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Abstract: Deep eutectic solvents (DESs) have attracted significant attention as a promising
green media. In this work, twenty-five kinds of benign choline chloride-based DESs with
microwave-assisted methods were applied to quickly extract active components from Radix
Salviae miltiorrhizae. The extraction factors, including temperature, time, power of microwave,
and solid/liquid ratio, were investigated systematically by response surface methodology.
The hydrophilic and hydrophobic ingredients were extracted simultaneously under the optimized
conditions: 20 vol% of water in choline chloride/1,2-propanediol (1:1, molar ratio) as solvent,
microwave power of 800 W, temperature at 70 ◦C, time at 11.11 min, and solid/liquid ratio of
0.007 g·mL−1. The extraction yield was comparable to, or even better than, conventional methods
with organic solvents. The microstructure alteration of samples before and after extraction was
also investigated. The method validation was tested as the linearity of analytes (r2 > 0.9997 over
two orders of magnitude), precision (intra-day relative standard deviation (RSD) < 2.49 and inter-day
RSD < 2.96), and accuracy (recoveries ranging from 95.04% to 99.93%). The proposed DESs combined
with the microwave-assisted method provided a prominent advantage for fast and efficient extraction
of active components, and DESs could be extended as solvents to extract and analyze complex
environmental and pharmaceutical samples.

Keywords: deep eutectic solvents; Radix Salviae miltiorrhizae; microwave-assisted extraction; response
surface methodology

1. Introduction

Deep eutectic solvents (DESs) were first reported by Abbott et al. in 2003 [1], which were
generally formed by mixing a hydrogen bonding acceptor (HBA) with a hydrogen bonding donor
(HBD) after continuous heating and stirring. This eutectic mixture has a much lower melting point
than the original HBA and HBD. DESs are always named as ‘ionic liquid analogues’ for their similar
properties to ionic liquids, such as eco-friendliness, negligible volatility, and adjustable viscosity [2,3].
Compared with ionic liquids, which are the most popular green solvents [4–6], DESs have the
advantage of low cost, easy synthesis, biodegradability [7], high solubilization strength [8,9], and low-
or even non-toxicity [10,11]. Therefore, DESs become new favorites for scientific research instead
of conventional volatile organic solvents and ionic liquids. Until now, DESs as reaction media
have been commonly used in the pharmaceutical industry, including sample separation, extraction,
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and determination [12–15]. There are considerable references for the application in analytical chemistry
of DESs for biological samples [16], metallic elements [17], herbal medicines [18–20], nanometer
materials [21], and so on. In addition, it is reported that DESs offer advantages in terms of enhancing
the stability of active components in herbal medicine [18,22]. Hence, DESs have a great potential as
green solvents for simultaneous extraction and determination of different polarity, unstable compounds
from traditional Chinese medicine.

Radix Salviae miltiorrhizae (named Danshen in Chinese), the roots of Salvia miltiorrhiza Bunge
from Labiatae, have been mainly used as a traditional medicine for cardiovascular diseases [23,24].
In general, the hydrophilic phenolic acids should be responsible for pharmacological properties,
such as anti-platelet activity [25] and free radical scavenging activity [26], and hydrophobic
diterpenoid tanshinone has been reported to display diverse pharmacological properties, such as
liver-protective [27], anti-cancer [28], and anti-inflammatory effects [29]. Thus, considering the
interactions and synergies of Chinese drugs in pharmacology, it is important to simultaneously
extract active constituents with different polarities from Radix Salviae miltiorrhizae for satisfactory
curative effects. The common approaches for the preparation of active ingredients are ultrasonic or
heating reflux extraction, using a mixture of water with methanol or ethanol as the solvent [30,31].
However, it is reported that many compounds in Radix Salviae miltiorrhizae are unstable in water or
ethanol due to the solvent effect and long-time heating [32], which hamper their extraction, analysis,
and storage [33,34], and even become a bottleneck in the field of clinical application. Additionally,
methanol, as a conventional volatile solvent, has strong toxicity to the human body. Therefore, it is
necessary to develop new green solvents with high extraction efficiency, which makes preparation and
determination of complex constituents quick and steady.

In this work, active compounds with different polarities from Radix Salviae miltiorrhizae were
extracted by a microwave-assisted method, and twenty-five kinds of benign choline chloride-based
DESs as stabilizing solvent were investigated. Then the effect of water content on extraction efficiency
was also studied. The extraction factors (including temperature, time, power of the microwave, and
solid/liquid ratio) for five major compounds were optimized systematically by the response surface
methodology. The extraction efficiency of the optimal DES-based microwave-assisted method was
compared with traditional methods, and the microstructures of Radix Salviae miltiorrhizae powders
before and after extraction were compared by scanning electron microscopy (SEM).

