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This study conducted a comparative analysis of the extraction efficiency and antioxidant potential of caffeoyl-
quinic acids (CQAs) from Blumea aromatica using deep eutectic solvents (DESs) and traditional solvents. Utilizing
UPLC-Q-Orbitrap HRMS, the quantification of seven CQAs revealed concentrations ranging from 0.46 to 7.60
mg/g, with 1,5-diCQA identified as the most abundant. DESs demonstrated significant advantages (P < 0.05)
over traditional solvents. The optimal extraction occurred with DES-6 (choline chloride / 1,4-butanediol) for 3-
CQA (4.71 £ 0.31 mg/g) and 4,5-diCQA (2.28 + 0.19 mg/g), DES-7 (choline chloride / oxalic acid) for 4-CQA
(2.05 + 0.05 mg/g), and DES-5 (choline chloride / glycerol) for 5-CQA (1.70 + 0.14 mg/g). Antioxidant activity
assessment through DPPH, ABTS, and reducing power assays indicated that DES extracts outperformed con-
ventional solvents. Notably, DES-3 (choline chloride / ethylene glycol) displayed remarkable activity, with ICsg
values of 197.36 + 1.05 and 14.86 + 3.33 pg/mL for DPPH and ABTS radicals, respectively. DES-6 exhibited the
highest reducing power. Correlation analysis established positive relationships between phenolic acid content
and antioxidant activity, notably for 3-CQA and 5-CQA (p < 0.001 and p < 0.05). Additionally, 4-CQA, 1,3-
diCQA, 3,4-diCQA, and 4,5-diCQA displayed specific and correlated antioxidant activities. Crucially, the envi-
ronmentally friendly DESs extraction method proposed in this study offers a sustainable approach for obtaining
CQAs from B. aromatica, concurrently ensuring their antioxidant potential is fully realized. This research not only
advances our understanding of B. aromatica but also highlights a green and efficient method for extracting
bioactive compounds with potential applications in the pharmaceutical and nutraceutical industries.

1. Introduction biological activities encompassing anti-inflammatory, immunosuppres-

sive, and adenylate cyclase activation properties (Shen et al., 2019; Song

Blumea aromatica DC., a perennial herb within the Blumea genus,
thrives in the regions of Southwest China and Southeast Asia (Editorial
Committee of Flora of China, 1979). Referred to as “Shanfeng” in
Traditional Chinese Medicine (TCM), it has been extensively employed
in the treatment of conditions such as rheumatism, arthralgia, and
eczema (Lan et al., 2012). Despite its recognized potential, there exists a
significant gap in comprehending the chemical constituents and bioac-
tive properties of B. aromatica. Notably, labdane diterpenoids and bis-
norditerpenoids have been explicitly identified among the compounds
isolated from B. aromatica in prior studies, revealing the diverse
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et al., 2021). Our recent research on the chemical constituents and
bioactivity of the Blumea genus has unveiled a variety of phenolic
compounds in these plants (Dai et al., 2023). Earlier studies on
B. aromatica primarily focused on the examination of specific terpe-
noids, with no available reports on the types and biological activities of
phenolic compounds in B. aromatica. Therefore, a systematic investi-
gation of the phenolic compounds in B. aromatica is imperative.
Phenolics are secondary metabolites that plants produce during their
growth. They are abundant in vegetables, fruits, and medicinal plants.
Phenolics have diverse structures and biological activities (Kim and Son,
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2011). They can act as antioxidants, antimicrobials, anticancer agents,
anti-aging agents, anti-inflammatory agents, and antihypertensive
agents (Leri et al., 2020; Di Lorenzo et al., 2021; Shakoor et al., 2021;
Rana et al., 2022). Thus, plant phenolics have wide applications in food
and medicine. Caffeoylquinic acids (CQAs) represent a important
component of Phenolics, originating from the phenylpropanoid
biosynthesis pathway. These compounds consist of quinic acid acylated
with one to four caffeic acid moieties, leading to 15 possible combina-
tions, including four monoCQAs, six diCQAs, four triCQAs, and one
tetraCQA (Alcazar Magana et al., 2021). CQAs possess various thera-
peutic attributes such as antioxidant, antibacterial, anticancer, antiviral,
anti-Alzheimer, and neuroprotective activities (Taira et al., 2014; Murad
et al., 2015; Bulgakov et al., 2018; Liu et al., 2020; Matthews et al.,
2020; Metwally et al., 2020; Nzekoue et al., 2020; Trendafilova et al.,
2020). CQAs are commonly consumed through plant-based foods like
fruits, vegetables, and prominently, coffee beverages. This consumption
pattern has established a significant inverse correlation between coffee
intake and the incidence of several degenerative diseases, as well as a
positive correlation with longevity (Farah and de Paula Lima, 2019).
Owing to their potent antioxidant properties, CQAs are attracting
increasing attention for their potential in mitigating cognitive decline
and lifestyle-related diseases, and for their role in drug development
(Alcazar Magana et al., 2021).

