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a b s t r a c t

Natural long-chain alkanol and alkyl carboxylic acid were used to prepare novel hydrophobic deep
eutectic solvents (HDESs). These HDESs are liquid at room temperature and have low viscosity
(<12.26 mPa‧s), low polarity (lower than that of methanol, ChCl-based deep eutectic solvents and other
reported HDESs), and low density (<0.928 g/mL). A simple one-pot method based on a novel HDES
ewater two-phase extraction system was constructed for the extraction of weak-polarity bioactive
components, anthraquinones, from Rhei Radix et Rhizoma. This HDES-based new extraction method
does not consume hazardous organic solvents and can obtain a total anthraquinone yield of 21.52 mg/g,
which is close to that obtained by the Chinese pharmacopoeia method (21.22 mg/g) and considerably
higher than those by other reported HDESs-based extraction methods (14.20e20.09 mg/g, p < 0.01). The
high extraction yield can be mainly attributed to the severe destruction of the RRR cell walls by the
extraction system and the excellent dissolving ability of novel HDESs for anthraquinones.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bioactive compounds derived from plants have become an
essential resource of pharmaceutical industries. Currently,
approximately 60% of approved anticancer drugs originate from
natural products [1]. The latest research revealed the application
potential of the bioactive ingredients such as saikosaponins, cryp-
totanshinone, and kaempferol in traditional Chinese medicines to
prevent and treat SARS-CoV-2 [2,3]. In addition, bioactive compo-
nents have found applications in food and cosmetics industries as
effective ingredients in functional foods and skin care products
[4,5]. Thus, acquiring bioactive compounds efficiently is important.
Solideliquid extraction (SLE) is a fundamental technology for
extracting and isolating bioactive compounds from medical plants.
However, traditional SLE (e.g., reflux, maceration, and Soxhlet
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extraction) are usually tedious and consume a large amount of
hazardous organic solvents such as dichloromethane, chloroform,
and acetone, especially when extracting weakly polar compounds
[6e8]. In the past decades, green extraction technologies, including
supercritical fluid extraction, ultrasound-assisted extraction and
microwave-assisted extraction [9e11], have been developed and
applied for the extraction of bioactive components. These tech-
nologies can reduce, but still cannot avoid, the consumption of
hazardous organic solvents [12,13]. The use of green solvents as
extractants is a feasible and promising option for the extraction of
weakly polar bioactive components.

Deep eutectic solvents (DESs) formed by hydrogen-bond donors
(HBDs) and hydrogen-bond acceptors (HBAs) have emerged as
attractive green solvents, and they have been extensively applied in
the extraction of bioactive ingredients, such as flavonoids, phenolic
acids and polysaccharides [14e16]. DESs not only possess some
ionic liquid-like excellent characteristics such as low volatility, non-
flammability and designability, but also have additional advantages
of cheap raw materials and simple synthesis. However, most DESs
reported so far have high viscosity and strong polarity [17,18]. The
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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former may reduce the extraction efficiency of bioactive com-
pounds because of low diffusivity, and the latter limits the appli-
cation of DESs in the extraction of weakly polar compounds
[19e21]. Although adding water to DESs can decrease the viscosity
of DESs, the DESewater system increases polarity in the case of
extracting weakly polar compounds [22]. Undoubtedly, low-
viscosity hydrophobic DESs (HDESs) are advantageous for extract-
ing weakly polar compounds.

Since 2015, several HDESs have been reported, mainly including
menthol-based neutral HDESs [23,24] and charged HDESs based on
long-chain quaternary ammonium salts (LCQASs) [24,25]. Menthol-
based neutral HDESs have merits including low toxicity, high
biodegradability and low viscosity [23,24]; thus, they have been
widely applied to extract bioactive components fromvarious plants
[20,26,27]. Charged HDESs based on LCQASs have also been used to
extract phytochemicals [28e30]. However, because LCQASs are not
easily degraded and some of them, such as methyl-
trioctylammonium chloride, are toxic [20,31], charged HDESs still
pose a threat to human health. By contrast, the high viscosity of
charged HDESs, which is attributed to Coulombic forces between
charge centers, may lead to their unsatisfactory performance in the
extraction of phytochemicals [24]. Clearly, neutral HDESs are su-
perior to charged HDESs; therefore, it is necessary to develop novel
low-viscosity neutral HDESs and study their applications in the
extraction of weakly polar bioactive compounds from plants.

