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a b s t r a c t

In this study, 34 deep eutectic solvents (DESs) were successfully prepared for the extraction of proan-
thocyanidin from Rhodiolae Crenulatae Radix et Rhizomes. The extraction process was optimized using
single factor exploration and Box-Behnken design-response surface analysis. The extraction rate was
significantly improved when the molar ratio of choline chloride to 1,3-propanediol was 1:3.5 and the
water content was 30% (V/V) in DESs. AB-8 macroporous resin and ethyl acetate were used for separation
and refining, and the oligomer-rich proanthocyanidin components were eventually obtained. The ultra-
violet (UV) and infrared (IR) spectra showed that the proanthocyanidins were mainly composed of
catechin and epicatechin. To further clarify the chemical composition of proanthocyanidin, an ion scan list
containing 156 proanthocyanidins precursors was obtained by constructing a proanthocyanidins struc-
tural library and mass defect filtering (MDF) algorithm, combined with the full mass spectrometry (MS)/
dd-MS2 scan mode that turns on the “if idle pick others” function. By using ultra-high performance liquid
chromatography and high-resolution MS (UHPLC/HRMS), the analysis used both targeted and non-
targeted methods to detect proanthocyanidins. Finally, 50 oligomeric proanthocyanidin (OPC) com-
pounds were identified, including 7 monomers, 22 dimers, 20 trimers, and 1 tetramer, most of which were
procyanidins of proanthocyanidins (84%), and a small amount of prodelphinidin (14%) and other types of
proanthocyanidins (2%), which enabled the systematic characterization of proanthocyanidin components
from Rhodiolae Crenulatae Radix et Rhizomes. Meanwhile, the comparison with the grape seeds OPCs
standard (United States Pharmacopeia) revealed that the proanthocyanidins in Rhodiolae Crenulatae Radix
et Rhizomes were more abundant, suggesting that the proanthocyanidins in Rhodiolae Crenulatae Radix et
Rhizomes has promising applications.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

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

Rhodiola crenulata root and rhizome, scientifically known as
Rhodiola crenulata (Hook. f. & Thomson) H. Ohba [1], are the dried
parts of the plant used for their revitalizing effects on liver and
kidney functions and for stimulating blood circulation [2].
Contemporary pharmacological research has revealed that this
botanical material is rich in a spectrum of bioactive compounds,
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including phenylethanoid glycosides, polyphenols, flavonoids, ter-
penes, volatile oils, and coumarins. These constituents are recog-
nized for their diverse therapeutic effects, including antioxidant,
anti-aging, anti-fatigue, anti-cancer, and cardiovascular protective
properties [3e8]. Although current studies on Rhodiola crenulata
root and rhizome have predominantly concentrated on phenyl-
ethanoid glycosides, such as salidroside [9e11], there has been less
emphasis on the role of proanthocyanidins. Despite being less
explored, these proanthocyanidins also contribute to the antioxi-
dant activities of the plant [12,13].

Proanthocyanidins, prevalent natural polyphenolic compounds
in plants, are some of the most efficacious antioxidant substances
known for their ability to scavenge free radicals when absorbed by
University. This is an open access article under the CC BY-NC-ND license (http://
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the human body [14,15]. These compounds are composed of multi-
electron hydroxyl structures, assembled through the polymeriza-
tion of flavan-3-ols and their derivatives, interconnected by C4eC6
or C4eC8 bonds [16,17]. This results in various isomeric forms of
proanthocyanidins with identical mass, complicating their struc-
tural characterization. The range from dimers to tetramers is
known as oligomeric proanthocyanidins (OPCs), while larger as-
semblies from pentamers onward are termed polymeric proan-
thocyanidins (PPCs) [18]. The degree of polymerization is directly
correlated with their antioxidant capacity. Notably, OPCs exhibit
more robust antioxidant activities than both monomeric and
polymeric forms, including benefits such as oxidative stress
reduction, anti-lipid peroxidation, and anti-inflammatory effects
[19e21]. The current standard for extracting proanthocyanidins
involves the use of acetone [22,23], yet its flammability and vola-
tility raise safety concerns in laboratory environments. Conse-
quently, there is an imperative need to identify a safer, yet equally
effective, solvent that exhibits high specificity and extraction effi-
ciency for procuring proanthocyanidins from plant sources, ulti-
mately aiming to replace hazardous organic solvents such as
acetone.

Deep eutectic solvents (DESs) are often synthesized as homog-
enous, stable, and clear liquids through various processes such as
heating, stirring, freeze-drying, or vacuum evaporation, combining
hydrogen bond donors (HBDs) and hydrogen bond acceptors
(HBAs). A growing body of research has employed DESs for the
extraction of anthocyanins from plant materials. In comparison to
traditional organic solvents, a DES formulated from choline chlo-
ride and 1,3-propylene glycol not only demonstrates an extraction
efficiency comparable to that of acetone but also offers the benefits
of reduced volatility and easier to obtain [24e29].

Liquid chromatography-mass spectrometry (LC-MS) offers
unparalleled benefits for the comprehensive and systematic char-
acterization of components in traditional Chinese medicine (TCM),
making it a mainstay in foundational TCM research. It has been
reported that ultra-high performance liquid chromatography
(UHPLC)-photo-diode array (PDA)-electrospray ionization (ESI)/
high-resolution MS (HRMS)n can be effectively utilized to profile
247 proanthocyanidins across seven plants, with polymerization
degrees ranging from monomers to pentamers. This underscores
the capability of LC-MS for in-depth analysis of proanthocyanidins
in Rhodiola Crenulata root and rhizome, offering a promising
pathway to pinpointing potential active compounds [30,31].

In this study, we constructed a DES to replace organic solvents
for the extraction of proanthocyanidins from Rhodiolae Crenulatae
Radix et Rhizomes by combining a single-factor investigation with
a Box-Behnken design. A proanthocyanidin precursor ion list based
on a proanthocyanidin structural library and mass defect filtering
(MDF) algorithm were constructed on the basis of UHPLC/HRMS.
Furthermore, a full MS/dd-MS2 scanning mode was used, and “if
idle pick others” dynamic exclusion (DE) functions were simulta-
neously turned on to target and non-target the proanthocyanidin
components in Rhodiolae Crenulatae Radix et Rhizomes to provide
a new method and new idea for the reasonable use of proantho-
cyanidin in Rhodiolae Crenulatae Radix et Rhizomes.