Phenolics are typically extracted from plant matrices through either
organic solvent extraction or physical-assisted extraction. However,
organic solvent extraction presents several drawbacks, including high
volatility, toxicity, flammability, and low biodegradability (Chan-
drasekara et al., 2015). A promising alternative is the use of deep
eutectic solvents (DESs), a novel class of green solvents known for their
environmental friendliness. DESs typically consist of a hydrogen bond
donor (HBD) and a hydrogen bond acceptor (HBA), and their melting
point is lower than that of any individual component, allowing them to
remain in a stable liquid state at room temperature (Ammar et al., 2018).
In comparison to organic solvents, DESs are easily synthesized, cost-
effective, stable, non-volatile, biodegradable, and environmentally
friendly. In recent years, DESs have garnered increased attention and
have found wide application in the extraction of natural products (Zurob
et al., 2020; Vazquez-Gonzalez et al., 2020; Khare et al., 2021; Zannou
et al., 2022).

Plants serve as crucial sources of natural phenolics, and the Blumea
genus within the Compositae family has been confirmed to exhibit rich
phenolic content with specific and diverse biological activities (Kusu-
mawati et al., 2018; Jirakitticharoen et al., 2022). While the use of DESs
for extracting CQAs from plants has shown promising results, with a
focus on compounds such as chlorogenic acid (3-CQA), isochlorogenic
acid A (3,5-diCQA), isochlorogenic acid B (3,4-diCQA), and iso-
chlorogenic acid C (4,5-diCQA), limited attention has been given to
systematic studies. Duan et al. demonstrated the simultaneous extrac-
tion of four phenolic acids (3-CQA, 3,4-diCQA, 3,5-diCQA, and 4,5-
diCQA) from Artemisia argyi leaves using binary and ternary DESs,
highlighting the superior extraction efficiency of the ternary DES with a
molar ratio of choline chloride, malic acid, and urea at 2:1:2 (Duan et al.,
2019). Rashid et al. successfully employed DESs to extract chlorogenic
acid from apple pomace, noting that formulations such as choline
chloride: glycerol (1:2), choline chloride: lactic acid (1:3), and choline
chloride: citric acid (1:1) exhibited superior extraction efficiency
compared to traditional solvents (Rashid et al., 2023). Similarly, Mai-
mulyanti et al. employed various DESs to extract polyphenols from
coffee grounds, achieving a notable extraction rate of polyphenols (5.88
mg GAE g-1) and a concentration of polyphenols in DES of 294.02 mg/L
when using a choline chloride to proline ratio of 1:1 (Maimulyanti et al.,
2023).

Despite the diversity of reported qualitative and quantitative
methods for studying CQAs, the reliable characterization and accurate
quantitative analysis of CQA isomers remain challenging. This is pri-
marily attributed to several factors, including the presence of multiple
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isomers with similar physicochemical properties, the lack of commer-
cially available standards, and the degradation and transformation of
CQAs during sample processing (Alcazar Magana et al., 2021). These
challenges hinder the unambiguous characterization of CQA isomers
and the development of comprehensive characterization methods for
CQAs. To overcome these challenges and advance the study of CQA in
diverse fields including food additives, healthcare products, and phar-
maceuticals, it is imperative to conduct further investigations into the
extraction methodologies as well as qualitative and quantitative
analytical techniques employed for CQAs. Currently, despite the absence
of an established official analysis method for CQAs, certain integrated
approaches, notably LC-MS-based detection, are widely regarded as the
most robust and dependable.