Rhei Radix et Rhizoma (RRR), which belongs to the Polygo-
naceae family, is a long-established medicinal herb used in China.
Hydrophobic anthraquinones (AQs), including aloe-emodin, rhein,
emodin, chrysophanol, and physcion, are the predominant con-
stituents of RRR, and they possess antifungal, antioxidant, anti-
cancer and immune modulatory activities [32]. A well-established
method for extracting total AQs fromRRR, which is listed in Chinese
Pharmacopoeia, comprises heated-reflux extraction with meth-
anol, followed by acid hydrolysis and liquideliquid extraction with
chloroform [33]. This method has complex processes and requires
large amounts of toxic organic solvents. Duan et al. [34] evaluated
the efficiency of extracting AQs from RRR with hydrophilic DESs
based on choline chloride/betaine/L-proline. Unfortunately, the
extraction yield was low owing to the low polarity of AQs. Our
group applied a new DESesalt aqueous two-phase extraction
method to efficiently extract AQs in RRR [35]. However, hexa-
fluoroisopropanol, one of the components of DES involved, is haz-
ardous and expensive. Hence, a cheap, simple, efficient, and green
AQs extraction method is urgently needed.
Fig. 1. Schematic procedure of long-chain alkanolealkyl carboxylic acid hydrophobic DESse
Rhei Radix et Rhizoma.
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Long-chain alkanol and alkyl carboxylic acid are a family of
natural raw materials generated from renewable resources such as
fats, oils, plants, or animal waxes [36]. They are cheap and have low
toxicity, and long alkyl chains endow them with high hydropho-
bicity. Accordingly, they are expected to serve as ideal components
to prepare cost-effective green HDESs that can easily dissolve and
extract low-polarity bioactive components. In this study, a series of
novel green neutral HDESs were synthesized using long-chain
alkanol as the HBA and long-chain alkyl carboxylic acid as the
HBD, and their structures and physicochemical properties were
characterized. Subsequently, these novel HDESs were applied to
construct a one-pot extraction method based on an HDESewater
two-phase system for the extraction of hydrophobic AQs from
RRR (the procedure is shown in Fig. 1). The extraction mechanism
was also explored.
2. Experimental

2.1. Materials

Four RRRs originating from Sichuan Province, Hubei Province,
Gansu Province and Qinghai Province of China were purchased
from four local drugstores (Wuhan, China). RRR from Sichuan
Province was used for optimization experiments. The obtained RRR
was first air-dried for one day and cut into small pieces, which were
then crushed with a pulverizer. The resulting RRR powder was
passed through a 65-mesh sieve, then sealed in a desiccator and
stored at room temperature for further use.

Aloe-emodin (�98.0%), chrysophanol (�98.0%), emodin (�99.0%),
physcion (�98.0%), and rhein (�98.0%) were purchased from
Chengdu Must Biotechnology Co., Ltd. (Chengdu, China), and their
physicochemical properties are shown in Table S1. 1-Tetradecanol
(98.0%), 1-dodecanol (GC, >98.0%), n-decanol (98.0%), decanoic acid
(99%),n-octanoicacid (99%),1,8-dihydroxyanthraquinone(1,8-DHAQ,
97%), and pectinase (30000 U/g) were purchased from Aladdin
Chemistry Co. (Shanghai, China). n-Octanol, choline chloride, urea,
glycerol, ethylene glycol, and hydrochloric acid were obtained from
Sinopharm Chemical Reagent Co. (Shanghai, China). 10-Undecenoic
acid (UA, 98.0%) was supplied by Energy Chemical Co. (Shanghai,
China).Methanol (CP)was purchased fromCINCHigh Purity Solvents
Co., Ltd. (Shanghai, China). Deionized water was obtained from a
Milli-Q system(Millipore,Molsheim, France). All the reagentswere of
analytical grade unless otherwise stated.
water two-phase system for one-pot extraction of weakly polar anthraquinones from
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2.2. Synthesis and characterization of HDESs

Different kinds of long-chain alkanols (C8, C10, C12, C14) and alkyl
carboxylic acids (C8, C10, UA) were used as HBAs and HBDs to
synthesize HDESs. Certain amounts of long-chain alkanols and alkyl
carboxylic acids were mixed in a glass vial. Then the mixture was
heated at 60 �C in a water bath with constant magnetic agitation
(500 r/min) until a transparent liquid with freezing temperature
(Tf) lower than that of individual components was obtained.

