultrasonic temperatures of 40, 50,
and 60 °C would be examined and further optimized in the later experiment of RSM.

2.2.3. Effect of Solid-Liquid Ratio

The ratio of liquid to raw was a crucial influence factor for the extraction process of TBF because
of changing the contact area between solids and liquids. The established extraction conditions were
set as follows: 50 °C extraction temperature, 0.8 mmol/L of IL solution, 250 W of extraction power,
40 min of ultrasonication time, and the effects of different ultrasonic temperatures (20, 30, 40, 50, 60,
and 70 °C) on TBF yields were studied in detail (see Figure 3C). As the solid-liquid ratio was changed
from 1:6 to 1:12 mg/mL, TBF yields increased from 8.62 to 18.17 mg/g, which indicated that a large
amount of solvent could dissolve more biflavonoids by permeating into plant cells effectively [32].
However, the extraction efficiency was constantly decreased with the further increasing of the ratios of
liquid to raw material. The possible reason was that an excess solvent to solid ratio could produce
a lot of impurities [33], and cause a significant reduction of TBF content. This indicated that a
proper solid-liquid ratio was enough for the extraction. Therefore, solid-liquid ratios of 1:10, 1:12,
and 1:14 g/mL were evaluated for the next optimization study of RSM.

2.2.4. Effect of Ultrasonic Power

Under the set extraction process parameters (50 °C of extraction temperature, 0.8 mmol/L of
IL solution, 1:12 g/mL of solid-liquid ratio, 40 min of ultrasonication time), the effects of different
ultrasonic power (150, 200, 250, 300, 350, and 400 W) on TBF yields were evaluated. Figure 3D
showed that TBF yields were significantly increased from 13.12 mg/g to 18.22 mg/g with an increase
in ultrasonic power from 150 to 250 W. However, when the ultrasonic power was in the range of
250-400 W, TBF content had almost no change. It might be that the method which had mechanical
effect, acoustic cavitation, and thermal effect characteristic [34], could increase the velocity of molecular
movement and the penetration of the intermediate, thereby increasing the extraction efficiency. Thus,
an ultrasonic power of 250 W was used as the optimal factor.

2.2.5. Effect of Extraction Time

The established extraction process parameters were set as follows: 50 °C of extraction temperature,
0.8 mmol/L of IL concentration, 1:12 g/mL of solid-liquid ratio, 250 W of extraction power, and the
effects of different extraction time (10, 20, 30, 40, 50, and 60 min) on TBF yields were investigated (see
Figure 3E). Generally, extraction time can affect the extraction effects to some extent, as less extraction
time leads to incomplete extraction in the yields of TBFs. After reaching full extraction, excess time
resulted in waste and increased energy consumption. Thus, it was necessary to find a proper condition
based on the results of the above screening. Figure 3E showed that the optimum extraction time was
40 min, and the maximum yield of total biflavonoids was 18.24 mg/g. Hence, the ultrasonication time
of 40 min was chosen as the optimal factor.

2.3. Analysis of Response Surfaces

2.3.1. Fitting the Model

It is well-known that RSM optimization is much better than classic single-factor optimization for
natural medicine extraction [35], due to the interaction effects of different variates. For the sake of
further investigation of the relationship among the factors in IL-UAE, several independent variables
(solid-liquid ratio, IL concentration, extraction temperature) and three levels (0.6, 0.8, 1.0 mmol/L;
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1:10, 1:12, 1:14 g/mlL; 40, 50, 60 °C) were optimized by Box-Behnken design of RSM on the foundation
of the aforementioned single-factor test.

Table 1 exhibited the predicted quadratic model based on ANOVA. The results showed that the
recommended experimental models were significant with p < 0.0001, the coefficient of determination
(R?) of TBF content was 0.9957, and the adjusted coefficients of determination (Adj. R?) of TBF was
0.9902. Moreover, the lack of fit of TBF content was not remarkable (p > 0.05). The model terms of
X1, X, X3, X1X3, X12, X2, and X32 were significant according to their p values (<0.05). Meanwhile,
the influential order of three variables was IL concentration > ultrasound temperature > ratio of liquid
to raw material, which demonstrates that IL concentration always plays a significant role in IL-UAE.

Therefore, the model was suitable to predict the variation of TBF yield accurately.

Table 1. ANOVA for the fitted secondary order curve model for total biflavonoid content.

Source Sum of Squares df F Value p Value R? R? (Adj) Significant
Model 67.92 9 180.95 <0.0001 0.9957 0.9902 significant
X1 4.06 1 97.38 0.0015
Xa 0.73 1 17.41 0.0042
X3 16.79 1 402.60 <0.0001
X1Xo 2.250 x 1074 1 5.395 x 1073 0.9435
X1X3 1.58 1 37.76 0.0005
X2 X3 0.023 1 0.54 0.4865
X12 13.04 1 312.54 <0.0001
X2 12.49 1 299.36 <0.0001
X32 14.52 1 348.14 <0.0001
Residual 0.29 7
Lack of Fit 0.21 3 3.37 0.1355 not significant
Pure Error 0.083 4
Cor Total 68.21 16

The equation showed that enhancing solid-liquid ratio (X1), IL concentration (X3), and extraction
temperature (X3) could clearly increase biflavonoid yields (Y). Besides the interactive mode, X; X and
X2X3 had an inverse correlation action, and X; X3 had a positive relationship action on TBF yields.
Between the predicted values and the actual values for TBE, Figure 4 indicated that there was a
significant correlation. As introduced by each fact point, the fine fit of both patterns had a tight relation
with the corresponding regression line.

Y =18.37 — 0.71X; — 0.30X, — 1.45X3 — 7.5 x 1073 X1 X, + 0.63X;X3 — 0.075X,X3 — 1.76X12 — 1.72X,% — 1.86X32 (1)

Total biflavonoids

15+ P
14

Predicted
ki

134 -

12 13 14 15 16 17 18 19
Actual

Figure 4. Correlation between the predicted and actual values for total biflavonoid content. Color points
from blue to red show values of biflavonoids changing in the range of 12-19 mg/g.
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2.3.2. Effect of Extraction Parameters

The interaction effectiveness was well-exhibited from the 3D RSM between any two variates
when another factor always remains on a fixed ideal level. The relationships between dependent
variates (total biflavonoid content) and three factors (solid-liquid ratio, IL concentration, and extraction
temperature) were illustrated in Figure 5.
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Figure 5. Response surface plots showing interaction effects of solid-liquid ratio and extraction
temperature (A); extraction temperature and IL concentration (B); solid-liquid ratio and IL
concentration (C) on total biflavonoid yields.