2. Results and Discussion

2.1. Effect of Hydrogen Bond Donors of DESs

The structure of hydrogen bond donors (HBDs) has a significant influence on the physicochemical
properties of DESs, thus probably affecting the extraction efficiency of rosmarinic acid (ROS),
lithospermic acid (LIT), salvionalic acid B (SAB), salvionalic acid A (SAA), and tanshinone IIA (TIIA).
Different HBD were compared including polyhydric alcohols, polyhydric acid, saccharides, and urea.
Table 1 listed the abbreviations of the DESs in this work, and the results in Figure 1 showed that DES-2,
DES-11, and DES-19 obtained higher yields for extracting SAB than others, DES-25 obtained the highest
yield for LIT, and DES-2 obtained the highest yield for TIIA. The difference of extraction amounts
for other compounds were less obvious. Hydrogen bond interactions could activate both carbonyl
and guanidine groups, which were mainly influenced by DESs components [35]. It is likely that some
HBD (such as 1,2-propanediol in DES-2 and urea in DES-25) established the stronger intermolecular
hydrogen-bonding interactions with ChCl, which may increase the solubility of targets. Taking into
account the extraction efficiency, DES-2 (ChCl-1,2-Propanediol, molar ratio 1:1) was selected for
further experimentation.
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Table 1. Different composition of DESs applied in this work.

No. Type of HBD Abbreviation ChCl/HBD Ratio

DES-1 Ethylene glycol EG 1:2
DES-2 1,2-Propanediol PDO 1:1
DES-3 1:2
DES-4 1:3
DES-5 Glycerol GL 1:1
DES-6 1:2
DES-7 1:3
DES-8 1:4
DES-9 1,4-Butanediol BDO 1:2
DES-10 1:4
DES-11 Oxalic acid OA 2:1
DES-12 1:1
DES-13 Succinic acid SA 2:1
DES-14 1:1
DES-15 Lactic acid LA 1:1
DES-16 Malonic acid MaA 1:1
DES-17 1:2
DES-18 Malic acid MA 1:1
DES-19 Citric acid CA 2:1
DES-20 Maltose Mal 1:1
DES-21 Fructose Fru 2:1
DES-22 Glucose Glu 2:1
DES-23 Urea U 2:1
DES-24 1:1
DES-25 1:2
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Figure 1. Effect of different types of DESs (temperature = 50.0 ◦C, time = 10.0 min, microwave power = 800 W,
solid/liquid ratio = 0.005 g·mL−1).

2.2. Effect of the Water Content of DESs

The large viscosity is one of the disadvantages of DESs, which may influence their penetration
in extraction. Adding water to DESs can significantly decrease their viscosity and influence the
interactions between the DESs and analytes, which may influence the extraction effects for target
compounds [36]. Figure 2 illustrated a formulation containing 0–80 vol% of water in DES-water
mixtures, and 100% water was used as the reference solvent. These were investigated at 50 ◦C to extract
five active ingredients for 10 min. In general, the variation trends of the extraction yield for hydrophilic
compounds (ROS, LIT, SAB, and SAA) were similar, which were increased first and then decreased
with the increase of water content. The amounts of ROS were increased until 60 vol% water content
and LIT and SAB were increased until 80 vol%. In contrast, the amounts of hydrophobic compound
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(TIIA) were highest in pure DESs and decreased with the increase of water content. Therefore, in order
to maximize the extraction efficiency of each compound as much as possible, the concentration of 20%
water in DES-water mixtures was used as the extraction solvent for further experiments.
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2.3. Optimization of the Extraction Conditions by RSM

The Design-Expert®software (Version 8.0.6; Stat-Ease Inc., Minneapolis, MN, USA) was applied
to optimize a more realistic mode. The preliminary experiments were performed to determine the
range of temperature (A, 40–80 ◦C), time (B, 5–15 min), power of microwave (C, 600–1000 W) and
solid/liquid ratio (D, 0.05–0.01 g·mL−1). As shown in Table 2, a 29-run Box–Behnken design (BBD) was
employed with four variables and three levels, and the mean amounts of corresponding compounds
extracted from Radix Salviae miltiorrhizae were taken as the responses.

Table 2. Box–Behnken design with independent variables and measured responses.

Run A B C D ROS LIT SAB SAA TIIA

1 60 10 800 0.0075 2.78 3.19 55.64 2.12 5.79
2 60 15 1000 0.0075 1.31 3.19 45.82 1.55 5.13
3 60 10 800 0.0075 2.77 3.03 53.62 2.10 5.54
4 60 10 800 0.0075 2.83 3.05 53.48 2.08 5.52
5 40 10 800 0.0100 2.21 2.61 48.88 1.34 4.58
6 40 15 800 0.0075 2.65 2.49 48.74 1.56 4.68
7 60 15 800 0.0100 2.49 2.55 51.24 1.47 5.90
8 60 10 800 0.0075 2.80 2.99 53.29 2.09 5.45
9 40 5 800 0.0075 1.77 2.41 45.84 1.56 4.75

10 60 5 800 0.0050 1.89 2.91 47.16 1.70 5.16
11 60 10 600 0.0100 2.30 2.12 43.98 1.56 4.71
12 60 10 1000 0.0050 2.36 2.92 39.41 1.82 5.78
13 80 10 1000 0.0075 2.59 2.94 45.88 1.58 5.95
14 40 10 800 0.0050 2.69 1.99 41.36 1.85 4.34
15 80 10 800 0.0050 2.60 3.35 47.71 1.94 5.45
16 80 5 800 0.0075 2.58 2.83 52.66 1.64 4.82
17 60 10 600 0.0050 2.08 3.07 41.66 1.88 4.17
18 80 10 800 0.0100 2.61 2.04 50.45 1.76 5.80
19 60 15 600 0.0075 2.64 2.63 47.12 1.54 5.25
20 60 10 1000 0.0100 1.56 2.54 44.77 1.05 5.10
21 80 10 600 0.0075 1.46 2.94 50.65 2.07 4.68
22 40 10 600 0.0075 2.36 2.49 42.21 1.44 4.12
23 80 15 800 0.0075 2.27 3.19 49.92 2.02 5.92
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Table 2. Cont.