The Tf of HDESs was measured by recording the temperature at
which liquid DESs began to solidify (ice bath and thermostatic
ethanol bath may be used). The eutectic point of HDESs was
determined by plotting their solideliquid phase diagrams, which
were created through measuring the Tf of HDESs formed by
different fractions of compositions [37,38]. The 1H nuclear magnetic
resonance (NMR) and Fourier transform infrared (FT-IR) spectra
were examined by an NMR spectrometer (Bruker DPX-400,
Rheinstetten, Germany) and an FT-IR spectrometer (Shimadzu,
Tokyo, Japan), respectively. The decomposition temperature of the
HDES was measured by thermogravimetric analyzer (TGA,
NETZSCH STA449C/3/G, Selb, Germany) with temperature
increasing from 25 to 600 �C at a rate of 10 �C/min under nitrogen.
The viscosity of HDESs at 25 �C was measured using a rheometer
(DISCOVERY HR-2, Milford, MA, USA) with a shear rate of 0.1e1000
s�1. The viscosity-temperature function curve was obtained in the
temperature range of 20e85 �C with a shear rate of 100 s�1 at at-
mospheric pressure. The density of HDESs was determined by
drawing 100 mL of the liquid with amicro-syringe at 25 �C, and then
weighing the increased mass of syringe (Dm). The density was
calculated as r¼ Dm/V. The polarity of the nine HDESs investigated
here, other three reported HDESs (i.e., [N8881]CleC10 acid, DL-
mentholeC12 acid, and C12 acideC10 acid), conventional hydrophilic
DESs (ChCleurea, ChCleglycerin, and ChCleethanediol), and
organic solvents (methanol and n-hexane) were studied using
pyrene as the neutral fluorescence probe [39] (see Supplementary
data). The hydrophobicity and water stability of the nine HDESs
were also studied (see Supplementary data).

2.3. One-pot extraction process of AQs from RRR by HDESewater
two-phase system

0.1 g of RRR powder was mixed with 1 mL of NaH2PO4 buffer
solution (pH ¼ 4.5) containing 1 mg/mL pectinase, and the mixture
was incubated in a thermomixer (MIULAB MTC-100, Hangzhou,
China) at a constant temperature (45 �C) and rotation speed of
300 r/min for 120 min [40]. As the enzymatic reaction completed,
pectinase was inactivated by heating at 90 �C for 10 min. Then,
385 mL of concentrated HCl was added to make the HCl concen-
tration in the aqueous phase at 10%. Subsequently, C14 alcoholeUA
(1:4) HDES was added with a liquid to solid ratio of 12:1 (volume of
HDES to mass of RRR, mL/g). The resulting mixture was vortexed
vigorously and then placed in a water bath at 67 �C for 20 min
under stirring (500 r/min), followed by centrifuging for 10 min at
6,000 r/min. At this moment, the mixture was separated into a
liquideliquidesolid three-phase system, in which AQs were
extracted into the top HDES-rich phase and polar impurities were
distributed into the middle aqueous phase. The top phase was
collected and diluted tenfold with a mobile phase for the quanti-
fication analysis of AQs by HPLC-DAD (see Supplementary data).

2.4. Surface morphology characterization of RRR powder

Each RRR sample was treated as follows, respectively: 1) with
enzyme only; that is, 0.1 g of RRR powder was incubated with 1 mL
of NaH2PO4 buffer solution (pH ¼ 4.5) containing 1 mg/mL
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pectinase at 45 �C for 120 min; 2) with HDES and HCl; that is, 0.1 g
of RRR powder was stirred with the mixture of 1.2 mL of C14
alcoholeUA (1:4) HDES and 1 mL of 10% HCl solution at 67 �C for
20min; 3) with thewhole one-pot extraction process. An untreated
RRR sample was set as a control. After freeze-drying, the treated/
untreated RRR powder was fixed on a silicon wafer and sputtered
with gold. The surface morphology was observed using a scanning
electron microscope (SEM; JSM-IT300, Tokyo, Japan), with 1 nm
resolution and 5 kV acceleration voltage.

3. Results and discussion

3.1. Synthesis and characterization of HDESs

Different long-chain alkanols and alkyl carboxylic acids were
mixed with a series of molar ratios to synthesize DESs that are
liquid under room temperature. The results (Table S2) showed that
themixtures of C8 alcoholeC8 acid, C10 alcoholeC8 acid/C10 acid/UA,
C12 alcoholeC8 acid/C10 acid/UA and C14 alcoholeC8 acid/UA could
form HDESs at room temperature. The solideliquid phase diagrams
of the above nine HDESs were studied to obtain the optimal
eutectic ratio of stable HDESs. As seen in Fig. 2A (a representative
phase diagram of HDESs) and Fig. S1, the freezing points of all
HDESs decreased and then increased as the mole fraction of HBA
(alkanol) increased. The eutectic ratios and the corresponding
freezing points of HDESs are summarized in Table 1. The freezing
points of HDESs at the eutectic ratio were all obviously lower than
those of their compositions, and the mole fraction of alkanol (or
alkyl carboxylic acid) required for reaching the eutectic point
gradually decreased as the chain length of alkanol (or alkyl car-
boxylic acid) increased. The possible reason is the important role of
dispersive interactions in HDESs with long alkyl chains [41], which
increased with the chain length of a DES component.