The ordinate exhibited the TBF yields and the abscissa exhibited any two variates. The 3D models
of RSM could imply how two dependent variables affect the test results. Figure 5 showed that all
response surface figures were upward convex with a maximum value of TBF content at the center of the
3D model graph, which indicated the rationalization of the prediction models [36]. The optimum craft
parameters were acquired on the basis of quadratic model equation, and were as follows: 0.78 mmol/L
IL concentration, 1:12.73 g/mL solid-liquid ratio, and 47.27 °C ultrasonic temperature, giving a
predicted TBF yield of 18.6675 mg/g. The calibration tests were slightly adjusted at the optimum
factors of 0.8 mmol/L IL concentration, 1:12.7 g/mL ratio of liquid to raw material, and 47 °C ultrasonic
temperature. The optimum extraction result of TBF content was found to be 18.69 mg/g by calculating
the average of triplicate runs, and was almost the same as the predicted value, which proves that the
RSM model was suitable for predicting the expected optimization process.

Furthermore, the morphological characterizations before and after extraction of raw materials
using IL-UAE were observed by 8100 scanning electron microscope (SEM, Hitachi High-Technologies
Corporation, Tokyo, Japan). As shown in Figure 6, the untreated S. helvetica (Figure 6A,A1) clearly
showed a thick cell wall, integrated cellular structure, and distinct boundary between different tissues.
However, the SEM results of Figure 6B,B1 showed that the surface and cell wall structures of S. helvetica
were almost destroyed after IL-UAE, which contributed to the dissolution of TBFs into the IL solution.
It might be that ultrasonic waves produce violent vibrations and have a very strong destructive
function on raw material, which can make cellular tissue deformation, accelerate solvent into the cell
wall, and increase the cell wall penetrability in the cell [37].

2.4. Recovery of TBF and IL

After extraction, a variety of insoluble organic reagents which were the ideal solvents to recover
the targets and IL [38] were investigated for the extraction of TBFs from IL. The recovery of TBFs
and IL were calculated according to their concentration ratio before and after extraction using HPLC
analysis. As shown in Table 2, the results indicated that only ethyl acetate can obtain good recovery of
both TBFs and IL. The vast majority of TBFs (96.23 & 0.53%) and IL (97.67 & 0.44%) were recovered
from S. helvetica extract.
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Figure 6. SEM graphics of total biflavonoid extract (TBFE) from S. helvetica. Raw materials (A,A1) and
treated samples by IL-UAE (B,B1) were observed under 1000 and 2000 magnification, respectively.

Table 2. Results of recovery of TBFs and IL with different organic solvents (%) (1 = 3).

Ethyl Acetate Chloroform n-Butanol Dichloromethane Ether n-Hexane
TBFs 96.23 £ 0.53 3822 £031 87.56 £0.28 50.75 £ 0.37 73.69 £0.34 15.76 £ 0.49
IL 97.67 £ 0.44 9459 £045 9721 £0.39 98.46 £ 0.25 95.17 £ 0.52 9629 £0.38

2.5. Comparison of Five Extraction Methods

Five methods, including IL-UAE, ethanol-UAE, heat-reflux extraction (HRE), Soxhlet extraction
(SE), and percolation extraction (PE), were employed and compared for their biflavonoid yields from
S. helvetica. As shown in Figure 7, compared with SE, PE, and HRE on TBF yields, IL-UAE not only
increased the TBF content of the extracts about two to three times, but also shortened, observably,
the extraction time, and reduced the consumption of solvent. Besides, extraction times of the two
methods were basically the same, and the TBF content of IL-UAE was increased nearly two times
compared to ethanol-UAE. Through a comparison of the effects of the five extraction methods, it was
inferred that IL-UAE had significant potential value to be a quick, effective and environment friendly
extract method for TBFs from S. helvetica.

20+

15

10

Total biflavonoids content (mg/g)

IL-UAE Ethanol-UAE  HRE SE PE
Different extraction methods

Figure 7. Effect of five extraction methods for biflavonoid content from Selaginella helvetica.
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2.6. Antioxidant of Total Biflavonoid Extract

In order to look for natural antioxidants, the antioxidant activities of total biflavonoid extract
(TBFE) from S. helvetica were evaluated at different concentrations of each sample (30-150 ug/mL)
on the basis of four oxidation determination methods, which were all common antioxidant assays of
natural products. As shown in Figure 8A,B, TBFE could obviously inhibit the generation of ABTS* and
DPPH* with the increase of concentration of all samples. At 150 pg/mL of each sample, the ABTS*
and DPPH* maximum inhibition percentage of TBFE were 89.86% and 81.79%, respectively. However,
ICsp values of ABTS* and DPPH* scavenging of TBFE (58.63 and 62.69 pg/mlL, respectively) were
higher than those of quercetin (13.44 and 15.12 pg/mL, respectively) and ascorbic acid (21.19 and
28.76 ug/mL, respectively).

The principle of reducing capacity made Fe3* of potassium ferricyanide change to Fe?* by
reduction. Fe?* reacted with ferric trichloride and produced Prussian blue with a maximum absorbance
at 700 nm. Based on the principle, if the absorbance measured of antioxygen was stronger, its reducing
capacity was higher [39,40]. Figure 9C showed clearly that the reducing power of TBFE, quercetin
(QUE), and ascorbic acid (Vc) increased markedly with the variation of sample concentration.
According to the methods adopted by Wang and Li [41], the chelation power of ferrous principle used
Fe?* to accelerate the transition of the active group, causing oxidative damage. Figure 9D illustrated
that two samples had an obvious chelation ability at high concentration, and ICsy values of TBFE
and EDTA were 49.65 and 44.23 ug/mL, respectively. Moreover, the results were in line with the Fe3*
reducing power data mentioned above.

On the basis of the above analysis, the results indicated TBFE from S. helvetica had a potential
antioxidant effect, which might be related to the hydroxyl groups in biflavonoids [42]. Ji and
colleagues [24] considered that the antioxidant effect of flavonoid compounds might mainly rely
on the amounts and position of the phenolic hydroxyls at their aromatic ring.
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Figure 8. Antioxidant effects of TBFE, quercetin (QUE), and ascorbic acid (Vc). (A) ABTS radical
scavenging activity; (B) DPPH radical scavenging activity; (C) reducing ability; (D) ferric chelation ability.