This study aims to investigate the potential of DESs as efficient
extractants of CQAs from B. aromatica, while also evaluating their
antioxidant activity. Nine CQAs were extracted from B. aromatica using
seven DESs and 3 traditional extraction solvents. A UPLC-Q-Orbitrap
HRMS method was developed to simultaneously determine the main
components of the 7 CQAs in B. aromatica, and the DESs suitable for
extracting these CQAs were identified. The antioxidant activities of the
different solvent extracts were evaluated using DPPH (2,2-diphenyl-1-
picrylhydrazyl) and ABTS (2,2-azino-bis(3-ethylbenzothiazole-6-sul-
fonic acid)) free radical scavenging, and reducing power assays.
Furthermore, the correlation between antioxidant activity and CQA
content was analyzed to identify key components affecting antioxidant
activity. This study holds significant value in exploring green extraction
methods for CQAs and investigating the chemical constituents and
biological activities of the medicinal plant B. aromatica. It provides
valuable insights for further research and development of this medicinal
plant.

2. Materials and methods
2.1. Chemicals, Reagents, and materials

The acetonitrile, methanol, and formic acid utilized in chromatog-
raphy were obtained from Thermo Fisher Scientific (Waltham, Massa-
chusetts, USA). The chromatographic water was procured from
Guangzhou Watsons Food & Beverage Co., Ltd. (Guangzhou, China).
The reference standards for 3-O-caffeoylquinic acid (chlorogenic acid, 3-
CQA), 4-O-caffeoylquinic acid (cryptochlorogenic acid, 4-CQA), 5-O-
caffeoylquinic acid (neochlorogenic acid, 5-CQA), 1,5-dicaffeoylquinic
acid (1,5-diCQA), 1,3-dicaffeoylquinic acid (1,3-diCQA), 1,4-dicaffeoyl-
quinic acid (1,4-diCQA), 3,5-dicaffeoylquinic acid (isochlorogenic acid
A, 3,5-diCQA), 3,4-dicaffeoylquinic acid (isochlorogenic acid B, 3,4-
diCQA), and 4,5-dicaffeoylquinic acid (isochlorogenic acid C, 4,5-
diCQA) were acquired from Chengdu Alpha Biological Co., Ltd.
(Chengdu, China) with batch numbers AZ22011851, AFBL221,
AZ21102901, AFBG1302, AFBL1284, AFCC1605, AZ22042903,
AZ21092203, and AFCB0705, respectively, all with a minimum purity of
98 %. Choline chloride was sourced from Alashan (Guangzhou)
Biotechnology Co., Ltd. (Guangzhou, China). Lactic acid, acetic acid,
ethylene glycol, urea, glycerol, 1,4-butanediol, and oxalic acid were
purchased from Guangzhou Chemical Reagent Factory (Guangzhou,
China). 2,2-diphenyl-1-picrylhydrazyl, and 2,2-azino-bis(3-ethyl-
benzothiazole-6-sulfonic acid) (purity > 98 %) from Alsan Biotech-
nology Co., Guangzhou, China; ascorbic acid from Guangzhou Chemical
Reagent Factory, Guangzhou, China.