1H NMR and FT-IR were adopted to clarify the intermolecular
interaction in HDESs. The 1H NMR spectra (Fig. 2B and Fig. S2)
indicated that all peaks of HDESs belonged to their initial compo-
nents and no new other peaks appeared, suggesting the absence of
any chemical reaction in the preparation of HDESs. The FT-IR
spectra of HDESs (Fig. 2C and Fig. S3) revealed that the OeH
stretching vibration peak significantly widened compared to that
of alkanol and the carbonyl band shifted to a larger wavenumber
(e.g., the carbonyl band shifted from 1709.92 cm�1 to 1712.79 cm�1

in Fig. 2C), which confirmed the existence of hydrogen bonds in
long-chain alkanolealkyl carboxylic acid HDESs [42].

Thermal gravity (TG) and differential thermal gravity (DTG)
analysis were performed with the C14 alcoholeUA (1:4) HDES as a
representative to explore the thermal stability of HDESs. The results
(Fig. 2D) evidenced mass loss of HDES at temperatures higher than
200 �C (TG); the decomposition temperature was determined to be
234.5 �C (DTG), indicating that the C14 alcoholeUA HDES has
satisfactory high-temperature tolerance and is appropriate for
extracting bioactive compounds, especially when the extraction
process requires heating.

As listed in Table 1, the viscosity of long-chain alkanolealkyl car-
boxylic acid HDESs at 25 �C ranged 4.03e12.26mPa‧s, which is lower
than that of traditional hydrophilic DESs and some reported hydro-
phobicDESs, such as ChCl-based hydrophilic DESs (25e66441mPa‧s)
[43], [N8881]CleC10 acidhydrophobic DES (783.41mPa‧s) [25], and DL-
mentholeC12 acid hydrophobic DES (24.42mPa‧s) [23]. The excellent
low viscosity of novel HDESsmay be due to the absence of coulombic
forces (a type of intramolecular resistance in charged DESs such as
ChCl-basedandLCQASs-basedDESs) [24]. Furthermore, theviscosity-
temperature function curves (Fig. S4) showed that the viscosity of all
HDESs dropped with an increase in temperature, following
Arrhenius-like behavior. Furthermore, the trends are in agreement



Fig. 2. (A) Solid-liquid phase diagram of C14 alcoholeUA HDES; (B) 1H NMR spectrum (400 MHz, DMSO-d6) of C14 alcoholeUA (1:4) HDES; (C) FT-IR spectra of pure components and
C14 alcoholeUA (1:4) HDES, where black line is C14 alcohol, red line is UA and blue line refers to C14 alcoholeUA (1:4) HDES; and (D) red and blue lines represent thermal gravity
(TG) and differential thermal gravity (DTG) of C14 alcoholeUA (1:4) HDES, respectively. UA: 10-undecenoic acid.

Table 1
Compositions and physicochemical properties of long-chain alkanolealkyl carboxylic acid HDESs and other solvents.

HDES (HBAeHBD) Eutectic ratio (HBA:HBD, mol/mol) Freezing point (oC) Viscosity at 25 �C (mPa$s) Density ± SD (g/mL, n ¼ 6) Pyrene I1/I3 ± SD (n ¼ 3)

HBAI HBDI DES

C14 alcoholeUA 1:4 39.5 24.5 13.3 ± 0.3 8.22 0.923 ± 0.027 0.883 ± 0.005
C12 alcoholeUA 1:1 24 6.5 ± 0.4 11.70 0.896 ± 0.009 0.888 ± 0.001
C10 alcoholeUA 2:1 6.4 �13 ± 0.7 9.55 0.889 ± 0.008 0.895 ± 0.004
C14 alcoholeC8 acid 1:4 39.5 16.7 6.8 ± 0.4 5.89 0.928 ± 0.011 0.887 ± 0.002
C12 alcoholeC8 acid 1:2 24 �4.4 ± 0.5 8.46 0.926 ± 0.008 0.893 ± 0.004
C10 alcoholeC8 acid 1:1 6.4 �22.3 ± 0.4 5.00 0.896 ± 0.004 0.896 ± 0.002
C8 alcoholeC8 acid 3:1 �16.5 �34.1 ± 1.3 4.03 0.896 ± 0.012 0.900 ± 0.003
C12 alcoholeC10 acid 3:2 24 31.6 9.4 ± 0.6 12.26 0.890 ± 0.005 0.833 ± 0.003
C10 alcoholeC10 acid 3:1 6.4 �9.7 ± 1.8 6.32 0.905 ± 0.016 0.840 ± 0.002
ChCleurea 1:2 303 134 12 [21] 214 [43] 1.1879 [43] 2.185 ± 0.015
ChCleglycerin 1:2 17.8 �40 [21] 177 [43] 1.1854 [43] 1.963 ± 0.002
ChCleethanediol 1:2 �12.9 �66 [21] 25 [43] 1.1139 [43] 1.936 ± 0.015
ChCleD-sorbitol 1:1 110e112 �43.3 [21] 13736 [43] 1.2794 [43] e