Run A B C D ROS LIT SAB SAA TIIA

24 60 5 800 0.0100 2.61 2.08 50.03 1.53 4.97
25 60 5 600 0.0075 1.22 3.02 48.63 1.70 4.10
26 60 15 800 0.0050 2.71 2.96 47.02 1.95 5.45
27 60 10 800 0.0075 2.82 3.06 53.39 2.02 5.47
28 40 10 1000 0.0075 1.21 2.60 44.91 1.43 3.97
29 60 5 1000 0.0075 1.95 2.77 46.42 1.34 5.37

A: temperature (◦C), B: time (min), C: power (W), D: solid/liquid ratio (g·mL−1).

The predicted values were obtained from a quadratic model by fitting the experimental data of
five responses to the following equations:

y = β0 + β1A + β2B + β3C + β4D + β12AB + β13AC + β14AD + β23BC + β24BD + β34CD + β11A2 + β22B2 + β33C2 + β44D2 (1)

where y represented each of five experimental responses (y = R1, R2, R3, R4, and R5), and the model
coefficients (βi) were summarized in Table S1. The 3D response surfaces of the five responses were
schemed in Figures 3–7. Figure 3A,D showed the extraction yield of ROS raised by increasing the
time. As shown in Figure 3B,F, the extraction yield of ROS improved by increasing the microwave
power from 600 to 760 W, and rapidly decreased when exceeding 760 W. Figure 3C,E indicated that
the solid/liquid ratio had little effect for ROS. Figure 4A showed that the extraction yield of LIT
significantly increased with the increase in temperature, and the other factors had less influence on the
extraction yield. For SAB and SAA (Figures 5 and 6), the interaction of factors played an important
role for the extraction yield, and when any single factors exceeded a certain value, the extraction yield
decreased. Figure 7A–C showed that with the increase of time, temperature, and power, the extraction
yield of TIIA increased within a certain range, and the solid/liquid ratio had lesser relationship for
extraction efficiency.
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Table S2 listed the ANOVA for the quadratic model, and the significance of each coefficient in this
model was checked by an F-test and the P-value. A P-value less than 0.001 indicated that the model
terms were significant, and non-significant lacks of fit were good (except ROS). All of the summary
statistics demonstrated that the model could be used to navigate the design space to explain the
composition effects on the five responses and to select an optimal condition. Finally, the constraints of
numerical optimization and the maximization of the desirability function were performed in Table S3
to simultaneously optimize five responses. With these criteria, the extraction conditions (A = 71.01,
B = 11.11, C = 827.88, and D = 0.007) for five active ingredients were optimized using the model
equation by solving a regression equation. However, based on the limit of the microwave apparatus,
we chose the modified condition (A = 70, B = 11.11, C = 800, and D = 0.007) for extracting active
compounds, and under these optimized conditions, the extraction amounts of ROS (2.80 mg·g−1),
LIT (3.19 mg·g−1), SAB (53.35 mg·g−1), SAA (2.11 mg·g−1), and TIIA (5.89 mg·g−1) confirmed that the
response model was suitable for optimization.

2.4. Method Validation

To validate the methodology of the proposed extraction method, the linearity, precision, recovery,
and other characteristics were determined by high performance liquid chromatography (HPLC). Table 3
shows that calibration curves of investigated compounds had good linear regressions (r2 > 0.999)
within the test ranges. The limit of quantification (LOQ, based on signal/noise = 10) and the limit
of determination (LOD, based on signal/noise = 3) were less than 1.96 µg·mL−1 and 0.62 µg·mL−1,
respectively. The relative standard deviation (RSD) of intra-day (n = 6) and inter-day (n = 3) precisions
for the peak areas were in the range of 0.15%–1.67% and 0.76%–2.96%, respectively. The extraction
recoveries were performed with low (50% standards of the original content), middle (100%), and high
(150%) concentrations using proposed pretreatment of Radix Salviae miltiorrhizae. Recoveries shown in
Table 4 ranged from 95.04% to 99.88% for the five compounds. The validation results suggested that
the proposed extraction and analytical methods were reliable.
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Table 3. Calibration curves, test range, LODs, and precisions for analytes by HPLC.