3. Material and Methods

3.1. Materials

The herb was collected at Simianshan (Zunyi, China) on 09/05/2018, the mud washed off,
and dried, naturally, at room temperature. All ionic liquids were purchased from Zhongke Kaite
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Technology and Trade Co. Ltd. (Lanzhou, China) (see Table 3). Amentoflavone (AME), hinokiflavone
(HIN), ginkgetin (GIN), and heveaflavone (HEV) standards (>98% purity) were purchased from Chengdu
Ruifensi Biotechnology Co. Ltd. (Chengdu, China). 2,2-di(4-tert-octylphenyl)- 1-picrylhydrazyl (DPPH),
2,2’-azinobis-(3-ethyl- benzthiaz-oline-6-sulphonate) (ABTS), 3-(2-pyridyl)-5,6-bis (4-sulfo-phenyl)-
1,2,4-triazine disodium salt (ferrozine), ethylene diamine tetraacetic acid (EDTA), quercetin, and ascorbic
acid were purchased from Tongtian Biotechnology Co. Ltd. (Beijing, China). HPLC methanol and
acetonitrile were purchased from Kelon Chemical Reagent Factory (Chengdu, China). All other analytical
grade reagents were purchased from Shuangjv Chemical Reagent Factory (Zunyi, China).

Table 3. Chemical structures of ionic liquids.

Ionic Liquids Cations Anions
+
NN
[C4mim]Cl (1-butyl-3-methylimidazolium-chloride) N \N/\/\ cl-
+
NN
[C4mim]NOj3 (1-butyl-3-methylimidazolium-nitrate) N \N/\/\ NO3~
+
[C4mim]PFq SN PE, -
(1-butyl-3-methylimidazolium-hexafluorophosphate) \—/ 6
+
NN
[C4mim]Br (1-butyl-3-methylimidazolium-bromine) N \N/\/\ Br—
+
[C4mim]BF, SN BE, -
(1-butyl-3-methylimidazolium-tetrafluoroborate) \—/ 4
+
[C4mim]CH3COO SN CH,COO-
(1-butyl-3-methyli-midazolium-acetate) \—/
n
[Comim]PF SN PR
1-ethyl-3-methylimidazolium-hexafluorophosphate) \—/ 6
Yy y phosp
(1-hexyl-3-methylimidazolium-hexafluorophosphate) 7 6
y Yy phosp \—/
[Csmim]PFs NS S e N PR~
1-octyl-3-methylimida-zolium-hexafluorophosphate — 6
y Yy phosp
[Clomim]PFé \N&;/\/\/\/\/\ PF.—
(1-decyl-3-methylimidazolium-hexafluorophosphate) _ 6
y y phosp \—/

[C1omim]PFg ~ /\;/\/\/\/\/\/\

(1-dodecyl-3-methylimidazolium-hexafluorophosphate) N\:/ PFe™

3.2. Samples Preparation

The raw material of S. helvetica was smashed at an impact mill (800Y; Sanmax hardware product
Co. Ltd., Xuzhou, China). According to a previous report [43], particle size was controlled through
the 100 mesh sieve (17.664-70.425 pum, see Figure 9), which was measured by a LS13320 laser particle
diameter analyzer (Runzhi technology Co. Ltd., Jinan, Shandong, China).
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Figure 9. Particle diameter distribution of S. helvetica.

3.3. IL-Ultrasonic-Assisted Extraction

Under the preestablished ultrasonic power, IL concentration, ratio of liquid to raw material,
extraction temperature, and extraction time, the powders of medicinal materials were mingled with a
preset amount of extractant. The mixture was poured into the flask and reacted in KQ-500DV ultrasonic
extraction apparatus (Kun Shan Ultrasonic Instruments Co. Ltd., Jiangsu, China). The reaction
liquid was filtered and centrifuged at 4000 rpm at 5 °C in a MINI-10K high speed centrifuge
(Youning Instrument Inc., Hangzhou, China). After concentration and vacuum drying of the filtrate,
total biflavonoid extract (TBFE) was acquired, and stored at 5 °C until high performance liquid
chromatography (HPLC) analysis.

3.4. Determination of Total Biflavonoid Content

TBF content was counted as the summation of the yields of major four biflavonoids, i.e., AME,
HIN, GIN, and HEV, which were simultaneously determined through HPLC. A HPLC system was
constituted by an Agilent automatic sample handling system series equipped with G1311C-1260 Bin
pump, G1329B-1260 automatic column temperature control box and G1315C-1260-detector (Agilent,
Santa Clara, CA, USA), and employed to measure total biflavonoids (TBF) in S. helvetica extract.
Chromatographic separation was performed on an ACE Excel C18 reversed-phase column (5 pm,
250 x 4.6 mm, Phenomenex Technologies, Torrance, CA, USA). Mobile phase was A (acetonitrile) and
B (0.1% formic acid solution) using gradient elution (0-10 min, 40-50% (A); 10-20 min, 50-60% (A);
20-30 min, 60-70% (A); 30-40 min, 70-80% (A); 40-50 min, 80-90% (A); 50-60 min, 90-100% (A)).
Other chromatographic parameters were 1.0 mL/min flow rate, 20 pL injection volume, 25 °C column
temperature, and 330 nm measurement wavelength. The calibration curves for four biflavonoids were
YA =8110.9X — 73.249 (r = 0.9996) for AME (0.17-0.61 pg/uL), YB = 2741.6X + 1.0286 (r = 0.9995)
for HIN (0.16-0.43 pg/uL), YC = 3795.3X + 16.19 (r = 0.9998) for GIN (0.11-0.38 pg/uL) and YD =
12280X — 1.9048 (r = 0.9997) for HEV (0.10-0.35 ng/uL). Each peak of HPLC profile of TBF extracts
was identified by retention times of four standards, i.e., AME, HIN, GIN, HEV, which were 8.5, 15.7,
20.8, and 32.3 min, respectively (Figure 10), and total biflavonoid content of the extract was obtained
according to the following formula:

TBF content (mg/g) = ((AME amount + GIN amount + HIN amount + HEV amount)/(Initial sample amount)) x 100 (2)
3.5. Experimental Design

3.5.1. Single-Factor Experiments

To evaluate the test effect on TBF content of the extract from S. helvetica by IL-UAE, ultrasonic
power (150, 200, 250, 300, 350, 400 W), solvent/material ratio (1:6, 1:8, 1:10, 1:12, 1:14, 1:16 g/mL),
ultrasound time (10, 20, 30, 40, 50, 60 min), IL concentration (0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mmol/L) and
ultrasound temperature (20,30, 40, 50, 60, 70 °C) were analyzed as single-factor variates.