ChCleoxalic acid 1:1 190 34 [21] 89 [43] 1.2371 [43] e

ChCletartaric acid 2:1 171 47 [21] 66441 [43] 1.2735 [43] e

[N8881]CleC10 acid 1:2 �20 31.6 �0.05 [25] 783.41 [25] 0.896 [25] 1.412 ± 0.026
DL-mentholeC12 acid 2:1 42.5 43.2 18.39 [23] 24.42 [23] 0.896 [23] 0.968 ± 0.005
C12 acideC10 acid 1:2 43.2 31.6 18 [37] 10.76 [37] 0.895 [37] 0.983 ± 0.002
Methanol e e e e e e 1.437 ± 0.012
n-Hexane e e e e e e 0.675 ± 0.024

IData obtained using SciFinder Scholar from Chemical Abstract Service. [N8881]Cl: methyltrioctylammonium chloride; UA: 10-undecenoic acid.
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with the VogeleFulchereTammann (VFT) formula with a fitting
constant (R2) more than 0.99 (the detailed VFT formula and corre-
sponding parameters are presented in Table S3). The low viscosity of
long-chain alkanolealkyl carboxylic acid HDESs is conducive to
extracting bioactive compounds from the solid matrix owing to the
easier mass transfer of targets between the extraction solvent and
solid matrix.

Fluorescence probe pyrene was employed to measure the po-
larity of novel HDESs. As outlined in Table 1, the value of pyrene I1/I3
of HDESs was in the range of 0.833e0.9, which is distinctly smaller
90
than those of methanol (1.437), conventional ChCl-based DESs
(1.936e2.185) and other reported HDESs (0.968e1.412), and
slightly larger than that of n-hexane (0.675). This may be due to the
increase in the molecular symmetry of longer alkyl chain of HDESs,
resulting in a reduction in the dipole moment. The above results
demonstrate that the novel HDESs are a type of weakly polar sol-
vents and may have a strong affinity for low-polarity compounds.

HDESs were mixed with water at different volume ratios (3:1,
2:1, 1:1, 1:2 and 1:3, V/V) to investigate the hydrophobicity of
HDESs. As Fig. S5 shows, all the nine HDESs are immiscible inwater
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at all ratios, confirming that they are a class of hydrophobic sol-
vents. Since the density (0.889e0.928 g/mL) of HDESs (Table 1) is
lower than that of water, the HDES phase is located in the top
phase, making the HDESewater two-phase system suitable to
extract bioactive compounds from solid Chinese herb powder
because the target compounds can be easily separated from the
solid matrix. To further verify the hydrophobicity and water sta-
bility of HDESs, the water content of the DES phase was measured,
and the 1H NMR spectrum of the water phase was characterized
(for a 1:1 volume ratio of HDESsewater mixtures). As shown in
Table S4, after an HDES was fully mixed with water, only 2.136%e
4.413 % (m/V) water content was found in the DES phase for all
HDESs, considerably lower than that of wateresaturated ChCleacid
DESs (9.88%e19.40%, m/V) [44]. Fig. S6 shows no peaks of the
components of HDESs, indicating that the HDES content is
extremely low in the water phase. These results prove the strong
hydrophobicity and excellent water stability of novel HDESs, which
can be attributed to the low solubility of alkanol and alkyl car-
boxylic acid in water caused by the long alkyl chains. The excellent
hydrophobicity and water stability of novel HDESs allow them to
efficiently extract low-polarity bioactive ingredients from medici-
nal plants and to be possibly recycled and reused after extraction.
3.2. Establishment of HDESewater two-phase extraction system
and single factor optimization

In our pre-experiment, long-chain alkanolealkyl carboxylic acid
HDESs were adopted as the extraction solvent to directly extract
AQs from RRR powder, but the extraction yield of AQs was very low
because of the poor permeability of HDES toward plant tissue. To
improve extraction efficiency, pectinase, which was dissolved in an
aqueous medium (NaH2PO4 buffer solution at pH 4.5), was used to
damage the cell walls of RRR. The aqueous medium was combined
with the HDES to construct the HDESewater two-phase system,
which was further used for the one-pot extraction of AQs from RRR.
The water phase not only allowed RRR powder to be well wetted
and dispersed, facilitating the full contact between the HDES and
solid matrix during the extraction process, but also facilitated the
removal of hydrophilic impurities from RRR, which was verified by
the plentiful impurity peaks in the first five minutes of the chro-
matogram of the aqueous phase obtained after extracting AQs from
the RRR sample (Fig. S7).