2. Experimental

2.1. Reagents and materials

Reference compounds (Fig. S1) were purchased from Shanghai
Yuanye Biotechnology Co., Ltd. (Shanghai, China). Methanol (Fisher
Scientific, Fair Lawn, NJ, USA) was of high performance liquid
chromatography (HPLC) grade and acetonitrile and formic acid
(Fisher Scientific) were of LC-MS grade. Ultra-pure water
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(18.2 MU�cm at 25 �C) was in-house prepared using a Milli-Q In-
tegral 5 water purification system (Millipore, Bedford, MA, USA).
The Rhodiolae Crenulatae Radix et Rhizomes was purchased from
Beijing Tongrentang Health Pharmaceutical (Ningxia) Co., Ltd.
(Ningxia, China) and identified it as the dried root and rhizome of
Rhodiola crenulate (Hook. f. et Thomson) H. Ohba, by Dr. Honghua
Wu from Tianjin University of Traditional Chinese
Medicine (Tianjin, China). Voucher specimens were deposited at
Tianjin University of Traditional Chinese Medicine.

2.2. Construction of DES and screening of extraction conditions

In this section, we use choline chloride, betaine, and proline as
HBAs and use polyols, organic acids, sugars, and amides as HBDs to
select and add to the sample bottle. The magnetic stirring was
conducted at 80 �C until a uniform transparent liquid was formed.
The combination of solvents that formed a deep eutectic within
12 hwas selected.We used viscometers (LVT-1ZN, Shanghai Ranhui
Industrial Co., Ltd., Shanghai, China) to measure the viscosities of
the DESs before and after the addition of water (50%, V/V), detected
the Fourier transform infrared (FTIR) of the DESs before and after
the addition of water (50%, V/V), and tested for pH after adding 50%
(V/V) of water to each solvent to form a deep eutectic.

A precise mass of 1.00 g of Rhodiola crenulata root and rhizome
powder should be weighed and 10 mL of extraction solvent added.
The mixture should then be subjected to a water bath at 65 �C for
50 min, followed by centrifugation at 10,000 g for 10 min. The su-
pernatant should be collected to obtain the Rhodiola crenulata
extract. Extract solutions of the DESs and organic reagents should
also be obtained from the supernatant. The proanthocyanidin
content in the crude extract should be determined using the n-
butanol and hydrochloric acid assay methods.

By altering a single variable at a time and maintaining a
consistent composition of the DES, the impact of different molar
ratios and water contents on the extraction rates of proanthocya-
nidins from Rhodiola crenulata root and rhizome was examined.
Comparative studies were conducted to assess the efficiency of
proanthocyanidin extraction from Rhodiola crenulata root and
rhizome using various solid-liquid ratios, extraction durations, and
temperatures. The optimal conditions for extracting proanthocya-
nidins with DES were determined through the application of the
Box-Behnken design and response surface methodology.

2.3. Isolation and purification of proanthocyanidin crude extract

DES (2,500 mL), composed of choline chloride and 1,3-
propanediol in a molar ratio of 1:3.5 and a water content of 30%
(V/V), was used. According to the solid to liquid ratio of 1:30, 100 g
of Rhodiolae Crenulatae Radix et Rhizomes medicinal powder was
weighed, mixed in a beaker, extracted with a dark water bath at
40 �C for 50 min, and the extract was centrifuged at 6,000 g for
10 min. The supernatant was combined to obtain the crude
proanthocyanidin extract. Separationwas performed using an AB-8
macroporous resin. First, 3 bed volume (3 BV) was eluted with 10%
ethanol, and then 3 BV of the 70% ethanol eluent was collected.
After the ethanol was removed by low-temperature reduced-
pressure rotary evaporation, 1.5� (V/V) ethyl acetate was used for
extraction three times. The organic phase layer was collected and
ethyl acetate was removed by low-temperature reduced-pressure
rotary evaporation. After the ethanol was redissolved in ultrapure
water, it was lyophilized to obtain a refined powder of Rhodiolae
Crenulatae Radix et Rhizomes proanthocyanidin.

An appropriate amount of lyophilized proanthocyanidin powder
was weighed, dissolved in methanol, and a solution of the proan-
thocyanidin sample was prepared at various concentrations and
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scanned at a wavelength of 200e400 nm for the ultraviolet (UV)
absorption spectrum. Simultaneously, lyophilized proanthocyani-
din powder was blended with potassium bromide, thoroughly
ground, and compressed into pellets. These pellets were then
scanned by an infrared (IR) spectrometer to detect spectroscopic
signals within the range of 400e4,000 cm�1.
2.4. Sample preparation

An accurate mass of 5.00 mg of lyophilized proanthocyanidin
powder from Rhodiola crenulata root and rhizome was weighed
and redissolved in 1mL of 70%methanol. The solutionwas vortexed
for 2 min, then centrifuged at 15,000 g for 10 min at 4 �C. The su-
pernatant was eluted using a solid-phase extraction (SPE)-C18 col-
umn (Tianjin Agela Technologies Co., Ltd., Tianjin, China), and the
eluate was collected and concentrated under a stream of nitrogen
until dry. The residue was redissolved in 200 mL of methanol, fol-
lowed by a further centrifugation at 15,000 g for 10 min at 4 �C. A
volume of 200 mL of the resulting supernatant was then transferred
into an amber sample vial for subsequent analysis. The entire
experimental process was conducted in the absence of light to
prevent any photoinduced degradation.