No. Calibration Curve r2 Linear Range LOQs LODs Precision (RSD) Concentrations

(µg·mL−1) (µg·mL−1) (µg·mL−1) Intra- (n = 6) Inter- (n = 3) (mg·g−1)

ROS y = 2831.5x − 46.721 0.9998 1.61–250.00 0.80 0.24 1.61 2.02 2.80
LIT y = 1442.2x − 12.717 0.9999 3.05–350.00 1.37 0.49 1.67 2.96 3.19
SAB y = 1188.8x − 40.956 0.9998 2.03–4000.00 1.96 0.62 1.09 1.03 53.35
SAA y = 2907.2x − 73.327 0.9997 1.96–195.00 0.87 0.31 2.49 2.83 2.11
TIIA y = 1755.2x − 5.950 0.9999 1.96–500.00 1.45 0.48 0.15 0.76 5.89

Table 4. Extraction recoveries of the five analytes.

No. Original/mg
Recovery (Low Spiked) Recovery (Middle Spiked) Recovery (High Spiked)

Spiked
(mg)

Found
(mg)

Recovery
(%)

Spiked
(mg)

Found
(mg)

Recovery
(%)

Spiked
(mg)

Found
(mg)

Recovery
(%)

1 1.40 0.65 1.97 96.10 1.40 2.78 99.29 2.10 3.40 97.14
2 1.61 0.79 2.29 95.42 1.60 3.19 99.53 2.39 3.95 98.69
3 26.68 13.37 39.76 99.28 26.68 52.15 97.74 40.01 66.61 99.88
4 1.06 0.52 1.51 95.57 1.06 2.01 95.04 1.58 2.57 97.26
5 2.95 1.47 4.40 99.55 2.95 5.69 96.52 4.42 7.36 99.93

2.5. Comparison of Different Extraction Procedures

In order to evaluate the efficiency of the DES-based microwave-assisted extraction method,
different extraction procedures were compared. Three common extraction techniques were selected as
follows: microwave-assisted extraction (70 ◦C, 0.007 g·mL−1, 800 W for 11.11 min), ultrasonic-assisted
extraction (70 ◦C, 0.007 g·mL−1 for 11.11 min), and heating reflux extraction (80 ◦C, 0.006 g·mL−1, 1 h
in Chinese pharmacopoeia) [31]. The extraction yield of the five compounds were determined and
listed in Table 5.

Based on the microwave-assisted method, the extraction efficiency of 80% ChCl-PDO (1:1)-20%
H2O for hydrophilic compounds were obviously more than that of ethanol or different contents of
methanol (100%, 75%, and 50% v/v diluted by water) and, for hydrophobic components, were also
much more than that of water. In general, the high extraction efficiency for all of the five target
compounds was obtained by 80% ChCl-PDO (1:1)-20% H2O, which was comparable to, or even partly
better than, 75% methanol. Then, with 80% ChCl-PDO (1:1)-20% H2O and 75% methanol as the
solvent, respectively, the efficiency of different extraction technologies was also compared. As shown
in Table 5, the extraction efficiency was of the following order: microwave-assisted extraction > heating
reflux extraction > ultrasonic-assisted extraction, which may be because microwave irradiation could
accelerate plant cell rupture and release intracellular products. In addition, the extraction methods
of Radix Salvia miltiorrhiza in Chinese pharmacopoeia applied two solvents, 75% methanol for SAB
and methanol for TIIA, respectively [31]. However, the extraction yield of SAB (53.35 mg·g−1) by the
DES-based microwave-assisted method was preferable than the method in the Chinese pharmacopoeia
(49.31 mg·g−1), and the yield of TIIA (5.89 mg·g−1) by the DES-based microwave-assisted method was
only 1.35% lower than the method in the Chinese pharmacopoeia (5.97 mg·g−1), which was within
the error range. This might be because longer extraction duration of heating reflux extraction might
induce changes in the structure of the target compounds [37]. Therefore, the developed DES-based
microwave-assisted extraction could be a more rapid and effective extraction method instead of the
method used in the Chinese pharmacopoeia.
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Table 5. Extraction contents of the five analytes using various extraction procedures.

Extraction
Method Solvent

Extraction Yields (mg·g−1)

ROS LIT SAB SAA TIIA

Microwave

80% ChCl-PDO (1:1)/20% H2O 2.89 ± 0.03 3.19 ± 0.05 53.35 ± 0.01 2.11 ± 0.01 5.89 ± 0.02
100% Ethanol 1.89 ± 0.02 2.32 ± 0.07 45.37 ± 0.65 1.69 ± 0.01 4.78 ± 0.00

100% Methanol 2.06 ± 0.02 2.21 ± 0.02 46.68 ± 0.57 1.87 ± 0.01 5.97 ± 0.05
75% Methanol 2.75 ± 0.01 2.68 ± 0.02 52.63 ± 0.07 2.54 ± 0.00 5.94 ± 0.05
50% Methanol 2.80 ± 0.02 2.92 ± 0.04 48.66 ± 0.04 1.69 ± 0.05 3.47 ± 0.08

Water 2.99 ± 0.02 3.16 ± 0.02 53.89 ± 0.57 1.61 ± 0.01 ND

Ultrasound
80% ChCl-PDO (1:1)/20% H2O 1.80 ± 0.01 1.66 ± 0.03 40.81 ± 0.08 1.97 ± 0.03 4.48 ± 0.04

75% Methanol 0.89 ± 0.02 1.31 ± 0.09 31.39 ± 0.04 1.50 ± 0.02 3.87 ± 0.03

Hot reflux
80% ChCl-PDO (1:1)/20% H2O 2.38 ± 0.08 2.78 ± 0.06 41.78 ± 0.02 2.09 ± 0.07 4.98 ± 0.08

75% Methanol 2.73 ± 0.08 2.93 ± 0.03 49.31 ± 0.09 2.09 ± 0.05 5.25 ± 0.08
100% Methanol 2.05 ± 0.03 2.12 ± 0.01 43.35 ± 0.21 1.88 ± 0.01 5.97 ± 0.09

ND means not determined because of trace content.