To obtain the most effective performance for promoting the
release of AQs, the pectinase incubation conditions were optimized
(Fig. S8) as follows: 1 mg/mL pectinase, enzymatic time of 120 min,
enzymatic pH of 5.0 and enzymatic temperature of 45 �C. In addi-
tion, a series of extraction factors, including the type of long-chain
alkanolealkyl carboxylic acid HDESs, extractionmethod, extraction
time and temperature, liquidesolid ratio, and HCl concentration,
were optimized by a single factor method and the results are shown
in Fig. S9.
Fig. 3. Response surface plots for total AQs extrac
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3.3. Optimization of significant extraction conditions by response
surface methodology

To evaluate the effects of various factors on the extraction effi-
ciency, seven experimental factors, namely, extraction tempera-
ture, extraction time, liquidesolid ratio, HCl concentration, vortex
time, centrifugal time, and centrifugal rate, which may affect the
extraction yield, were chosen for the PlacketteBurman design
(PBD) experiments. Table S5 lists the boundary level values of each
factor, which were selected on the basis of the results of the single-
factor optimization experiments. The obtained results were visu-
alized with Pareto charts, as shown in Fig. S10. The bar length in the
Pareto chart is proportional to the effect of the corresponding fac-
tor. Among the seven factors, extraction temperature (P ¼ 0.0001),
liquidesolid ratio (P ¼ 0.0005), and concentration of HCl
(P ¼ 0.0277) showed significant effects on the extraction yield of
AQs. Thus, these three factors were required to be further opti-
mized by response surface methodology (RSM) while maintaining
the other four insignificant factors constant, that is, extraction time
of 20 min; vortex time of 5 s; centrifugation time of 10 min; and
centrifugation rate of 6,000 r/min.

Next, the extraction temperature (A: 30e80 �C), liquidesolid
ratio (B: 5e15 mL/g) and concentration of HCl (C: 0.5%e15%)
were optimized by Box-Behnken Design (BBD) with the extraction
yield of total AQs as the response (R). The experimental design and
results of the three-variable and three-level BBD project are listed
in Table S6. Through multiple regression analysis, the response and
three variables could be matched to the following second-order
polynomial model:

R ¼ 20.59 þ 2.93A þ 1.13B þ 0.70C � 0.28AB þ 0.33AC þ 0.32BC �
2.92A2 � 1.30B2 � 1.29C2

Analysis of variance (ANOVA) was conducted to assess the sig-
nificance of the model. As Table S7 shows, the high F-value (263.56)
and low P-value (<0.0001) indicate that themodel is significant and
reliable enough to be applied to analyze the experimental data. The
P-value of lack-of-fit (0.8019) was considerably larger than 0.05,
indicating that the model is not significant relative to the pure error
and thus has credible prediction. The determination coefficient
(R2), adjusted determination coefficient (adjusted R2), and pre-
dicted determination coefficient (predicted R2) were all larger than
0.98, suggesting that the model has very high accuracy, reliability,
and predictive capability. In addition, the P-values of AC (0.0283)
and BC (0.0324) suggest that the concentration of HCl interacts
with extraction temperature and liquidesolid ratio in the extrac-
tion of AQs from RRR samples.

The three-dimensional response surface curves are plotted in
Fig. 3 to visualize the interactive effect of every two variables on the
response. All curves have an upward convex shape and their
maximum values are within the experimental range of variables,
demonstrating that the selected experimental ranges of the three
tion yield using Box-Behnken Design (BBD).
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variables are reasonable. Furthermore, the varying trends of total
AQ yield with the changes in the three variables are similar to that
of observed in the single-factor optimization. On the basis of the
RSM model, the highest predicted total extraction yield of AQs
(21.71 mg/g) was achieved in the following conditions: extraction
temperature of 67.6 �C, liquidesolid ratio of 12.14 mL/g and HCl
concentration of 10.59%. For ease of operation, the conditions were
adjusted slightly to 67 �C, 12 mL/g and 10%, respectively. Under the
modified conditions, the experimental value (total AQs yield of
21.52 mg/g) was in great agreement with the predicted value, with
an error of 0.87%, thus validating the accuracy and reliability of the
fitted model.

3.4. Analysis of total AQs in real RRR samples from different origins

The proposed method, C14 alcoholeUA DES-based extraction
with HPLC-DAD for AQ quantification, was first validated under the
optimal extraction conditions (see Supplementary data). Then, the
total AQs content of real RRR samples from four different origins
was determined by the proposed method, and the results were
compared with those measured by the Chinese Pharmacopoeia
method (the detailed method is described in Supplementary data).
As seen in Table 2, the total AQs contents of these RRR samples were
greater than 18.54 mg/g, which is not less than 1.5% (m/m); this
complies with the standard regulated by Chinese Pharmacopoeia
[33]. Moreover, the total AQ contents determined by the two
methods showed no significant difference for all the four RRR
samples, with relative error less than 1.4%. Most importantly, the
proposed method did not require the consumption of organic sol-
vents, while large amounts of toxic solvents (266.67 mL/g chloro-
form and 166.67 mL/g methanol) were consumed in the Chinese
Pharmacopoeia method. In addition, acid hydrolysis and extraction
were performed simultaneously in the proposed method, whereas
the pharmacopoeia method was complicated, requiring crude
extraction with methanol, followed by HCl hydrolysis and extrac-
tion with chloroform. Thus, the proposed method is simple, green,
and efficient for the extraction of AQs, and it is an excellent alter-
native to the Chinese Pharmacopoeia method.