An accurate mass of 1.00 mg of each standard was weighed and
dissolved in 70% methanol. This solution was vortexed for 2 min to
ensure thorough mixing, yielding a reference standard solution
with a concentration of 1 mg/mL. This solution was then sequen-
tially diluted to achieve a final concentration of 200 mg/mL. After
dilution, the solutionwas centrifuged at 15,000 g for 10 min at 4 �C.
The clarified supernatant was then carefully transferred into an
amber injection vial in preparation for subsequent analysis.
2.5. Chromatographic and MS conditions

Using ACQUITY UPLC® HSS T3 column (2.1 mm � 100 mm,
1.8 mm; Waters Corporation, Milford, MA, USA) as the stationary
phase, the chromatographic conditions for the detection of
proanthocyanidins were as follows: the column temperature was
set at 35 �C with chromatographic column flow rate of 0.3 mL/min.
Furthermore, 0.1% aqueous formic acid as phase (A) and pure
acetonitrile as phase (B) were used with respect to time as follows:
0e1min, 3%e11% (B); 1e10min,11%e13% (B); 10e13min,13%e14%
(B); 13e18min,14%e16% (B); 18e23min,16%e20% (B); 23e25min,
20%e22% (B); 25%e30 min, 22%e26% (B); 30e33 min, 26%e30%
(B); 33e35 min, 30%e35% (B); 35e38 min, 35%e37% (B);
38e40 min, 37%e40% (B); 40e43 min, 40%e45% (B); 43e45 min,
45%e95% (B); and 45e47 min, 95% (B) of the elution gradient. The
injection volume was 2 mL.

Mass spectral data were acquired via the Thermo Scientific
Orbitrap Exploris 120 HRMS (Thermo Fisher Scientific Inc., Bremen,
Germany), and negative electrospray ionization (ESI�) source was
used. The full MS/dd-MS2 scanning mode was combined with the
constructed proanthocyanidin precursor ion scanning list. Mean-
while, the “if idle pick others” function (“perform dependent scan
on most intension if no targets are found”) is turned on, and the
main parameters of the ion source are set as follows: spray voltage
of 3,000 V, capillary temperature at 350 �C, auxiliary gas temper-
ature at 350 �C, normalized collision energy (NCE) at 20, 40, and
60 V, sheath gas at 35 arb (sheath gas, N2), auxiliary gas flow rate at
10 arb (auxillary gas, N2), 0 arb purge gas (sweep gas, N2), full MS
full scan range of m/z 150e2,000, resolution of 120,000, and MS2

scan resolution of 15,000. The DE time was set to 8.0 s, and the
isolation was set to m/z 4.0 for sample data acquisition.
3

2.6. Data processing and analysis

The negative high energy collision dissociation (HCD)-MS2 data
of all fractionated samples were interpreted for the structural
characterization of proanthocyanidins from Rhodiolae Crenulatae
Radix et Rhizomes. Xcalibur software was used to read the data and
predict the most probable molecular formula for each observed
precursor ion. The parameters were set as follows: charge,�1;mass
tolerance, 10 ppm; ring double-bound equivalent (RDB eq), 5e20,
and element in use, 15 � C � 90, 14 � H � 100, and 6 � O � 60.
3. Results and discussion

3.1. Construction of DES and determination of optimal extraction
conditions

DESs were prepared by selecting choline chloride, betaine,
proline, polyols, organic acids, sugars, and amides. As shown in
Table S1, choline chloride can form DES with six organic acids, eight
polyols, and urea; betaine can form DESs with five organic acids
and two polyols; proline can form DESs with four organic acids and
one polyol; and four organic acids can form seven DESs with two
polyols. In total, 34 distinct DES formulations can be formed. The
states of some DESs are shown in the upper part of Fig. 1A. The
viscosity of the DESs, prepared with solid HBD, was significantly
higher than that of the DESs prepared with liquid HBD. Addition-
ally, the DESs (DES-C1, DES-C3, and DES-C5) with proline as the
hydrogen bond receptor exhibited different degrees of transparent
yellow color, whereas the other DESs were transparent and color-
less. DES-A11 and DES-A13 exhibited needle-like crystals when
placed at room temperature after DES formation, suggesting that
the two DESs had high-temperature requirements and were rela-
tively unstable at room temperature.

The pH values and properties of 34 DESs were recorded and
presented in Table S2. FTIR detection of the DESs was performed
both prior to and subsequent to the addition of water, with the
results depicted in Fig. S2. The DESs exhibited a degree of similarity
in their FTIR spectra both before and after water was added
(Fig. S2A). The IR absorption peaks at 3,600 cm�1 and 3,200 cm�1

were found to be significantly enhanced following the addition of
water, which was indicative of a substantial increase in the content
of free and combined hydroxyl (eOH) groups. Upon detailed
analysis (Fig. S2B), it was observed that the IR detection outcomes
for 15 types of DESs, which utilized choline chloride as the HBA,
maintained their similarity after the addition of water (50%, V/V).
This observation suggested that the structural integrity of the DESs
was not entirely compromised, and their molecular framework
continued to be present. However, inconsistencies were noted in
some DESs before and after the use of betaine or proline as the HBA,
coupled with the addition of water (50%, V/V). This indicated that
the introduction of a large volume of water might have the po-
tential to disrupt the DESs' structure. Additionally, the FTIR spectra
of DESs, which were composed of organic acids and polyols, were
still observed to be similar before and after the addition of water
(50%, V/V). This similarity suggested that these DESs retained a
relatively stable structural configuration. Compared to conven-
tional extraction solvents (organic reagents and water), DES usually
exhibit higher viscosities. It was determined that the viscosity of
the DES could be reduced, liquidity could be improved, and the
extraction rate of the DES could be increased by adding a small
amount of water. Therefore, the viscosities of the DESs before and
after the addition of water (50%, V/V) were measured after uniform



Fig. 1. Extraction of proanthocyanidin from Rhodiolae Crenulatae Radix et Rhizomes by deep eutectic solvent (DES): (A) the states of some DESs; (B) comparison of extraction
amounts of proanthocyanidins from Rhodiolae Crenulatae Radix et Rhizomes extracted with 34 eutectic solvents and 4 conventional solvents; (C) different molar ratios; (D)
different water addition amounts; (E) different solid-liquid ratios; (F) different extraction temperatures; and (G) different extraction times.
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mixing. The results are summarized in Table S3. With the same
HBD, choline chloride as HBA forms a DES more easily than betaine
and proline. When organic acids (oxalic acid and malic acid) were
used as HBD, the viscosity of the solvent forming the deep eutectic
was relatively high, whereas most of the solvents forming the deep
eutectic with polyols as HBD exhibited relatively low viscosities.
The addition of ultra-pure water can obviously improve the fluidity
of the DES and enhance the fluidity of the DES, which was originally
poor in fluidity. DES-A11 and DES-A13, which were initially un-
stable at room temperature, were found to form a uniform and
stable solvent upon the addition of water. This stabilization
occurred because the HBA and HBD constituents were dissolved in
water, thereby preventing the precipitation of needle-like crystals.