Molecules 2018, 23, 3284 12 of 18

5500
1
4400
~ 2 3
= A 4 a
<
£
= 3300 A A b
)
Z
[
g A A ¢
= 2200
—
A A A A d
1100 H
A e
0 - f
T T T T 1
0 8 16 24 32 40

Retention time (min)

Figure 10. The typical HPLC chromatographic profile of mixed standards and total biflavonoid extract
acquired in five extraction methods. (a) Heat-reflux extraction; (b) Soxhlet extraction; (c) percolation
extraction; (d) ethanol-UAE; (e) IL-UAE; (f) mixed standards. The peaks marked with 1, 2, 3, and 4,
which were AME, HIN, GIN, and HEV, respectively.

3.5.2. RSM Experiments

RSM combined with IL-UAE was often used to analyze and optimize the process parameters
in the extraction of natural medicine [44]. In accordance with introduced single-factor experiments,
we selected three significant craft parameters, namely, extraction temperature (X;), ratio of liquid to
raw material (Xp), and IL concentration (X3), as the independent variables (see Table 4). A quadratic
polynomial model was used to evaluate the relationship between the response (TBF yields is Y) and
three variables (see Table 5), which can be expressed as the following equation:

Y = Bo + B1X1 + PaXa + BaXs + B11X1? + BXa? + B3aXa? + B1aX1Xa + B13X1 Xz + B2sXo Xz (3)

Table 4. Levels and factors selected for experiment.

Factors
Level
eve Solid-Liquid Ratio (g/mL) IL Concentration (mmol/L) Extract Temperature (°C)
-1 1:10 0.6 40
0 1:12 0.8 50
1 1:14 1.0 60
Table 5. The results of varying experiment design.
X; X, X; Y
R
un Extract Temperature (°C) Solid-Liquid Ratio (g/mL)  IL Concentration (mmol/L) Yield of TBFs (mg/g)
1 60 12 0.6 14.66
2 60 10 0.8 13.94
3 60 14 0.8 14.61
4 50 12 0.8 18.22
5 50 12 0.8 18.51
6 50 14 0.6 16.57
7 40 12 1.0 13.62
8 40 10 0.8 15.18
9 50 12 0.8 18.25
10 50 14 1.0 13.56
11 50 12 0.8 18.41
12 50 10 1.0 12.89
13 50 10 0.6 16.20
14 40 12 0.6 17.51
15 60 12 1.0 13.28
16 50 12 0.8 18.53

17 40 14 0.8 15.88
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3.6. Recovery of TBF and IL

The obtained S. helvetica extract was diluted 10-fold with deionized water. Then, some insoluble
or slightly soluble organic reagents were tested for the extraction of TBF from IL and mobile phase ratio
(Vextract: Vorganic reagent) = 1:3. The recovery of TBF was determined according to the above HPLC
method in Section 3.4. The recovery of IL was measured by HPLC-DAD. Chromatographic separation
condition of IL was performed on a YMC PACK C18 reversed-phase column (5 um, 250 x 4.6 mm,
YMC Technologies, Shimogyo-ku, Kyoto, Japan) using methanol-water (10:90 (v/v)) as the mobile
phase. Other chromatographic parameters were 0.6 mL/min flow rate, 20 pL injection volume,
25 °C column temperature, and 210 nm measurement wavelength. The calibration curves for IL were Y
= 8110.9X — 73.249 (r = 0.9996) (0.17-0.61 png/puL) and the retention time of IL was 8.5 min (Figure 11).

1600
1280

960

640 ] L . a

Intensity (mAU)

3204

0 8 16 24 k) 40
Retention time (min)

Figure 11. HPLC-DAD chromatograms of recovery sample from S. helvetica (a) and [Cemim]PFg
standard (b).

3.7. Conventional Reference Extraction Methods

3.7.1. Ethanol-Based UAE

According to the method of Wang et al. [45], the powders (15.0 g) were mixed with 190 mL of
95% ethanol in a round bottom flask (250 mL). Afterwards, the mixture was placed in the ultrasonic
device, and extracted with 250 W ultrasonic power at 47 °C for 40 min. The reaction liquid was filtered,
concentrated (4000 rpm, 5 °C), dried under vacuum, and stored at 4 °C until analysis.

3.7.2. Heat-Reflux Extraction

According to Wang et al. [46] with slight adjustments, the samples (15.0 g) were extracted with
180 mL of 95% ethanol for 120 min in a heat-reflux apparatus (Kelon Glassware Factory, Chengdu,
China). After extraction, the extracts were filtered, concentrated (4000 rpm, 5 °C), dried under vacuum,
and stored at 4 °C until use.

3.7.3. Soxhelt Extraction

According to the method of Zhao et al. [47], the samples (15.0 g) were kept on a Whatman filter
paper in a Soxhlet extractor (Kelon Glassware Factory) and extracted with 250 mL of 95% ethanol
for 120 min. Next, the extracts were filtered, concentrated (4000 rpm, 5 °C), dried under vacuum,
and stored at 4 °C prior to HPLC analysis.
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3.7.4. Percolation Extraction

According to the method of Pezoti et al. [48], the powders (15.0 g) were mixed well with 20 mL
of 95% ethanol, placed in a percolator, and soaked for 24 h. Afterwards, 500 mL of effluent fraction
was collected with 95% ethanol, and the flow rate was 3 mL/min. The samples collected was filtered,
concentrated (4000 rpm, 5 °C), dried under vacuum, and stored at 4 °C until analysis.