The plant material used in this experiment, B. aromatica DC., was
collected from Zhaoqing, China, and identified as a species belonging to
the Asteraceae family, specifically the Blumea genus, by Associate Pro-
fessor Xilong Zheng from the College of Traditional Chinese Medicine
Resources, Guangdong Pharmaceutical University.
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2.2. Content determination of CQAs

2.2.1. Chromatographic conditions

The chromatographic separation system employed the Vanquish Flex
ultra-high-performance liquid chromatograph from Thermo Fisher Sci-
entific, USA. The chromatographic separation uses the Thermo Fisher
Scientific Bremen Hypersill GOLD AQ column (100 mm x 2.1 mm, 1.9
pm) and Hypersil GOLD C;g column (100 mm x 2.1 mm, 1.9 pm). The
mobile phase consisted of two components: A, a 0.1 % formic acid
acetonitrile solution, and B, a 0.1 % formic acid (v/v).aqueous solution.
Gradient elution was employed using the following conditions: 0-15
min, 97 % B; 15-20 min, 97 % to 96 % B; 20-25 min, 96 % to 90 % B;
25-50 min, 90 % to 87 % B; 50-54 min, 87 % to 5 % B. The flow rate was
set at 0.3 mL/min, with an injection volume of 2 pL. The column tem-
perature was maintained at 42 °C.

2.2.2. Mass spectrometric conditions

The Orbitrap Exploris 120 quadrupole—electrostatic orbitrap high-
-resolution mass spectrometer from Thermo Fisher Scientific, USA was
utilized. The scanning mode employed in this study was negative ion
mode. The detection conditions were as follows: HESI ion source, elec-
trospray voltage set at 3.5 kV, capillary temperature maintained at
325 °C, and auxiliary gas temperature set at 300 °C. The mass spec-
trometry scanning range was set from m/z 200 to 600. Nitrogen was
used for both the sheath gas, auxiliary gas, and purge gas. The sheath gas
flow rate was set at 50 L/min, the auxiliary gas flow rate was set at 8 L/
min, and the purge gas flow rate was set at 1 L/min. A resolution of
60,000 was employed.

2.2.3. Preparation of DESs

In the present study, choline chloride was employed as the HBA.
Choline chloride stands out for its low toxicity, cost-effectiveness, and
ready availability, making it a commonly chosen HBA in the formulation
of DESs. For the HBD selection, 3 acids, 3 alcohols, and urea, known for
their superior extraction efficacy on phenolic acids, were identified.
Subsequently, seven DESs were synthesized using a specific molar ratio
in combination with choline chloride (Ali Redha, 2021). The method
described in Reference was followed with improvements (Ivanovic et al.,
2022). The designated amount of reactants was placed in a 150 mL
beaker and a magnetic stir bar was added. The mixture was then covered
with a preservative film and a sealing film, heated, and stirred on a
magnetic stirrer at 60 °C for 40 min to achieve a uniform transparent
liquid. After cooling to room temperature, 30 % water was added and
thoroughly mixed. The resulting mixture was transferred to a 50 mL
centrifuge tube and stored in a refrigerator at 4 °C for future use. Table 1
presents the composition of the different types of DESs.

2.2.4. Preparation of sample solutions and standard solutions

The dried whole plant of B. aromatica was crushed and sieved
through a 50-mesh sieve. Precisely weighed B. aromatica powder (0.1 g,
three parallel groups) was placed in a 15 mL centrifuge tube. Then, 5 mL
of ethanol, methanol, water, and 7 different DESs were added individ-
ually. The tube was tightly sealed, mixed by oscillation, and weighed.
Ultrasound treatment was performed at specific conditions, including a
power of 400 W, frequency of 40 KHz, and a temperature of 50 °C for 20

Table 1
Composition of seven different DESs.