34 DESs and four conventional solvents with the same crude
drug content were selected to extract proanthocyanidins from
Rhodiolae Crenulatae Radix et Rhizomes. The n-butanol-hydro-
chloric acid method was used to determine the contents of the
different extracts (n ¼ 3). The results are summarized in Table S4.
After the results are sorted, as shown in Fig. 1B, it is shown that the
extraction rates of all solvents are higher than those of ultrapure
water (20 mg/g). Using organic solvents for extraction, the effi-
ciency ranked as follows: 70% acetone (222.05 mg/g) > 70% ethanol
(139.31 mg/g) > 70% methanol (114.77 mg/g), which indicated that
proanthocyanidins exhibit relatively low polarity. Hence, the
extraction efficiency was the highest when 70% acetone were used.
This result is consistent with findings in the literature [23]. More-
over, the extraction rate of HBD using polyols was higher than that
using organic acids and urea as HBDs when the HBA types were the
same. This can potentially be due to the fact that most polyols are
liquid and have higher mobility after DES formation. Hence, they
are more likely to bind to the drug and dissolve the active
component. This also shows that the extraction rate of DES in-
creases with a decrease in viscosity. Hence, when the length of the
carbon chain of polyols increases [32e36], the hydrophobicity of
the polyols increases and the extraction rate also decreases [37].
Among the 34 DESs, DES-A10, composed of choline chloride and
1,3-propanediol in a molar ratio of 1:2, with a water content of 50%
(V/V), exhibited the highest extraction rate of 223.49mg/g. This was
almost the same as the extraction efficiency of 70% acetone
(222.05 mg/g), indicating that DES-A10 had a high selectivity for
proanthocyanidins in Rhodiolae Crenulatae Radix et Rhizomes.
Prior to undertaking the extraction experiments, we reviewed
numerous studies related to the extraction of proanthocyanidins
using DES [23e39]. It was noted that Cao et al. [23] achieved an
extraction rate of 22.19 ± 0.71 mg/g for proanthocyanidins from
Ginkgo biloba leaves using a DES composed of choline chloride and
malonic acid with a 55% (V/V) water content. However, our litera-
ture review revealed that the stability of DES can be influenced by
water content. Typically, DES compositions remain relatively stable
with water additions below 30%. However, as water content in-
creases from 30% to 50% (V/V), the composition of DES can begin to
change. At water levels exceeding 50% (V/V), the structure of the
DES may be disrupted by the excessive water. This leads to chloride
ions in the water competing for the binding sites between the DES
and extracted sample, ultimately impacting the extraction rate, as
highlighted in prior research [40]. The extraction efficiencies of
hydrophilic and hydrophobic DES varied significantly when they
were used to extract components with different properties, as
highlighted in the literature [41]. To validate that the DES were
responsible for the extraction, rather than a mere mixture of the
HBA and HBD, we conducted control experiments. These included
extractions using a 50% (V/V) aqueous solution of choline chloride
(representing the HBA) and a 50% (V/V) aqueous solution of 1,3-
propanediol (representing the HBD), both set to the optimal DES
amounts. The comparative results with the optimal DES are
5

depicted in Fig. S3. The data indicate that the extraction rates of
proanthocyanidins from Rhodiolae Crenulatae Radix et Rhizomes
using aqueous solutions of either HBA (choline chloride) or HBD
(1,3-propylene glycol) were inferior to those obtained with the
combined aqueous DES solution. This suggests that the addition of
50% (V/V) water diminishes the interaction between the water
molecules and eutectic solvent composed of choline chloride and
1,3-propylene glycol. Moreover, compared to chloride ions, proan-
thocyanidins appear to interact more readily with DES species,
facilitating a more effective extraction process.

The extraction performance of proanthocyanidins from Rho-
diolae Crenulatae Radix et Rhizomes is evaluated using various
molar ratios and water contents of DES, as depicted in Figs. 1C and
D. Notably, a DESwith amolar ratio of 1:3.5 (choline chloride to 1,3-
propanediol) and a water content of 30% (V/V), significantly out-
performed other molar ratios, yielding a higher extraction rate. This
finding is detailed in Figs. 1EeG and Table S5, where these condi-
tions are compared with other extraction scenarios. Different water
addition was suggested to possibly affect the structure of DESs.
Therefore, it was necessary to clarify the relationship between
water addition and the DESs structure. The FTIR absorption of DES-
A10 was tested under various conditions of water addition, as
depicted in Fig. 2A. Upon initial observation, the FTIR spectra were
found to be generally similar. However, upon closer examination, it
was determined that the similarity of the FTIR spectra was higher
when the proportion of water added was below 50% (V/V).
Conversely, when the water content surpassed 50% (V/V), the FTIR
spectra exhibited significant differences.

To further elucidate the impact of varying water addition con-
ditions on the structure of DESs, conventional molecular dynamics
(CMD) simulations were conducted on the DES-A10 under different
water addition scenarios. As depicted in Fig. 2B, the molecules of
choline chloride, 1,3-propanediol, and water were labeled accord-
ingly, with the hydroxyl groups on choline designated as Hy and Oy,
the terminal oxygen and hydrogen atoms of 1,3-propanediol
labeled as Ot and Ht, and the hydrogen and oxygen atoms of wa-
ter were identified as Hw and Ow, respectively. The interactions
among water molecules, choline chloride, and 1,3-propanediol
were illustrated in Fig. 2B. It was observed that when no water
was added or when 10% (V/V) water addition was made, the in-
teractions between water/choline chloride and water/1,3-
propanediol were not predominant. Instead, the intermolecular
hydrogen bonds between choline chloride and 1,3-propanediol
remained the dominant feature, indicating that the 10% water
addition was effectively integrated into the initial hydrogen bond
network of the DESs without altering the hydrogen bond between
choline chloride and 1,3-propanediol. Upon reaching 30% (V/V)
water content, the hydrogen bonds betweenwater/choline chloride
and water/1,3-propanediol were gradually incorporated into the
existing hydrogen bond network. This demonstrated that 30% (V/V)
water content did not disrupt the DESs' hydrogen bond network
but rather expanded it. When thewater addition reached 50% (V/V),
a portion of the hydrogen bond network between choline chloride
and 1,3-propanediol was disrupted. This led to a shift in the
hydrogen bond interaction of the DESs from inter-group to intra-
group, with some interactions between choline chloride and 1,3-
propanediol being suppressed, and a notable increase in the
hydrogen bonds between water/choline chloride and water/1,3-
propanediol. As the water addition continued to increase (70%e
90%, V/V), it became evident that an excessive amount of water
completely dismantled the original hydrogen bond network of the
DESs. This resulted in the complete release of choline chloride and
1,3-propanediol from their original hydrogen bond network, with
the formation of new hydrogen bonds between the DESs and water.
The hydrogen bond interactions occur between choline chloride