3.8. Evaluation of Antioxidant Activity

3.8.1. DPPH Radical Scavenging Assay

DPPH radical scavenging ability was determined according to the method [49] with slight
modifications. After different concentrations of TBFE (30.0, 60.0, 90.0, 120.0, 150.0 pg/mL) were
prepared with ethanol, 0.7 mL of each sample and 2.2 mL of DPPH free radical (0.2 mmol/L) using
95% ethanol preparation were completely mingled, reacted rapidly, and incubated for 60 min at
room temperature under a darkened and closed condition, and then the absorbance of the reactant
was employed at 517 nm in a 722G ultraviolet spectrophotometer (Shanghai Jingke Industrial Co.,
Ltd., Shanghai, China). Quercetin and vitamin C (30-150 pug/mL) were adopted as positive controls.
The antioxidant capacity of three samples was reflected as an inhibition percent rate of DPPH",
and calculated on the grounds of the following formula:

I(%)=(1- Asumple / Acontror) X 100% 4

where Ao Was the absorbance of the control (without TBFE and standards), Aggupe was the
absorbance of the measured sample, and I was the inhibition percentage rate of the sample.
The antioxidant activity was expressed as the effective concentration of the sample providing 50%
inhibition rate (ICsp), and ICsy value was calculated by the equation of linear regression.

3.8.2. ABTS Radical Scavenging Assay

ABTS" scavenging ability was evaluated according to the antioxidant method of Chung et al. [50]
with some modifications. A 6 mmol/L ABTS solution in 95% ethanol and 120 mmol/L of potassium
persulfate water solution were fully mingled, incubated overnight under the darkened condition to
produce ABTS*. After 0.5 mL of each sample was added to 2.0 mL of ABTS™, the mixture was reacted
quickly for 10 min at normal temperature. The absorbance of the sample was measured at 734 nm
in a 722G ultraviolet spectrophotometer. The ICsy value of three samples was calculated by linear
regression analysis between the sample of different concentrations and the corresponding inhibition
percentage. Quercetin and vitamin C were adopted as reference compounds.

3.8.3. Ferric Ion Reducing Assay

The reducing effect of TBFE was evaluated on the grounds of the method of Oztaskin [51] with
slight adjustment. After 1.2 mL of the sample, 1.0 mL of 1% potassium ferricyanide and 1.0 mL of
phosphate buffer solution (0.2 mol/L, pH 6.6) were mixed well and reacted completely for 20 min at
50 °C, and the solution was added to 1.0 mL of 10% trichloroacetic acid, mingled fully, and centrifuged.
Afterwards, 2.5 mL of the supernatant and 0.5 mL of 0.1% ferric trichloride solution were accurately
weighed, blended well and incubated for 10 min at room temperature. Furthermore, the absorbance of
the sample was tested at 700 nm in 722G ultraviolet spectrophotometer. Quercetin and vitamin C were
adopted as positive controls.

3.8.4. Chelation of Ferrous Ions Assay

The Fe?" chelation of TBFE from S. helvetica was evaluated on the grounds of the method of
Hentati [52], with some changes. After each sample (0.1 mL) was mixed well with 0.7 mL of ferrous
chloride (0.2 mmol/L), the mixture were reacted with 0.6 mL of ferrozine (5 mmol/L) for 10 min at
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normal temperature resulting in the generation of a purple complex. The absorbance of the sample
was tested at 562 nm in 722G ultraviolet spectrophotometer. The ICs value of the two samples
was calculated by linear regression analysis between the sample of different concentrations and the
corresponding inhibition percentage. EDTA (30-150 pg/mL) was adopted as a positive control.

3.9. Statistical Analysis

Design Expert 8.0 (DE, Stat-Ease, Inc., Minneapolis, MN, USA) was adopted for designing and
optimizing the process, and obtaining the response models by RSM technology. The analysis of
variance (ANOVA) was used to analyze the RSM results and predict the values of TBF. The data
were statistically significant at the level of p < 0.05 by Duncan’s multiple range test on SPSS 19.0
(Statistical Product and Service Solutions Package for the Social Sciences, IBM, New York, NY, USA).
After all the assays were repeated in triplicate, the mean and standard deviation of experimental data
were calculated.

4. Conclusions

The purpose of this study was to establish a high efficiency, low consumption, environmentally
friendly, and novel extraction method. In this test, IL-UAE was successfully applied for the extraction
of biflavonoids from S. helvetica for the first time, according to the optimization of single-factor test
and RSM. Among the three dependent variates in RSM, IL concentration for TBF yields was the most
notable factor, with its p < 0.001. The optimum parameters for TBFE were ultrasonic power 250 W,
IL concentration 0.8 mmol/L, extraction time 40 min, solid-liquid ratio 1:12.7 g/mL, and extraction
temperature 47 °C. The yield of TBF was 18.69 mg/g under the best process conditions. Moreover,
the recommended IL-UAE was more effective than ethanol-UAE, SE, PE, and HRE methods in higher
TBF content, less solvent, and shorter time. In addition, TBFE had shown suitable antioxidant activity
in four antioxidant assays. Thus, this study confirmed that S. helvetica could be a good source of
natural antioxidants and IL-UAE technique was an effective method for extracting TBF from the
Selaginella plant.

Author Contributions: Data curation and Writing draft, Y.J.; Investigation and Methodology, D.L.; Software
Validation, X.M.; Formal Analysis, E]J.; Visualization, Q.H.; Resources, S.Q.; Data Curation, Y.L.; Project
administration and Writing-review & editing, G.W.; All authors read and approved the final manuscript.

Funding: This research was funded by 2018 National Science Foundation of China grant number 81302639.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Okigawa, M.; Hwa, C.W,; Kawano, N.; Rahman, W. Biflavones in Selaginella species. Phytochemistry 1971,
10, 3286-3287. [CrossRef]

2. Alston, A.H.G. The Brazilian species of Selaginella. Feddes. Repert. 2010, 40, 303-319. [CrossRef]

3. Gayathri, V,; Asha, V.V,; Subramoniam, A. Preliminary studies on the immunomodulatory and antioxidant
properties of Selaginella species. Indian ]. Pharmacol. 2005, 37, 381-385.

4. Yan, Y.U,; Cui, GH.; Zhong, L.I.; Wei, X. Preliminary studies of RAPD markers for ten Selaginella species
from Guangdong Province. Guihaia 2007, 27, 48-52. [CrossRef]

5. Wan, D.R; Chen, K.L.; Wang, B.E. Anatomical study of the stems of the 10 Selaginella species and its
taxonomic significance. J. Withan Bot. Res. 2008, 26, 343-349.