2.6. Microstructure Alteration of Different Extraction Procedures

In order to illuminate the microstructure alteration during the different extraction procedures,
the raw and extracted Radix Salviae miltiorrhizae samples were examined by SEM (shown in
Figure 8). In the raw sample (Figure 8A). There was no apparent disruption on the cell surface.
While under microwave-assisted extraction (11.11 min only), plant cells were already thoroughly
ruptured and collapsed in different solvents, and the disruption degree was of the following order:
DESs (Figure 8B) > 75% methanol (Figure 8C) > water (Figure 8D). The results indicated that the
plant cell easily disrupted in DESs during microwave-assisted treatment, which was conducive to
the release of the targets to the extraction solution. The microstructures of the sample were partially
destructed under ultrasonic treatment, and a few of the significant ruptures showed on the cell
surface (Figure 8E,F). In long-time hot reflux extraction, the sample cells were only slightly destroyed
(Figure 8G,H), thus, the analytes were extracted mainly by permeation and solubilization. The results
of microstructure alteration coincided with the data of extraction efficiency, which demonstrated that
the cell disruption also played an important role in extraction.
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Figure 8. SEM graphics of Radix Salviae miltiorrhizae samples. (A) Raw materials, (B) extracted
by DES-based microwave-assisted, (C) 75% methanol-based microwave-assisted extraction,
(D) water-based microwave-assisted extraction, (E) DES-based ultrasound-assisted treatment. (F) 75%
methanol-based ultrasound-assisted extraction, (G) DES-based hot reflux-assisted extraction, and
(H) 75% methanol-based hot reflux-assisted extraction.



Molecules 2016, 21, 1383 10 of 13

3. Experimental

3.1. Chemicals

EG, PDO, GL, and BDO were purchased from Tianjin Dengfeng Chemical Reagent Factory (Tianjin,
China) with purity > 98.0%. OA, LA, SA, MA, MaA, and CA were supplied by Chengdu Kelong
Chemical Reagent Factory (Chendu, China) with purity > 99.0%. Mal. Fru, Glu and U were obtained
from Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China) with purity > 98.0%. ChCl was
obtained from Luye Pharma Group Co., Ltd. (Yantai, China) with purity > 98.0%. ROS (purity > 99.0%),
LIT (purity > 98.0%), SAB (purity > 98.0%), SAA (purity > 99.0%), and TIIA (purity > 99.0%) were
from Chengdu Must Bio Technology Co., Ltd. (Sichuan, China). Acetonitrile, acetic acid, methanol,
ethanol, and other organic solvents of HPLC grade were from MREDA (MREDA Technology Inc.,
Beijing, China). Water was deionized.

3.2. HPLC Analysis

An Agilent 1260 HPLC system (Agilent Technologies, Waldbronn, Germany) equipped with
an online degasser, a G1311C quaternary-pump, G1329B auto-samplers, a G1314B VWD detector
with wavelength of 280 nm for SAB and 270 nm for TIIA, and a GT-30 column temperature controller
maintained at 50 ◦C was used. HPLC analysis was performed on a Venusil XBP-C18 reversed-phase
column (4.6 mm × 250 mm, 5 µm, 100 Å, Agela Technologies, Wilmington, DE, USA). The mobile phase
consisted of 0.4% acetic acid-water (A) and acetonitrile (B) in a linear gradient elution of 10%–25% B at
0–10 min, 25%–35% B at 10–20 min, 35%–75% B at 20–25 min, 75%–85% B at 25–40 min, and 85%–100% B
at 40–50 min. The flow rate was 1.0 mL·min−1 and the sample injection volume was 10 µL. All samples
were filtered through 0.45 µm cellulose membranes prior to HPLC analysis. Acquisition and analysis of
data were performed by Agilent OpenLAB CDS Chemstation edition Software Ver. C. 01. 07 (Agilent
Technologies, Waldbronn, Germany).

3.3. Preparation of DESs

All DESs were prepared by the method used in a previous report [37].

3.4. Preparation of Herbal Samples

Microwave-based extraction experiments were performed in a microwave oven (XH-100H,
Beijing Xianghu Science and Technology Development Co., LTD, Beijing, China) with a temperature
probe and power controller. 0.05 g powder of Radix Salviae miltiorrhizae, and 10 mL of DESs were put
into a microwave reaction flask (50 mL). Then the flask was placed into the microwave extractor for
10 min at 50 ◦C, with microwave power of 800 W. The solutions were filtered through 0.45 µm filters
for HPLC analysis. All of the experiments were performed in triplicate.