Fig. 2. Fourier transform Infrared (FTIR) and conventional molecular dynamics (CMD) simulations of DES-A10 (the optimum one) with different water conditions (A) comparison of
FTIR of preferred DES-A10 under different water contents; (B) number of hydrogen bonds between hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), and water with
different water conditions; and (C) plots of the radial distribution function (RDF) of choline chloride, 1,3-propanediol, and water with different water conditions. The hydroxyl
groups on choline are designated as Hy and Oy, the terminal oxygen and hydrogen atoms of 1,3-propanediol labeled are designated as Ot and Ht, and the hydrogen and oxygen
atoms of water were designated as Hw and Ow, respectively.
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and water, and between 1,3-propanediol and water, then consti-
tuted the framework of the entire hydrogen bond network. This
also accounted for the observation that most of the solvent prop-
erties of the DESs diminished upon the addition of excessive water.

The radial distribution function (RDF), which indicates changes
in particle density with respect to distance, was depicted in Fig. 2C
6

for various conditions of water addition. The RDF exhibited three
distinct peaks, which suggested the existence of a correlation be-
tween choline chloride and 1,3-propanediol within the DES system.
The height of the significant pairs' peaks in the RDF indicated the
formation of hydrogen bonds, aligning with prior conclusions.
Concurrently, it was observed that the RDF values progressively
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diminished with an increase in water content, signifying a weak-
ening interaction between the components of the DES as the water
molecule content rose. The findings collectively implied that the
introduction of an appropriate quantity of water could enhance the
hydrogen bond content within the DES system, which was advan-
tageous for the extraction process. However, when the water con-
tent surpassed 50% (V/V), the addition of water was found to
directly disrupt the DES structure, dissolve the HBA and HBD in
water, and consequently decrease the extraction efficiency.
Consequently, it was established that a DES, consisting of choline
chloride and 1,3-propanediol at a molar ratio of 1:3.5, with water
content of 30% (V/V), is optimal for the extraction of proanthocya-
nidins from Rhodiolae Crenulatae Radix et Rhizomes.

An assessment of different extraction conditions determined the
most effective solid-to-liquid ratio to be 1:30, coupled with an
extraction temperature of 40 �C and duration of 50 min. To refine
this process, a Box-Behnken design and response surface method-
ology were employed, designing a three-factor, three-level experi-
ment. This experiment varied the solid-to-liquid ratio, extraction
temperature, and extraction time to gauge their impact on the yield
of proanthocyanidins. The specific levels for each extraction factor
and the detailedmethodology can be found in Table S6. The primary
goal was to optimize the content of proanthocyanidins in the extract
using these tailored DES conditions.

The preparation process for proanthocyanidins from Rhodiolae
Crenulatae Radix et Rhizomes extracted with DES was optimized.
The Box-Behnken design-response surface methodology is used to
conduct the experiments, as shown in Fig. S4 and Tables S7 and S8.
The experimental results were analyzed using Design-Expert soft-
ware. According to the response surface methodology, the results
showed that the optimal extraction condition corresponded to the
solid to liquid ratio of 1:30, extraction temperature of 40 �C, and
extraction time of 50 min. The optimal extraction conditions were
determined to achieve a maximum extraction rate of 29.80%, which
significantly surpassed the extraction rate of 22.21% obtained with
70% acetone, demonstrating that DESs can serve as alternatives to
organic reagents for more efficient proanthocyanidin extraction
from Rhodiolae Crenulatae Radix et Rhizomes.

The results of UV and IR detections are shown in Fig. S5. UV and
IR results suggested that the proanthocyanidins were mainly
composed of catechin and epicatechin.

3.2. Construction of precursor ion scan list based on
proanthocyanidin structural library

MDF was used to construct a scanning list of proanthocyanidin
precursor ions, and the data-dependent acquisition (DDA) scanning
mode was combined to realize the specific scanning of proantho-
cyanidins in the extract [38,39]. The proanthocyanidin oligomers
are dominated by dimers, trimers, and tetramers, so that the
composition of the possible oligomeric proanthocyanidins that may
exist can be predicted from the structural units of flavan-3-ol based
on different monomer numbers, different connection modes, and
whether the galloyl groups are connected. Therefore, the structural
composition of the type-B proanthocyanidin, which may exist, can
be speculated according to the following formula:

a � (C15H14O5) þ b � (C15H14O6) þ c � (C15H14O7) þ d � (C8H8O3) e
2 � (n � 1) þ 2e

where a/b/c ¼ 0, 1, 2, 3, 4, d/e ¼ 0, 1, 2, and n ¼ 2, 3, 4.
Possible dimers, trimers, and tetramers are summarized in