Type HBA HBD molar ratio
DES-1 choline chloride lactic acid 1:3
DES-2 acetic acid 1:3
DES-3 ethylene glycol 1:3
DES-4 urea 1:3
DES-5 glycerol 1:3
DES-6 1,4-butanediol 1:3
DES-7 oxalic acid 1: 2
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min. After cooling to room temperature, the tube was reweighed, and
the corresponding extraction solvent was added to compensate for
weight loss. Centrifugation was conducted at a speed of 4000 r/min for
15 min, and 2 mL of the resulting supernatant was collected and stored
in a separate centrifuge tube. This process was replicated 3 times in
parallel. From the preservation solution, a total of 200 pL of the sample
was transferred to a 2 mL centrifuge tube. Subsequently, 800 pL of 50 %
methanol was added and thoroughly mixed by vortexing. The mixture
was then filtered through a 0.22 pm microporous membrane to obtain
the test solution. Reference substances of 7 CQAs were accurately
weighed at 1.00 mg each and placed in 5 mL volumetric flasks, the name
and structure of 7 CQAs are shown in Table 2 (Alcazar Magana et al.,
2021). These substances were dissolved in 50 % methanol and diluted to
the mark, resulting in a mother liquor solution with a concentration of
0.2 mg/mL. Next, 0.4 mL of the mother liquor of isochlorogenic acid A,
isochlorogenic acid B, and isochlorogenic acid C reference solutions, and
0.625 mL of the mother liquor of the other six reference solutions were
transferred into separate 5 mL volumetric flasks. The volume was
adjusted to the calibration line using 50 % methanol and shaken to
obtain a mixed reference solution with varying concentrations. Finally,
all samples were stored in a refrigerator at a temperature of 4 °C.

2.2.5. Method validation

The study investigated calibration curves, limits of detection (LODs)
and quantification (LOQs), precision (including intraday and interday
precision), stability, and recovery. The calibration curves for 7 com-
pounds were generated by diluting the stock solution with methanol—-
water to achieve suitable concentrations. The LOD represents the
minimum analyte concentration at which the Signal-to-Noise ratio (S/N)
equals 3:1, while the LOQ corresponds to the lowest analyte concen-
tration at which the S/N ratio is equal to 10:1. Intraday precision was
assessed by calculating the relative standard deviation (RSD%) using
data from 6 injections conducted in a single day. Interday precision was
evaluated by averaging the RSD% from 6 injections conducted daily for
3 consecutive days. Stability was evaluated by calculating the RSD%
from 6 injections conducted at 0, 2, 4, 8, 12, 24, and 48 h. The method’s
accuracy was validated using 3 sample levels (80 %, 100 %, 120 %). The
recovery rate was calculated using the equation (1).

C—-A

Recoveryrate(%) = x 100% @10

where A represents the quantity of the tested component in the
sample; B represents the amount of pure substance added; and C rep-
resents the actual measured value.

2.3. Antioxidative activity evaluation

2.3.1. DPPH free radical scavenging assay

The DPPH radical scavenging experiment is a simple, effective,
economic and reliable method to determine the antioxidant activity of
substances (Xu et al., 2021). Reference Method (Li and Li, 2022), 10
different solvents (3 traditional solvents and 7 DESs) were diluted to
different concentrations (3.33, 166.67, 333.33, 500, 666.66, 1000, and
1666.67 pug/mL) respectively, 1 mL of different concentration of extract
was absorbed into 5 mL tube, then 1 mL of DPPH solution (2 mM) was
added into the tube. After shaking well, it was left in the dark for 30 min,
and the absorbance was measured at 517 nm. The clearance rate is
calculated according to the following equation (2).

Al *Az

0

DPPH scavengingactivity (%) = (1 > x 100% 2)

where Ay is the absorbance of the blank control; A; is the absorbance
of the sample to be measured; A, is the absorbance of the control sample
to be measured.
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Table 2
Compound name and structure of 7 CQAs.
Compound type R, Ry R3 R4 structure
3-O-caffeoylquinic acid (chlorogenic acid, 3-CQA) monoCQA H caffeic acid H H
4-O-caffeoylquinic acid (cryptochlorogenic acid, 4-CQA) H H caffeic acid H RO,
5-O-caffeoylquinic acid (neochlorogenic acid, 5-CQA) H H H caffeic acid 1~
1,5-dicaffeoylquinic (1,5-diCQA) diCQA caffeic acid H H caffeic acid
1,3-dicaffeoylquinic (1,3-diCQA) caffeic acid caffeic acid H H S
1,4-dicaffeoylquinic (1,4-diCQA) caffeic acid H caffeic acid H RO -
3,5-dicaffeoylquinic H caffeic acid H caffeic acid OR;
(isochlorogenic acid A, 3,5-diCQA) quinic acid
3,4-dicaffeoylquinic H caffeic acid caffeic acid H
(isochlorogenic acid B, 3,4-diCQA)
4,5-dicaffeoylquinic H H caffeic acid caffeic acid o
(isochlorogenic acid C, 4,5-diCQA)
HO AN
OH
HO