4. Conclusions

Eco-friendliness and low cost of DESs exhibited good potential as green solvents for the
extraction and determination of environmental and pharmaceutical matrices. In our experiment,
twenty-five kinds of benign choline chloride-based DESs with different HBDs were used for extracting
both hydrophilic and hydrophobic ingredients from Radix Salviae miltiorrhizae. By optimization of the
HBD and water content, ChCl/1,2-propanediol (1:1, molar ratio) with 20 vol% water was selected to be
the best solvent for the extraction of active compounds. According to the BBD test, the extraction yield
of analytes were improved under the optimal performance, including a temperature of 70 ◦C, time of
11.11 min, microwave power of 800 W, and a solid/liquid ratio of 0.007 g·mL−1. The microstructure
alteration of different extraction procedures testified that the cell disruption also affected the extraction
efficiency. In addition, compared to traditional procedures, the optimal extraction method provides
unique advantages in terms of lower toxicity, shorter time, and high extraction yield. Therefore,
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DESs as green solvents can be extended to apply to environmental and pharmaceutical analysis.
However, the recovery of DES and the purification of the samples were still challenging, and we need
to continue to explore this in follow-up studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/21/10/1383/s1.
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toxicity and biodegradability of choline chloride based deep eutectic solvents. Ecotox. Environ. Safe. 2015,
112, 46–53. [CrossRef] [PubMed]

8. Dai, Y.; Witkamp, G.J.; Verpoorte, R.; Choi, Y.H. Natural deep eutectic solvents as a new extraction media for
phenolic metabolites in Carthamus tinctorius L. Anal. Chem. 2013, 85, 6272–6278. [CrossRef] [PubMed]

9. Li, G.; Deng, D.; Chen, Y.; Shan, H.; Ai, N. Solubilities and thermodynamic properties of CO2 in
choline-chloride based deep eutectic solvents. J. Chem. Thermodyn. 2014, 75, 58–62. [CrossRef]

10. Hayyan, M.; Hashim, M.A.; Al-Saadi, M.A.; Hayyan, A.; AlNashef, I.M.; Mirghani, M.E. Assessment of
cytotoxicity and toxicity for phosphonium-based deep eutectic solvents. Chemosphere 2013, 93, 455–459.
[CrossRef] [PubMed]

11. Hayyan, M.; Hashim, M.A.; Hayyan, A.; Al-Saadi, M.A.; AlNashef, I.M.; Mirghani, M.E.; Saheed, O.K.
Are deep eutectic solvents benign or toxic? Chemosphere 2013, 90, 2193–2195. [CrossRef] [PubMed]

12. Francisco, M.; van den Bruinhorst, A.; Kroon, M.C. Low-transition-temperature mixtures (LTTMs): A new
generation of designer solvents. Angew. Chem. Int. Ed. 2013, 52, 3074–3085. [CrossRef] [PubMed]

13. Alonso, D.A.; Baeza, A.; Chinchilla, R.; Guillena, G.; Pastor, I.M.; Ramón, D.J. Deep eutectic solvents:
The organic reaction medium of the century. Eur. J. Org. Chem. 2016, 4, 612–632. [CrossRef]

14. Tang, B.; Zhang, H.; Row, K.H. Application of deep eutectic solvents in the extraction and separation of
target compounds from various samples. J. Sep. Sci. 2015, 38, 1053–1064. [CrossRef] [PubMed]

15. Pena-Pereira, F.; Namiesnik, J. Ionic liquids and deep eutectic mixtures: sustainable solvents for extraction
processes. ChemSusChem 2014, 7, 1784–1800. [CrossRef] [PubMed]

16. Li, N.; Wang, Y.; Xu, K.; Huang, Y.; Wen, Q.; Ding, X. Development of green betaine-based deep eutectic
solvent aqueous two-phase system for the extraction of protein. Talanta 2016, 152, 23–32. [CrossRef]
[PubMed]

http://www.mdpi.com/1420-3049/21/10/1383/s1
http://dx.doi.org/10.1039/b210714g
http://dx.doi.org/10.1021/je100104v
http://dx.doi.org/10.1021/ja048266j
http://www.ncbi.nlm.nih.gov/pubmed/15264850
http://dx.doi.org/10.1016/j.foodchem.2014.06.037
http://www.ncbi.nlm.nih.gov/pubmed/25053040
http://dx.doi.org/10.1016/j.chroma.2012.06.048
http://www.ncbi.nlm.nih.gov/pubmed/22771059
http://dx.doi.org/10.1016/j.chroma.2011.09.075
http://www.ncbi.nlm.nih.gov/pubmed/22018714
http://dx.doi.org/10.1016/j.ecoenv.2014.09.034
http://www.ncbi.nlm.nih.gov/pubmed/25463852
http://dx.doi.org/10.1021/ac400432p
http://www.ncbi.nlm.nih.gov/pubmed/23710664
http://dx.doi.org/10.1016/j.jct.2014.04.012
http://dx.doi.org/10.1016/j.chemosphere.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23820537
http://dx.doi.org/10.1016/j.chemosphere.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23200570
http://dx.doi.org/10.1002/anie.201207548
http://www.ncbi.nlm.nih.gov/pubmed/23401138
http://dx.doi.org/10.1002/ejoc.201501197
http://dx.doi.org/10.1002/jssc.201401347
http://www.ncbi.nlm.nih.gov/pubmed/25581398
http://dx.doi.org/10.1002/cssc.201301192
http://www.ncbi.nlm.nih.gov/pubmed/24811900
http://dx.doi.org/10.1016/j.talanta.2016.01.042
http://www.ncbi.nlm.nih.gov/pubmed/26992491