6. Wang, G, Yao, S.; Zhang, X.X.; Song, H. Rapid screening and structural characterization of antioxidants
from the extract of Selaginella doederleinii Hieron with DPPH-UPLC-Q-TOF/MS method. Int. |. Anal. Chem.
2015, 2015. [CrossRef] [PubMed]

7.  Jiang, YM.; Liang, L.Z.; Gan, T.Q.; Li, D.; Wang, G. Phytochemistry and Bioactivities of Biflavonoids:
A Review. In Proceedings of the 6th International Conference on Bioinformatics and Biomedical Science,
Jurong West, Singapore, 22-24 June 2017; pp. 105-108. [CrossRef]


http://dx.doi.org/10.1016/S0031-9422(00)97392-8
http://dx.doi.org/10.1002/fedr.19360402005
http://dx.doi.org/10.1016/S1872-2075(07)60055-7
http://dx.doi.org/10.1155/2015/849769
http://www.ncbi.nlm.nih.gov/pubmed/25792983
http://dx.doi.org/10.1145/3121138.3121181

Molecules 2018, 23, 3284 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Huang, J.Y; Shao, L.I.; Zhao, M.E; Yu, L.L; Lin, X.H.; Yao, H.; Pharmacy, D.O. Simultaneous determination
of four biflavonoids in Selaginella doederleinii Hieron by HPLC. Chin. . Hosp. Pharm. 2013, 23, 1945-1948.
Lin, R.C.; Skaltsounis, A.L.; Seguin, E.; Tillequin, F.; Koch, M. Phenolic constttuents of Selaginella doederleinii.
Planta Med. 1994, 60, 168-170. [CrossRef] [PubMed]

Hatware, K.V.,; Sharma, S.; Patil, K.; Shete, M.; Karri, S.; Gupta, G. Evidence for gastroprotective,
anti-inflammatory and antioxidant potential of methanolic extract of Cordia dichotoma leaves on
indomethacin and stress induced gastric lesions in Wistar rats. Biomed. Pharmacother. 2018, 103, 317-325.
[CrossRef] [PubMed]

Lee, H.G.; Kim, H.S.; Yu, K.A; Choe, Y.K,; Lim, J.S.; Yoon, D.Y. Identification of p7F, a bioflavonoid from
natural product and analysis of its anti-inflammatory effects. FASEB J. 2002, 16, 1054-1058.

Li, AN, Li, S; Li, Y,; Xu, D.P; Li, H.B. Optimization of ultrasound-assisted extraction of natural antioxidants
from the Osmanthus fragrans flower. Molecules 2016, 21. [CrossRef]

Rahimifard, M.; Magbool, F.; Moeini-Nodeh, S.; Niaz, K.; Abdollahi, M.; Braidy, N.; Nabavi, S.M.; Nabavi, S.F.
Targeting the TLR4 signaling pathway by polyphenols: A novel therapeutic strategy for neuroinflammation.
Ageing Res. Rev. 2017, 36, 11-19. [CrossRef]

Wang, G.; Yao, S.; Cheng, L.; Luo, Y.; Song, H. Antioxidant and anticancer effection of the volatile oil from
various habitats of Selaginella doederleinii Hieron. Technol. Health Care 2015, 23, 21-27. [CrossRef]

Wang, G.; Song, H.; Yao, S.; Zhang, Z.R. Optimization of the microwave-assisted extraction, GC-MS analysis
and antimicrobial activity of the volatile oil constituents from Selaginella doederleinii Hieron. J. Invest. Med.
2013, 61, 13-16.

Gonzalez, EJ.; Diaz, I; Gonzalez-Miquel, M.; Rodriguez, M.; Sueiras, A. On the behavior of imidazolium
versus pyrrolidinium ionic liquids as extractants of phenolic compounds from water: Experimental and
computational analysis. Sep. Purif. Technol. 2018, 201, 214-222. [CrossRef]

Dong, B.; Tang, ].; Yonannes, A.; Yao, S. Hexafluorophosphate salts with tropine-type cations in the extraction
of alkaloids with the same nucleus from radix physochlainae. RSC Adv. 2018, 8, 262-277. [CrossRef]
Martins, M.A.R.; Domanska, U.; Schroeder, B.; Coutinho, J.A.P,; Pinho, S.P. Selection of ionic liquids to be
used as separation agents for terpenes and terpenoids. ACS Sustain. Chem. Eng. 2016, 4, 548-556. [CrossRef]
Santamarta, F.; Vilas, M.; Tojo, E.; Fall, Y. Synthesis and properties of novel chiral imidazolium-based ionic
liquids derived from carvone. RSC Adv. 2016, 6, 31177-31180. [CrossRef]

Lopez, C.J.; Caleja, C.; Prieto, M.A.; Barreiro, M.E,; Barros, L.; Ferreira, .C.ER. Optimization and comparison
of heat and ultrasound assisted extraction techniques to obtain anthocyanin compounds from Arbutus unedo
L. fruits. Food Chem. 2018, 264, 81-91. [CrossRef]

Pereira, M.G.; Hamerski, F.; Andrade, E.F; Scheer, A.D.P; Corazza, M.L. Assessment of subcritical propane,
ultrasound-assisted and Soxhlet extraction of oil from sweet passion fruit (Passiflora alata Curtis) seeds.
J. Supercrit. Fluid 2017, 128, 338-348. [CrossRef]

Wang, L.; Cheng, L.; Liu, F; Li, T,; Yu, Z,; Xu, Y.; Yang, Y. Optimization of ultrasound-assisted extraction
and structural characterization of the Polysaccharide from Pumpkin (Cucurbita moschata) Seeds. Molecules
2018, 23. [CrossRef]

Wang, T.; Guo, N.; Wang, S.X; Kou, P; Zhao, C.; Fu, Y.J. Ultrasound-negative pressure cavitation extraction
of phenolic compounds from blueberry leaves and evaluation of its DPPH radical scavenging activity.
Food. Biopro. Process 2018, 108, 69-80. [CrossRef]

Ji, S.; Wang, Y.J.; Su, Z.Y,; He, D.D,; Du, Y.; Guo, M.Z,; Yang, D.Z.; Tang, D.Q. Ionic liquids-ultrasound
based efficient extraction of flavonoid glycosides and triterpenoid saponins from licorice. RSC Adv. 2018,
8, 13989-13996. [CrossRef]