Table S9. The results showed that 72 type-B OPCs may be present.
Construction of the proanthocyanidin structural database included
four main parts. First, a self-built database containing 75
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proanthocyanidins was established based on a literature review.
Second, the possible chemical composition of the 72 OPCs was
calculated based on their proanthocyanidin structural units. In the
third part, the proanthocyanidin components in Rhodiolae Cren-
ulatae Radix et Rhizomes were detected via UHPLC-Orbitrap
Exploris 120 MS, and the obtained data were processed via Com-
pound Discovery to screen the mass number of mother nuclei with
proanthocyanidin characteristics as the potential proanthocyanidin
components (19). In the fourth part, the proanthocyanidins in
Rhodiolae Crenulatae Radix et Rhizomes was also detected by
UHPLC-Orbitrap Exploris 120 MS, and the obtained data were
processed by Compound Discovery to screen the mass number of
neutral loss (NL) with the structural feature of flavan-3-ols as the
potential proanthocyanidins (43). The first and second sections
describe the reported proanthocyanidins, whereas the third and
fourth sections describe the underlying proanthocyanidins. After
removing duplicate mass numbers from the four sections of the
data, the remaining 162 mass numbers were organized into a table,
which was used as the mass number of the theoretical precursor
ions of the proanthocyanidins. After analyzing the data fromUHPLC
coupled with Orbitrap Exploris 120 MS for proanthocyanidins, we
used SIEVE software to process the information, resulting in a table
of 9,618 compound ions. To refine this list, we compared the
detected proanthocyanidin ions with the integer mass numbers
[M�H]� from a theoretical precursor ion table. From this compar-
ison, we were able to exclude non-target compounds, reducing the
list to 196 mass numbers. Further refinement was conducted by
applying a dynamic mass defect filter (±10 mDa) to the remaining
data, which aided in eliminating interference from non-target
compounds. After deduplication of the data, we identified a final
set of 156 mass numbers corresponding to proanthocyanidin pre-
cursor ions. This refined dataset is depicted in the distribution di-
agram in Fig. S6.

3.3. Characterization and identification of proanthocyanidins in
Rhodiolae Crenulatae Radix et Rhizomes

The HCD-MS2 data collected in the negative ion mode were
compared and analyzed with the reference substance, constructed
proanthocyanidin structural library, and combined literature to
systematically characterize the proanthocyanidin component in
Rhodiolae Crenulatae Radix et Rhizomes. Finally, 50 components
were identified (or deduced), including seven monomers (four of
which were compared with the standard substance), 22 dimers
(two of which were compared with the standard substance), 20
trimers (one of which was compared with the standard substance),
and 1 tetramer.

Proanthocyanidin monomers mainly exhibit 1,4-bond cleavage
in the C ring of the flavan-3-ols structural unit and 1,2-bond and
1,3-bond cleavage in the A ring. In addition to the common frag-
mentation forms of monomers, proanthocyanidin polymers exhibit
heterocyclic ring fission (HRF) and retro-Diels-Alder (RDA) reaction
of flavan-3-ol, and quinone methide (QM) cleavage of the inter-
flavan bond [31,42]. When the proanthocyanidin polymer was
subjected to QM cleavage, the E-unit [ME�5H]� fragments of type A
proanthocyanidins were usually the characteristic fragment of m/z
285 (epicatechin/catechin (EC)), m/z 301 (epigallocatechin/gallo-
catechin (EG)), and m/z 269 (epiafzelechin/afzelechin (EA)). The
common T-unit [MT�H]� fragments of procyanidin type B werem/z
289 (EC),m/z 305 (EG), andm/z 273 (EA), and the E-unit [ME�3H]�

fragments were m/z 287 (EC), m/z 303 (EG), and m/z 271 (EA)
[31,43e45]. To facilitate the presentation of the identification (or
derivation) results, catechin or epicatechin is represented by EC,
gallic acid catechin (epigallocatechin) or epigallocatechin (epi-
gallocatechin) is represented by EG, and avermectin or epi-
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avermectin is represented by EA. The identification results are
presented in Table S10. Identification (or derivation) of each
proanthocyanidin type is discussed below.

3.3.1. Monomer
Compound 3 (retention time (tR) ¼ 7.60 min, C15H13O6) is

shown in Fig. 3A with the m/z 289 ([M�H]�) yielding a fragment
of m/z 245 ([M�HeCO2]�) after the loss of CO2 (NL: 44 Da).
When m/z 289 ([M�H]�) lost two C2H2O (NL: 44 Da), C6H6O2
(NL: 110 Da), and C8H8O3 (NL: 152 Da), fragments of m/z 205
([M�He2C2H2O]�), m/z 179 ([M�HeC6H6O2]�), and m/z 137
([M�HeC8H8O3]�) were obtained. According to the different
fragmentation of the fragments, it could be determined that
compound 3 had multiple cleavage forms. After comparison
with the secondary fragments and tR of the reference substance,
compound 3 was identified as epicatechin.

Compound 4 (tR ¼ 13.71 min, C22H17O10) is shown in Fig. 3B.
When m/z 441 ([M�H]�) underwent a loss of C8H8O3 (NL: 152 Da),
the characteristic fragment of m/z 289 ([M�HeC8H8O3]�) was ob-
tained, and the fragment of m/z 245 ([M�HeC8H8O3eCO2]�) was
obtained after the continuous loss of one CO2 molecule (NL: 44 Da).
Simultaneously, the fragment of m/z 169 in MS2 indicated the
possibility of a gallic acid radical in the structure.When a gallic acid
group (NL: 170 Da) was lost in peak m/z 441 ([M�H]�), a fragment
m/z 271 ([M�HeC7H6O5]�) was obtained. When the C-1 and C-4
were broken in the C ring, the flavonoid characteristic fragmentm/z
125 (1,4A�) was obtained. After thorough comparison of the sec-
ondary fragment patterns and tRs with those of a standard refer-
ence, Compound 4 was conclusively identified as epicatechin-3-
gallate (ECG).

3.3.2. Dimer
The proanthocyanidin dimers in Rhodiolae Crenulatae Radix et

Rhizomes mainly include type-B procyanidin (EC-EC), procaine
(EG-EG), a large amount of proanthocyanidins with gallic acid, and
a small amount of type-A procyanidins (EC-A-EC) and proantho-
cyanidins (EC-A-EG). A representative dimer was selected to
describe the derivation and identification processes.

The MS2 of compound 17 (tR ¼ 11.91 min, C30H23O12) is shown
in Fig. 3C, whichmainly shows three forms of fragmentation.1) HRF
fragmentation of [M�H]� m/z 575 occurs to lose C6H6O3 (NL: 126
Da), producing the fragment of m/z 449 ([M�HeC6H6O3]�). 2) RDA
fragmentation of [M�H]� occurred: C8H8O3 (NL: 152 Da) was lost,
and the fragment of m/z 423 ([M�HeC8H8O3]�) was generated. 3)
QM cleavage occurred in [M�H]�, and after lost its T-unit, onlym/z
285 ([ME�5H]�) E-unit was left, suggesting that the compound was
type-A proanthocyanidin subjected to HRF and RDA cleavage.
Compound 17 was identified as proanthocyanidin A1 (OPC-A1)
after comparison with secondary fragments and tRs of the standard
reference.