Molecules 2016, 21, 1383 12 of 13

17. Vidal, C.; Merz, L.; García-Álvarez, J. Deep eutectic solvents: Biorenewable reaction media for Au(i)-catalysed
cycloisomerisations and one-pot tandem cycloisomerisation/Diels-Alder reactions. Green Chem. 2015, 17,
3870–3878. [CrossRef]

18. Dai, Y.; Rozema, E.; Verpoorte, R.; Choi, Y.H. Application of natural deep eutectic solvents to the extraction of
anthocyanins from Catharanthus roseus with high extractability and stability replacing conventional organic
solvents. J. Chromatogr. A 2016, 1434, 50–56. [CrossRef] [PubMed]

19. Khezeli, T.; Daneshfar, A.; Sahraei, R. A green ultrasonic-assisted liquid-liquid microextraction based on deep
eutectic solvent for the HPLC-UV determination of ferulic, caffeic and cinnamic acid from olive, almond,
sesame and cinnamon oil. Talanta 2016, 150, 577–585. [CrossRef] [PubMed]

20. Tan, T.; Zhang, M.; Wan, Y.; Qiu, H. Utilization of deep eutectic solvents as novel mobile phase additives for
improving the separation of bioactive quaternary alkaloids. Talanta 2016, 149, 85–90. [CrossRef] [PubMed]

21. Xu, K.; Wang, Y.; Ding, X.; Huang, Y.; Li, N.; Wen, Q. Magnetic solid-phase extraction of protein with deep
eutectic solvent immobilized magnetic graphene oxide nanoparticles. Talanta 2016, 148, 153–162. [CrossRef]
[PubMed]

22. Dai, Y.T.; Verpoorte, R.; Choi, Y.H. Natural deep eutectic solvents providing enhanced stability of natural
colorants from safflower (Carthamus tinctorius). Food Chem. 2014, 159, 116–121. [CrossRef] [PubMed]

23. Wu, W.Y.; Wang, Y.P. Pharmacological actions and therapeutic applications of Salvia miltiorrhiza depside salt
and its active components. Acta Pharmacol. Sin. 2012, 33, 1119–1130. [CrossRef] [PubMed]

24. Guo, Y.; Li, Y.; Xue, L.; Severino, R.P.; Gao, S.; Niu, J.; Qin, L.P.; Zhang, D.; Bromme, D. Salvia miltiorrhiza:
An ancient Chinese herbal medicine as a source for anti-osteoporotic drugs. J. Ethnopharmacol. 2014, 155,
1401–1416. [CrossRef] [PubMed]

25. Liu, L.; Li, J.; Zhang, Y.; Zhang, S.; Ye, J.; Wen, Z.; Ding, J.; Kunapuli, S.P.; Luo, X.; Ding, Z. Salvianolic acid B
inhibits platelets as a P2Y12 antagonist and PDE inhibitor: Evidence from clinic to laboratory. Thromb. Res.
2014, 134, 866–876. [CrossRef] [PubMed]

26. Zhao, G.R.; Zhang, H.M.; Ye, T.X.; Xiang, Z.J.; Yuan, Y.J.; Guo, Z.X.; Zhao, L.B. Characterization of the radical
scavenging and antioxidant activities of danshensu and salvianolic acid B. Food Chem. Toxicol. 2008, 46, 73–81.
[CrossRef] [PubMed]

27. Zhang, X.; Ma, Z.; Liang, Q.; Tang, X.; Hu, D.; Liu, C.; Tan, H.; Xiao, C.; Zhang, B.; Wang, Y.; et al. Tanshinone
IIA exerts protective effects in a LCA-induced cholestatic liver model associated with participation of
pregnane X receptor. J. Ethnopharmacol. 2015, 164, 357–367. [CrossRef] [PubMed]

28. Zhang, H.S.; Zhang, F.J.; Li, H.; Liu, Y.; Du, G.Y.; Huang, Y.H. Tanshinone IIA inhibits human esophageal
cancer cell growth through miR-122-mediated PKM2 down-regulation. Arch. Biochem. Biophys. 2016, 598,
50–56. [CrossRef] [PubMed]

29. Ma, S.; Zhang, D.; Lou, H.; Sun, L.; Ji, J. Evaluation of the anti-inflammatory activities of tanshinones
isolated from Salvia miltiorrhiza var. alba roots in THP-1 macrophages. J. Ethnopharmacol. 2016, 188, 193–199.
[PubMed]

30. Lee, J.S.; Kim, H.G.; Han, J.M.; Kim, D.W.; Yi, M.H.; Son, S.W.; Kim, Y.A.; Lee, J.S.; Choi, M.K.; Son, C.G.
Ethanol extract of Astragali Radix and Salviae Miltiorrhizae Radix, Myelophil, exerts anti-amnesic effect in
a mouse model of scopolamine-induced memory deficits. J. Ethnopharmacol. 2014, 153, 782–792. [CrossRef]
[PubMed]

31. Editorial Committee for the Pharmacopoeia of the People’s Republic of China. Pharmacopoeia of the People’s
Republic of China; Medical Science and Technology Publishing House: Beijing, China, 2010; Volume 1, p. 159.