Tan, Z.].; Wang, C.Y,; Yang, Z.Z.; Yi, Y.J.; Wang, H.Y.; Zhou, W.L,; Li, EF. Ionic liquid-based ultrasonic-assisted
extraction of Secoisolariciresinol diglucoside from flaxseed (Linum usitatissimum L.) with further purification
by an aqueous two-phase system. Molecules 2015, 20. [CrossRef]

Zhang, Y.F.; Lee Kee, H.A. Ionic liquid-based ultrasound-assisted dispersive liquid-liquid microextraction
followed high-performance liquid chromatography for the determination of ultraviolet filters in
environmental water samples. Anal. Chim. Acta 2012, 750, 120-126. [CrossRef]

He, Z.].; Wang, X.M.; Yao, T.; Song, H.; Yao, S. Determination and correlation of solubilities of four novel
benzothiazolium ionic liquids with 6 PF- in six alcohols. Chin. J. Chem. Eng. 2014, 22, 435-446. [CrossRef]


http://dx.doi.org/10.1055/s-2006-959443
http://www.ncbi.nlm.nih.gov/pubmed/17236034
http://dx.doi.org/10.1016/j.biopha.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29660650
http://dx.doi.org/10.3390/molecules21020218
http://dx.doi.org/10.1016/j.arr.2017.02.004
http://dx.doi.org/10.3233/thc-150924
http://dx.doi.org/10.1016/j.seppur.2018.03.006
http://dx.doi.org/10.1039/C7RA12687E
http://dx.doi.org/10.1021/acssuschemeng.5b01357
http://dx.doi.org/10.1039/C6RA00654J
http://dx.doi.org/10.1016/j.foodchem.2018.04.103
http://dx.doi.org/10.1016/j.supflu.2017.03.021
http://dx.doi.org/10.3390/molecules23051207
http://dx.doi.org/10.1016/j.fbp.2018.01.003
http://dx.doi.org/10.1039/C8RA01056K
http://dx.doi.org/10.3390/molecules201017929
http://dx.doi.org/10.1016/j.aca.2012.04.014
http://dx.doi.org/10.1016/S1004-9541(14)60056-2

Molecules 2018, 23, 3284 17 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Li, D.; Qian, Y,; Tian, Y.J.; Yuan, S.M.; Wei, W.; Wang, G. Optimization of ionic liquid-assisted extraction of
biflavonoids from Selaginella doederleinii and evaluation of its antioxidant and antitumor activity. Molecules
2017, 22. [CrossRef]

Wang, K.; Li, M.; Wen, X.; Chen, X.; He, Z.; Ni, Y. Optimization of ultrasound-assisted extraction of
okra (Abelmoschus esculentus (L.) Moench) polysaccharides based on response surface methodology and
antioxidant activity. Int. . Biol. Macromol. 2018, 114, 1056-1063. [CrossRef]

Al-Othman, A.; Tawalbeh, M.; Assad, M.E.; Alkayyali, T; Eisa, A. Novel multi-stage flash (MSF) desalination
plant driven by parabolic trough collectors and a solar pond: A simulation study in UAE. Desalination 2018,
443, 237-244. [CrossRef]

Giacometti, J.; Zauhar, G.; Zuvic, M. Optimization of ultrasonic-assisted extraction of major phenolic
compounds from Olive leaves (Olea europaea L.) using response surface methodology. Foods 2018, 7, 149.
[CrossRef]

Liu, S.; Dong, Z.B.; Xiang, D.; Jiang, Y.; Tao, Q.B.; Cao, Y. Crossing-link of experimental reducibility tests,
XPS characterizations and DFT estimates on ferrite oxygen carriers in CLC. Appl. Catal. B Environ. 2018,
238, 647-655. [CrossRef]

Wang, G.; Li, S.H.; Zhou, H.L. Comparison of antioxidant and anticancer of the extracts from various habitats
of Selageinella doederleinii. Adv. Eng. Res. 2016, 12, 231-235.

Espada-Bellido, E.; Ferreiro-Gonzalez, M.; Carrera, C.; Palma, M.; Barroso, C.G.; Barbero, G.F. Optimization of
the ultrasound-assisted extraction of anthocyanins and total phenolic compounds in mulberry (Morus nigra)
pulp. Food Chem. 2017, 219, 23-32. [CrossRef] [PubMed]

Xu, D.P; Zheng, J.; Zhou, Y.; Li, Y.; Li, S.; Li, H.B. Ultrasound-assisted extraction of natural antioxidants from
the flower of Limonium sinuatum: Optimization and comparison with conventional methods. Food Chem.
2017, 217, 552-559. [CrossRef] [PubMed]

Yuan, P; Mei, X,; Shen, B.X.; Lu, EJ.; Zhou, WJ.; Si, M.; Chakraborty, S. Oxidation of NO by in situ Fenton
reaction system with dual ions as reagents. Chem. Eng. J. 2018, 351, 660—667. [CrossRef]

Peng, L.Q.; Yu, W.Y.; Xu, ].J.; Cao, J. Pyridinium ionic liquid-based liquid-solid extraction of inorganic and
organic iodine from Laminaria. Food Chem. 2018, 239, 1075-1084. [CrossRef] [PubMed]

Zhang, L.; Liu, J.; Zhang, P.; Yan, S.; He, X.; Chen, F. Ionic liquid-based ultrasound-assisted extraction of
chlorogenic acid from Lonicera japonica thunb. Chromatographia 2011, 73, 129-133. [CrossRef]

Ali, N.; Shah, I.; Shah, SW.A.; Ahmed, G.; Shoaib, M.; Junaid, M.; Ali, W.; Ahmed, Z. Antioxidant and
relaxant activity of fractions of crude methanol extract and essential oil of Artemisia macrocephala jacquem.
BMC Complement. Altern. Med. 2013, 13, 96-100. [CrossRef]

Rontani, J.F; Amiraux, R.; Lalande, C.; Babin, M.; Kim, H.R.; Belt, S.T. Use of palmitoleic acid and its
oxidation products for monitoring the degradation of ice algae in Arctic waters and bottom sediments.
Org. Geochem. 2018, 124, 88-102. [CrossRef]

Wang, G.; Li, S.H.; Zhou, H.L,; Jiang, Y.M. Phytochemical screening, antioxidant, antibacterial and cytotoxic
activities of different extracts of Selaginella doederleinii Bangladesh. J. Bot. 2017, 46, 1193-1201. [CrossRef]
Arti, A.; Muraleedharan, G.N.; Gale, M.S. Structure-activity relationships for antioxidant activities of a series
flavonoids in a liposomal system. Free Radic. Biol. Med. 1998, 24, 1355-1363. [CrossRef]