3.5. Extraction mechanism

Commonly, DES-based extraction effect for bioactive compo-
nents depends on the ability of the extraction method to destruct
Table 2
Total AQs analysis of real RRR samples from different areas by this method and Chinese

RRR sample Extraction method The amount of extracted AQs ± SD (mg/g, n ¼ 3

Aloe-emodin Rhein Emodin Chrysop

Sample 1 This method 2.38 ± 0.05 4.43 ± 0.05 3.76 ± 0.07 8.45 ± 0
Pharmacopoeia method 2.57 ± 0.03 4.22 ± 0.34 3.57 ± 0.18 8.39 ± 0

Relative error (%) �7.4 5.0 5.3 0.7
Sample 2 This method 1.53 ± 0.10 2.57 ± 0.05 2.85 ± 0.06 9.37 ± 0

Pharmacopoeia method 1.47 ± 0.01 2.62 ± 0.08 2.71 ± 0.07 9.60 ± 0

Relative error (%) 4.1 �1.9 5.2 �2.4
Sample 3 This method 1.91 ± 0.04 4.69 ± 0.16 3.06 ± 0.02 8.00 ± 0

Pharmacopoeia method 2.08 ± 0.02 4.32 ± 0.05 3.02 ± 0.04 8.39 ± 0

Relative error (%) �8.2 8.6 1.3 �4.6
Sample 4 This method 1.69 ± 0.04 4.38 ± 0.04 3.60 ± 0.02 7.74 ± 0

Pharmacopoeia method 1.90 ± 0.03 3.75 ± 0.06 3.59 ± 0.06 7.94 ± 0

Relative error (%) �11.1 16.8 0.3 �2.5

Samples 1, 2, 3, and 4 were from Sichuan, Hubei, Gansu and Qinghai Provinces of China
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plant powder and the capacity of the solvent to dissolve the com-
ponents [1,45]. To investigate the destructive effect of the extrac-
tion method on the plant tissue, the microscopic structure of RRR
powder that was untreated and treated with different methods
(with the enzyme alone, with C14 alcoholeUA and HCl, and with C14
alcoholeUA, HCl, and enzyme, i.e., the whole one-pot extraction
process) was characterized and the results are shown in Fig. 4.
There were many cavities in the surface of RRR particles treated
with enzyme alone (Fig. 4B), indicating that pectinase could break
the cell surface [46]. The RRR powder treated with C14 alcoholeUA
and HCl showed gully-like ruptures and porous pieces (Fig. 4C),
suggesting that the HDES and HCl also have abilities to destroy the
fiber [45]. Fig. 4D indicates that the proposed extraction method
could break the RRR powder into many small pieces and showed
stronger capability of destroying the cell walls compared with the
previous two treatment methods. The severe damage of the RRR
powder tissue structure was due to the combined effect of pecti-
nase, C14 alcoholeUA, and HCl, in which the enzyme plays the role
of boring holes, while DES and HCl break the cells apart. The strong
ability of this method to destroy RRR could enhance the mass
transfer of AQs from the RRR powder into the external solvent,
resulting in a high extraction efficiency.

The solubility of AQs in the nine HDESs investigated herein was
determined with 1,8-DHAQ as a representative of AQ compounds
(see Supplementary data), and it was compared with those of
traditional DESs (ChCleglycerin and ChCleethylene glycol), common
organic solvents (methanol and ethanol), andwater. As seen in Fig. 5,
the solubilities of 1,8-DHAQ in the nine HDESs were
1840.2e3539.1 mg/mL, which were 1122e2158 times higher than
that in water (1.64 mg/mL), 5.8e48.4 times those in traditional DESs
(73.1e319.5 mg/mL) and 2.2e5.6 times those in common organic
solvents (628.6e842.3 mg/mL). The superior dissolution ability of
HDESs may be due to the fact that the hydrophobic moiety of 1,8-
DHAQ is more inclined to be attracted by long alkyl chains of HDESs
via van der Waals interactions [47]. In addition, the C14 alcoholeUA
HDES showed the best dissolution performance among the nine
HDESs, which is in line with the trend of AQs extraction yield in
optimizing the type of HDES (Fig. S9A). The excellent dissolving ca-
pacity of HDESs allows AQs to easily distribute into the HDES phase
with lower polarity in terms of the “like-dissolve-like” principle. To
sum up, the strong destructive ability to RRR cells and the superior
dissolving capacity to AQs of HDESs provide forceful support for the
excellent extraction performance of the proposed method.
Pharmacopoeia method.