caffeic acid

2.3.2. ABTS free radical scavenging assay

The ABTS is green in solution and is lightened by antioxidants that
remove free radicals. Similar to ABTS is often used in in vitro tests to
characterize the antioxidant capacity of substances (Wang et al., 2020a).
The method in reference is slightly modified (Jo et al., 2021). The
mixture of ABTS solution (7 mM) and K5S,0g solution (2.45 mM) was
used as ABTS reaction solution at 734 nm. The mixture was kept in a
dark room for 12 to 16 h and diluted with absolute ethanol until the
absorbance of the diluted solution was (0.70 + 0.20). 1 mL of different
concentrations of extracts (3.33, 66.67, 100, 133.33, 250, 333.33, and
500 pg/mL) were aspirated, then 1 mL of ABTS reaction solution was
added, and the absorbance was measured at 734 nm for 30 min, with
ascorbic acid solution as a positive control, and each group of tests was
performed three times. The clearance rate was calculated according to
equation (3).

A —A
ABTS scavengingactivity (%) = (1 — %) x 100% 3
0

where Ay is the absorbance of the blank control; A; is the absorbance
of the sample to be measured; A, is the absorbance of the control sample
to be measured.

2.3.3. Reducing power assay

In this experiment, the antioxidant activity of the sample solution
was determined by measuring the amount of Fe4[Fe(CN)g]s produced,
and the higher absorbance value indicated the stronger antioxidant
power (Tsai et al., 2006). The method was slightly modified with
reference to the literature (Oyaizu, 1986). The extracts of different
concentrations (0.2, 2, 4, 10, 16, and 20 mg/mL) were aspirated 3 mL, 1
mL of phosphate buffer solution (PBS, PH 6.0), 2 mL of 1 % potassium
ferricyanide solution were added in turn, mixed well, thermostatic water
bath at 50 °C for 20 min, quickly removed and cooled, 1 mL of 10 %
trichloroacetic acid solution was added, mixed well, centrifuged at 3000
r/min for 10 min, 2.5 mL of supernatant was taken, 1 mL of distilled
water was added in turn The absorbance value was measured at 700 nm.
Ascorbic acid was used as the positive control. The greater the absor-
bance value, the stronger the reducing ability of the sample.

2.4. Data processing and analysis

Excel 2019 and Origin 8.0 software (OriginLab Corporation, MA,
USA) were used for graphic evaluation, one-way analysis of variance
(ANOVA) and correlation analysis were performed using SPSS26.0, and
ICs5p values were calculated with GraphPad Prism 8. All experiments
were repeated three times, and the results were expressed as mean + SD.

3. Results and discussion
3.1. Quantitative analysis of 7 CQAs in b. Aromatica

3.1.1. Optimization of chromatographic conditions

To enhance the resolution and peak shape of the sample, we
considered two columns: the Thermo Fisher Hypersill GOLD AQ column
(100 mm x 2.1 mm, 1.9 pm) and the Fisher Hypersil GOLD C;g column
(100 mm x 2.1 mm, 1.9 pm). Both columns underwent identical con-
ditions of column temperature, mobile phase, and gradient elution.
Comparative analysis demonstrated that the Thermo Fisher Hypersill
GOLD AQ column (100 mm x 2.1 mm, 1.9 pm) exhibited superior
separation efficiency, improved peak shape, and shorter retention time.
Consequently, we selected the Thermo Fisher Hypersill GOLD AQ col-
umn (100 mm x 2.1 mm, 1.9 pm) for sample separation, the chro-
matogram is shown in Fig. 1.