Paola, M.; Alessandra, B.; Cosimo, P.; Nunziatina, D.T. Structure-antioxidant activity relationships of
flavonoids isolated from different plant species. Food Chem. 2005, 92, 349-355. [CrossRef]

Zhao, H,; Xia, S.; Ma, P. Use of ionic liquids as ‘green’ solvents for extractions. J. Chem. Technol. Biot. 2005,
80, 1089-1096. [CrossRef]

Wang, W.C,; Li, Q.Y.; Liu, Y.H.; Chen, B.B. Ionic liquid-aqueous solution ultrasonic-assisted extraction of
three kinds of alkaloids from Phellodendron amurense Rupr and optimize conditions use response surface.
Ultrason. Sonochem. 2015, 24, 13-18. [CrossRef] [PubMed]

Wang, L.L.; Bai, M.G.; Qin, Y.C.; Liu, B.T. Application of ionic liquid-based ultrasonic-assisted extraction of
flavonoids from bamboo leaves. Molecules 2018, 23. [CrossRef] [PubMed]

Zhao, C.N,; Zhang, ].J.; Li, Y.; Meng, X.; Li, H.B. Microwave-assisted extraction of phenolic compounds from
Melastoma sanguineum fruit: Optimization and identification. Molecules 2018, 23. [CrossRef] [PubMed]
Pezoti, O.; Cazetta, A.L.; Bedin, K.C.; Souza, L.S. Percolation as new method of preparation of modified
biosorbents for pollutants remova. Chem. Eng. . 2016, 283, 1305-1314. [CrossRef]


http://dx.doi.org/10.3390/molecules22040586
http://dx.doi.org/10.1016/j.ijbiomac.2018.03.145
http://dx.doi.org/10.1016/j.desal.2018.06.005
http://dx.doi.org/10.3390/foods7090149
http://dx.doi.org/10.1016/j.apcatb.2018.07.062
http://dx.doi.org/10.1016/j.foodchem.2016.09.122
http://www.ncbi.nlm.nih.gov/pubmed/27765221
http://dx.doi.org/10.1016/j.foodchem.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27664671
http://dx.doi.org/10.1016/j.cej.2018.05.092
http://dx.doi.org/10.1016/j.foodchem.2017.07.031
http://www.ncbi.nlm.nih.gov/pubmed/28873524
http://dx.doi.org/10.1007/s10337-010-1828-y
http://dx.doi.org/10.1186/1472-6882-13-96
http://dx.doi.org/10.1016/j.orggeochem.2018.06.002
http://dx.doi.org/10.5897/JMPR09.388
http://dx.doi.org/10.1016/S0891-5849(97)00458-9
http://dx.doi.org/10.1016/j.foodchem.2004.07.028
http://dx.doi.org/10.1002/jctb.1333
http://dx.doi.org/10.1016/j.ultsonch.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25443277
http://dx.doi.org/10.3390/molecules23092309
http://www.ncbi.nlm.nih.gov/pubmed/30201916
http://dx.doi.org/10.3390/molecules23102498
http://www.ncbi.nlm.nih.gov/pubmed/30274261
http://dx.doi.org/10.1016/j.cej.2015.08.074

Molecules 2018, 23, 3284 18 of 18

49.

50.

51.

52.

Ullah, F; Igbal, N.; Ayaz, M.; Sadiq, A.; Ullah, I.; Ahmad, S.; Imran, M. DPPH, ABTS free radical
scavenging, antibacterial and phytochemical evaluation of crude methanolic extract and subsequent fractions
of Chenopodium botrys aerial parts. Pak. J. Pharm. Sci. 2017, 30, 761-766. [PubMed]

Chung, ].H.; Kong, ].N.; Choi, H.E.; Kong, K.H. Antioxidant, anti-inflammatory, and anti-allergic activities of
the sweet-tasting protein brazzein. Food Chem. 2018, 267, 163-169. [CrossRef]

Ogztaskin, N.; Taslimi, P; Maras, A.; Gulcin, I; Goksu, S. Novel antioxidant bromophenols with
acetylcholinesterase, butyrylcholinesterase and carbonic anhydrase inhibitory actions. Bioorg. Chem. 2017,
74,104-114. [CrossRef]

Hentati, F.; Delattre, C.; Ursu, A.V.; Desbrieres, J.; Le Cerf, D.; Gardarin, C.; Abdelkafi, S.; Michaud, P,;
Pierre, G. Structural characterization and antioxidant activity of water-soluble polysaccharides from the
Tunisian brown seaweed Cystoseira compressa. Carbohydr. Polym. 2018, 198, 589-600. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds amentoflavone, ginkgetin, hinokiflavone and heveaflavone are
available from the authors.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/28653919
http://dx.doi.org/10.1016/j.foodchem.2017.06.084
http://dx.doi.org/10.1016/j.bioorg.2017.07.010
http://dx.doi.org/10.1016/j.carbpol.2018.06.098
http://www.ncbi.nlm.nih.gov/pubmed/30093038
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Screening Different ILs 
	Effect of Anion 
	Effect of Cation 

	Single-Factor Experiment 
	Effect of IL Concentration 
	Effect of Extracting Temperature 
	Effect of Solid–Liquid Ratio 
	Effect of Ultrasonic Power 
	Effect of Extraction Time 

	Analysis of Response Surfaces 
	Fitting the Model 
	Effect of Extraction Parameters 

	Recovery of TBF and IL 
	Comparison of Five Extraction Methods 
	Antioxidant of Total Biflavonoid Extract 

	Material and Methods 
	Materials 
	Samples Preparation 
	IL-Ultrasonic-Assisted Extraction 
	Determination of Total Biflavonoid Content 
	Experimental Design 
	Single-Factor Experiments 
	RSM Experiments 

	Recovery of TBF and IL 
	Conventional Reference Extraction Methods 
	Ethanol-Based UAE 
	Heat-Reflux Extraction 
	Soxhelt Extraction 
	Percolation Extraction 

	Evaluation of Antioxidant Activity 
	DPPH Radical Scavenging Assay 
	ABTS Radical Scavenging Assay 
	Ferric Ion Reducing Assay 
	Chelation of Ferrous Ions Assay 

	Statistical Analysis 

	Conclusions 
	References