32. Guo, Y.X.; Xiu, Z.L.; Zhang, D.J.; Wang, H.; Wang, L.X.; Xiao, H.B. Kinetics and mechanism of degradation of
lithospermic acid B in aqueous solution. J. Pharm. Biomed. Anal. 2007, 43, 1249–1255. [CrossRef] [PubMed]

33. Xia, H.; Sun, L.; Lou, H.; Rahman, M.M. Conversion of salvianolic acid B into salvianolic acid A in tissues of
Radix Salviae Miltiorrhizae using high temperature, high pressure and high humidity. Phytomedicine 2014, 21,
906–911. [CrossRef] [PubMed]

34. Jin, Y. Study on the thermal stability of salvianolic acid B. Drug Develop. 2014, 35, 78–80.
35. Capua, M.; Perrone, S.; Perna, F.M.; Vitale, P.; Troisi, L.; Salomone, A.; Capriati, V. An expeditious and

greener synthesis of 2-aminoimidazoles in deep eutectic solvents. Molecules 2016, 21, 924–935. [CrossRef]
[PubMed]

http://dx.doi.org/10.1039/C5GC00656B
http://dx.doi.org/10.1016/j.chroma.2016.01.037
http://www.ncbi.nlm.nih.gov/pubmed/26822320
http://dx.doi.org/10.1016/j.talanta.2015.12.077
http://www.ncbi.nlm.nih.gov/pubmed/26838445
http://dx.doi.org/10.1016/j.talanta.2015.11.041
http://www.ncbi.nlm.nih.gov/pubmed/26717817
http://dx.doi.org/10.1016/j.talanta.2015.10.079
http://www.ncbi.nlm.nih.gov/pubmed/26653436
http://dx.doi.org/10.1016/j.foodchem.2014.02.155
http://www.ncbi.nlm.nih.gov/pubmed/24767033
http://dx.doi.org/10.1038/aps.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/22941285
http://dx.doi.org/10.1016/j.jep.2014.07.058
http://www.ncbi.nlm.nih.gov/pubmed/25109459
http://dx.doi.org/10.1016/j.thromres.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25077998
http://dx.doi.org/10.1016/j.fct.2007.06.034
http://www.ncbi.nlm.nih.gov/pubmed/17719161
http://dx.doi.org/10.1016/j.jep.2015.01.047
http://www.ncbi.nlm.nih.gov/pubmed/25660334
http://dx.doi.org/10.1016/j.abb.2016.03.031
http://www.ncbi.nlm.nih.gov/pubmed/27040384
http://www.ncbi.nlm.nih.gov/pubmed/27178632
http://dx.doi.org/10.1016/j.jep.2014.03.048
http://www.ncbi.nlm.nih.gov/pubmed/24690775
http://dx.doi.org/10.1016/j.jpba.2006.10.025
http://www.ncbi.nlm.nih.gov/pubmed/17118607
http://dx.doi.org/10.1016/j.phymed.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24548723
http://dx.doi.org/10.3390/molecules21070924
http://www.ncbi.nlm.nih.gov/pubmed/27438810


Molecules 2016, 21, 1383 13 of 13

36. Cui, Q.; Peng, X.; Yao, X.H.; Wei, Z.F.; Luo, M.; Wang, W.; Zhao, C.J.; Fu, Y.J.; Zu, Y.G. Deep eutectic
solvent-based microwave-assisted extraction of genistin, genistein and apigenin from pigeon pea roots.
Sep. Purif. Technol. 2015, 150, 63–72. [CrossRef]

37. Chen, J.; Li, S.F.; Yao, Z.F.; Yang, D.W.; Zhang, L.W. Improved stability of salvianolic acid B from Radix
Salviae miltiorrhizae in deep eutectic solvents. Anal. Methods 2016, 8, 2502–2509. [CrossRef]

Sample Availability: Not Available.

© 2016 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://dx.doi.org/10.1016/j.seppur.2015.06.026
http://dx.doi.org/10.1039/C5AY03351A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Effect of Hydrogen Bond Donors of DESs 
	Effect of the Water Content of DESs 
	Optimization of the Extraction Conditions by RSM 
	Method Validation 
	Comparison of Different Extraction Procedures 
	Microstructure Alteration of Different Extraction Procedures 

	Experimental 
	Chemicals 
	HPLC Analysis 
	Preparation of DESs 
	Preparation of Herbal Samples 

	Conclusions 