) Organic solvent consumption/1.0 g RRR powder

hanol Physcion Total AQs

.19 2.49 ± 0.08 21.52 ± 0.35 No

.16 2.46 ± 0.06 21.22 ± 0.46 CHCl3: 266.67 mL
MeOH: 166.67 mL

1.2 1.4
.22 2.20 ± 0.02 18.54 ± 0.19 No
.25 2.23 ± 0.08 18.64 ± 0.31 CHCl3: 266.67 mL

MeOH: 166.67 mL
�1.3 ¡0.5

.29 1.93 ± 0.07 19.59 ± 0.53 No

.02 2.02 ± 0.03 19.82 ± 0.10 CHCl3: 266.67 mL
MeOH: 166.67 mL

�4.5 ¡1.2
.09 1.84 ± 0.01 19.25 ± 0.11 No
.13 1.84 ± 0.03 19.02 ± 0.26 CHCl3: 266.67 mL

MeOH: 166.67 mL
0 1.2

, respectively.



Fig. 4. SEM images of RRR powder untreated (A), treated with enzyme only (B), treated
with C14 alcoholeUA (1:4) HDES and HCl (C), treated through whole extraction process
(D). Each image has a magnification of 5000.

Fig. 5. Solubilities of 1,8-dihydroxyanthraquinone inwater, organic solvents (methanol
and ethanol), traditional DESs (ChCleethanediol and ChCleglycerin) and long-chain
alkanolealkyl carboxylic acid HDESs (at eutectic ratio) at room temperature.

Fig. 6. Extraction yields of each AQ and total AQs obtained by C14 alcoholeUA (1:4)
HDES and other HDESs ([N8881]CleC10 acid, DL-mentholeC12 acid, C12 acideC10 acid).
Comparison between two groups was performed using a two-tailed unpaired Student's
t-test, and P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01,
***P < 0.001). All experiments were performed at least three times.
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3.6. Comparison with other HDESs

Three reported HDESs, namely, [N8881]CleC10 acid (charged
HDES) [25], DL-mentholeC12 acid (neutral HDES) [23] and C12
acideC10 acid (neutral HDES) [37], were selected as extraction
media for the comparison of the extraction yield of AQs with the
proposed C14 alcoholeUA HDES using the one-pot extraction
method described above. Under the optimized extraction condi-
tions, the extraction performance of four HDESs is depicted in Fig. 6,
which indicates that C14 alcoholeUA obtained the highest extrac-
tion yield for total AQs (P < 0.01). The total AQ yields of the above
solvents are in the following order: C14 alcoholeUA (21.52 mg/
g) > C12 acideC10 acid (20.09 mg/g) > DL-mentholeC12 acid
(19.08 mg/g) > [N8881]CleC10 acid (14.20 mg/g). This indicates that
the neutral HDESs have higher extraction efficiency than the
charged HDES. The superior extraction yield of C14 alcoholeUA is on
account of the lower viscosity (8.22 mPa‧s) and polarity (pyrene I1/
93
I3 0.833) than those of other HDESs (10.76e783.41 mPa$s, pyrene
I1/I3 0.968e1.412) (Table 1), leading to easier mass transfer and
more efficient interactions of AQs with the solvent. The above re-
sults suggest that the designed C14 alcoholeUA HDES is an attrac-
tive and promising solvent to extract weakly polar bioactive
compounds such as AQs from the plant matrix.

4. Conclusions

Novel HDESs based on long-chain alkanolealkyl carboxylic acid
were designed and prepared. These HDESs possess the advantages
of being environmentally friendly, low viscosity, and low polarity,
and they have promising applications in extracting weakly polar
bioactive compounds. A one-pot extraction acid hydrolysis method
based on the HDESewater two-phase systemwas then established
to maximize the yield of AQs from RRR samples and simplify the
operation procedure. The optimal extraction conditions after being
optimized by single-factor experiment and RSM are as follows: C14
alcoholeUA HDES, stirring at 67 �C for 20 min, liquidesolid ratio of
12:1 (mL/g) and HCl concentration of 10%. Under these conditions,
up to 21.52 mg/g of total AQs could be extracted without organic
solvent consumption. This yield is very close to that by the Chinese
Pharmacopoeia method (21.22 mg/g) and considerably higher than
those of other reported HDESs-based methods (total AQs yield:
14.20e20.09 mg/g). The excellent extraction performance of our
proposed method is attributed to the synergistic damaging effect of
pectinase, C14 alcoholeUA and HCl on the RRR cell walls as well as
the predominant dissolution ability of long-chain alkanolealkyl
carboxylic acid HDESs for AQs. Our research illustrates that the
novel long-chain alkanolealkyl carboxylic acid HDESs are a family
of green and promising hydrophobic media, and they are expected
to be combined with multiple processes to achieve sustainable
applications for the extraction and purification of low-polarity
compounds.
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