Similarly, MS2 of compound 9 (tR ¼ 6.62 min, C30H25O12) is
shown in Fig. 3D, and two main forms of fragmentation are
observed. 1) RDA fragmentation of m/z 577 ([M�H]�) lead to a loss
C8H8O3 (NL: 152 Da) and producing the fragment of m/z 425
([M�HeC8H8O3]�). This was followed by the loss of H2O, yielding a
fragment of m/z 407 ([M�HeC8H8O3eH2O]�). 2) [M�H]� under-
went QM cleavage, leaving only m/z 289 ([MT�H]�) T-unit, sug-
gesting that the compound was type-B proanthocyanidin subjected
to RDA cleavage. Compound 9 was identified as procyanidin B2
(OPC-B2) by comparing the tRs of the secondary fragments against
the standard.

Similarly, the MS2 of compound 12 (tR ¼ 7.94 min, C37H29O16) is
shown in Fig. 3E. Three main forms of fragmentation were
observed. 1) RDA fragmentation of m/z 729 ([M�H]�) occurred and
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C8H8O3 (NL: 152 Da) was lost, producing the fragment of m/z 577
([M�HeC8H8O3]�) continues to fragment under sustained high
energy collisions. This not only produces a fragment of m/z 559
([M�HeC8H8O3eH2O]�) but also continues to RDA cleavage and
lose C8H8O3 (NL: 152 Da). The generation of m/z 425
([M�He2C8H8O3]�), which continues to fragment losing H2O,
generates a fragment of m/z 407 ([M�He2C8H8O3eH2O]�). 2) QM
cleavage occurred in [M�H]�, and after the compound lost its E-
unit, only m/z 289 ([MT�H]�) T-unit was left, suggesting that the
compound was type-B proanthocyanidin subjected to RDA cleav-
age. The fragment m/z 169 suggested the existence of a gallic acid
radical in the structure. Based on the characteristic fragments and
cleavage pattern, compound 12 was identified as a type-B pro-
cyanidin with gallic acid ((EC-EC)-g).

3.3.3. Trimer
Similar to dimers, proanthocyanidin trimers in Rhodiolae

Crenulatae Radix et Rhizomes mainly include type-B procyanidin
(EC-EC-EC), procaine (EG-EG-EG), large amounts of proanthocya-
nidins with gallic acid, and small amounts of type-A procyanidin
(EC-A-EC). A representative trimer was selected to describe the
derivation identification process.

Fig. 3F is MS2 of compound 33 (tR ¼ 8.69 min, C45H37O18). The
fragment ion information indicates that this compound undergoes
two types of fragmentation. 1) QM cleavage occurs directly at m/z
865 ([M�H]�), and loses T-unit to generate the characteristic frag-
ment of m/z 289 ([MT�H]�). After continuing the QM cleavage, only
E-unit remains to produce m/z 287 ([ME�3H]�), indicating that this
compound is a single-chain type-B procyanidin, and there are more
than two flavan-3-ols structural units at the same time. 2) [M�H]�

loses C15H12O6 after QM cleavage, producing the fragment ofm/z 577
([M�HeC15H12O6]�) and continues high-energy collision. RDA
fragmentation leads to loss C8H8O3 (NL: 152 Da). The fragment ofm/z
425 ([M�HeC15H12O6eC8H8O3]�) is generated and fragmentation
continues with the loss of H2O, yielding the fragment of m/z 407
([M�HeC15H12O6eC8H8O3eH2O]�). Compound 33was identified as
procyanidin C1 (OPC-C1) based on fragment information and
possible fragmentation patterns, as well as secondary fragments and
tR of the standard.

Fig. 3G is the same as Fig. 3F, but we can find fragmentsm/z 169,
suggesting the existence of a gallic acid radical in the structure.
Based on the characteristic fragments and cleavage pattern, com-
pound 37 was identified as a type-B procyanidin with gallic acid
((EC-EC-EC)-g).

3.3.4. Tetramer
The tetrameric proanthocyanidins in Rhodiolae Crenulatae Radix

et Rhizomes are type-B procyanidin. The derivation and identifi-
cation processes are as follows: Fig. 3H shows the two-stage mass
spectrumof compound 50 (tR¼ 9.67min, C60H49O24). The fragment
ion information in the figure indicates that the compound under-
went three main types of fragmentation. 1) QM cleavage occurs
directly at m/z 1,153 ([M�H]�), and the compound loses T-unit to
generate the characteristic fragment of m/z 289 ([MT�H]�). QM
cleavage continues until only the remaining E-unit produces the
characteristic fragment of m/z 287 ([ME�3H]�), suggesting that the
compound is a single-chain procyanidin type-B and there is more
than two flavan-3-ols structural units at the same time. 2) [M�H]�

loses C15H12O6 after QM cleavage directly, and HRF fragmentation
continue to producing the fragment of m/z 739
([M�HeC15H12O6eC6H6O3]�). 3) [M�H]� underwent continuous
QM cleavage directly, losing two C15H12O6, producing the fragment
ofm/z 577 ([M�He2C15H12O6]�), and RDA fragmentation continued
with the loss of H2O, producing the fragment of m/z 407



Fig. 3. Fragmentation pathway analysis of proanthocyanidins: (AeB) Fragmentation pathway analysis of monomer: compounds 3 (A) and 4 (B); (CeE) fragmentation pathway
analysis of dimer: compounds 17 (C), 9 (D), and 12 (E); (F, G) fragmentation pathway analysis of trimer: compounds 33 (F) and 37 (G); and (H) fragmentation pathway analysis of
tetramer: compound 50. HRF: heterocyclic ring fission; QM: quinone methide; RDA: retro-Diels-Alder.
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([M�He2C15H12O6eC8H8O3eH2O]�). Based on the fragment infor-
mation and fragmentation pattern, compound 50 was identified as
a type-B procyanidin (EC-EC-EC-EC).

Based on the identification results, we found that the proan-
thocyanidins extracted with DES consisted of seven monomers
(14%), 22 dimers (44%), 20 trimers (40%), and a tetramer (2%), most
of which were mainly composed of procyanidin (61%) linked to
gallic acid, a small amount of procyanidin (23%), procaine (14%),
and other types of proanthocyanidins (2%). As shown in Fig. 4, the
dimers were mainly composed of six types of proanthocyanidins:
six (EC-EC)-2g, five (EC-EC)-g, two (EC-EG)-g, four EC-A-EC, four
EC-EC, and one EC-A-EG. The trimers mainly consisted of five types
of proanthocyanidins: eight (EC-EC-EC)-2g, six (EC-EC-EC)-g, one
EC-A-EC-EC, three EC-EC-EC, and two EG-EG-EG, respectively. Only
one EC-EC tetramer was identified. Most were type B proantho-
cyanidins (88%), and a few type A proanthocyanidins (12%) were
also present. The aforementioned results indicated that
Fig. 4. The content distribution of oligomeric proanthocyanidins (OPCs). (A) A general flo
fragmentation information, according to the negative high energy collision dissociation (
different degrees of polymerization. (C) The specific type of proanthocyanidin in each ol
ionization; NCE: normalized collision energy; QM: quinone methide; EC: epicatechin/catech
Alder; NL: neutral loss; HRF: heterocyclic ring fission.
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proanthocyanidins, mainly composed of oligomers in Rhodiolae
Crenulatae Radix et Rhizomes, were mainly composed of
procyanidin.

Simultaneously, under high-energy collisions, the proantho-
cyanidin in Rhodiolae Crenulatae Radix et Rhizomes generally
undergoes QM cleavage, i.e., it is fractured into a proanthocyanidin
monomer structure. When QM cleavage occurs, the characteristic
fragments of [MT�H]� (EC ¼ 289, EG ¼ 305, and EA ¼ 273) and
[ME�3H]� (EC ¼ 287, EG ¼ 303, and EA ¼ 271) were often present
in the secondary fragment of type B proanthocyanidin, and the
characteristic fragment of [ME�5H]� (EC ¼ 285, EG ¼ 301, and
EA ¼ 269) was present in the secondary fragment of type A
proanthocyanidin. The simultaneous presence of the T-unit or E-
unit in the secondary fragment suggests that the compoundmay be
a trimer with a higher degree of polymerization. In addition to QM
cleavage, proanthocyanidins are also susceptible to RDA and HRF
fragmentation. When the NL was 152 Da, EC underwent RDA
wchart for the rapid characterization of proanthocyanidins based on the diagnostic
HCD)-mass spectrometry (MS)2 data. (B) The proportion of proanthocyanidins with
igomer. (D) The proportion of various types of proanthocyanidins. ESI: electrospray
in; EG: epigallocatechin/gallocatechin; EA: epiafzelechin/afzelechin; RDA: retro-Diels-



Fig. 5. The comparison of proanthocyanidins from Rhodiolae Crenulatae Radix et Rhizomes with United States Pharmacopeia (USP) oligomeric proanthocyanidins (OPCs) standard
extracted from grape seeds: (A) the total ion chromatogram of the proanthocyanidins from Rhodiolae Crenulatae Radix et Rhizomes and (B) the total ion chromatogram of USP OPCs
standard extracted from grape seeds. EC: epicatechin/catechin; EC-A-EC: epicatechin/catechin-A-type-epicatechin/catechin.
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cleavage. When the NL was 168 Da, RDA cleavage occurred in the
EG.When a NL of 136 Da occurred, the EA underwent RDA cleavage.
RDA fragmentation is typically accompanied by the loss of H2O.
Simultaneously, the NL of 126 Da suggests that EC, EG, and EA units
undergo HRF. The detection of a fragment with m/z 169 among the
secondary fragments points to the presence of gallic acid moieties
within the structure.

The OPCs extracted from Rhodiolae Crenulatae Radix et Rhizomes
using DES were compared with the United States Pharmacopeia
(USP) standard of OPCs derived from grape seeds, under identical
analytical conditions. Asdepicted in Fig. 5, the variety ofOPCspresent
in Rhodiolae Crenulatae Radix et Rhizomes (Fig. 5A) is significantly
more diverse than that found in grape seeds (Fig. 5B). In addition to
containing the same proanthocyanidin types, such as procyanidins
and prodelphinidins, specified by the USP, Rhodiolae Crenulatae
Radix et Rhizomes also boasts an abundance ofOPCs conjugatedwith
gallic acid groups. Moreover, these polymers possess a higher num-
ber of hydroxyl groups, suggesting that the OPCs from Rhodiolae
Crenulatae Radix et Rhizomes may exhibit more potent antioxidant
activities than those extracted from grape seeds.
4. Conclusion

An optimal extraction system for proanthocyanidins from
Rhodiolae Crenulatae Radix et Rhizomes was established using a
DES composed of choline chloride and 1,3-propanediol at a molar
ratio of 1:3.5 and water content of 30% (V/V). This system was
identified through a combination of single-factor experimentation
and response surface methodology. For the analysis, a UHPLC/
Orbitrap Exploris 120 HRMSwas employed to create an ion scan list
for proanthocyanidin precursors. This list was derived from a
structural library and utilized the MDF algorithm. The scan mode
Full MS/dd-MS2 was implemented, activating the “if idle pick
others” and DE features for efficiency. Targeted and non-targeted
characterization of Rhodiolae Crenulatae Radix et Rhizomes's
proanthocyanidins was achieved, identifying 50 components
11
within the extracts. These ranged from monomers to tetramers,
indicating a complex OPC profile. The extraction efficacy of the DES
was found to be comparable to that of acetone and superior to
conventional solvents such as methanol and ethanol. This suggests
that the DES can serve as an environmentally friendly and effective
substitute for acetone in extraction processes. Additionally, the
comprehensive ion scanning strategy enabled simultaneous
detection of known proanthocyanidin components and potential
new chemical entities. This approach has allowed for a thorough
characterization of Rhodiolae Crenulatae Radix et Rhizomes
proanthocyanidins and has provided valuable reference data for
further analytical and identification work, as well as for exploring
the phytochemistry of other plant species.
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