3.1.2. Method validation

The UPLC-Q-Orbitrap HRMS analysis technology is widely employed
for the comprehensive analysis of chemical components in plants
(Aydogan, 2020; Alvarez-Rivera et al., 2019). This technology presents
numerous advantages over LC-UV and other detection and quantitative
techniques, including rapid detection speed, high sensitivity, excep-
tional accuracy, and a lower limit of quantitation (Jia et al., 2021;
Schram et al., 2004). In this study, we developed a UPLC-Q-Orbitrap
HRMS method to simultaneously determine the content of 7 CQAs in
B. aromatica. Methodological investigations demonstrated that the
developed method exhibited outstanding precision, accuracy, repeat-
ability, and stability. The calibration curves for 7 CQAs were generated
within a specific concentration range using the aforementioned method
in this experiment, as presented in Table 3. The obtained results
demonstrated a strong linear relationship and a favorable correlation
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Fig. 1. Total ion chromatograms of 9 kinds of CQAs mixed reference solution (a) and methanol extract of B. aromatica (b) in negative ion mode. (A: 4-CQA; B: 3-CQA;
C: 5-CQA; D: 1,3-diCQA; E: 1,4-diCQA; F: 3,4-diCQA; G: 3,5-diCQA; H: 1,5-diCQA; I. 4,5-diCQA).
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Table 3
Calibration Curves, Linear Range, Limit of Detection (LOD), Limit of Quantification (LOQ), Precision, and Repeatability for 7 CQAs.
Compound Calibration curves R? Linear range LOD LOQ Precision Stability
(pg/mL) (pg/mL) (pg/mL) (RSD%) (RSD%)
Intraday Interday
(n=6) (n=3)
3-CQA y = 16139x — 5087 0.9992 0.0498 ~ 25 0.0149 0.0498 1.97 1.69 0.48
4-CQA y = 14391x — 2790.4 0.9994 0.0498 ~ 25 0.0149 0.0498 1.86 1.75 1.52
5-CQA y = 13083x — 2922.4 0.9995 0.0498 ~ 25 0.0149 0.0498 1.34 1.6 0.93
1,5-diCQA y = 27093x — 9632.1 0.9991 0.0498 ~ 25 0.0149 0.0498 1.52 3.21 1.35
1,3-diCQA y = 48121x — 14857 0.9993 0.0498 ~ 25 0.0076 0.0253 0.78 1.37 0.96
1,4-diCQA y = 37.04x — 13114 0.9991 0.0498 ~ 25 0.0149 0.0498 1.27 1.48 2.10
3,5-diCQA y = 17412x — 5348.5 0.9990 0.0316 ~ 16 0.0081 0.0269 2.45 2.02 1.34
3,4-diCQA y = 33968x — 5252.2 0.9995 0.0316 ~ 16 0.0095 0.0316 0.69 1.19 0.34
4,5-diCQA y = 74276x + 6735.2 0.9994 0.0316 ~ 16 0.0040 0.0130 1.62 0.85 0.67

coefficient (R2 > 0.9990). The ranges for LOD and LOQ were found to be
0.0040-0.0149 pg/mL and 0.0130-0.0498 pg/mL, respectively. Excel-
lent intraday and interday precisions, as well as stability within 48 h,
were observed. The relative standard deviation (RSD%) values ranged
from 0.69 % to 2.45 %, 0.52 % to 3.04 %, and 0.85 % to 3.21 %,
respectively. Additionally, Table 4 presents the recovery rates, which
ranged from 78.18 % to 113.90 %.

The analysis revealed two groups of isomers within the 7 CQAs
identified in this study: three monoCQAs and six diCQAs. Despite min-
imal structural differences among components within each group, var-
iations were observed in the positions of substituents. The content of
these 7 CQAs in B. aromatica displayed notable fluctuations, including
the presence of trace components. Consequently, the simultaneous
determination of these 7 CQAs posed a considerable challenge. In this
study, we successfully achieved the simultaneous quantitative analysis
of the 7 CQAs through continuous optimization of chromatographic
separation conditions and leveraging the analytical advantages offered
by UPLC-Q-Orbitrap HRMS technology. Our findings serve as a valuable
reference for the advancement and exploration of analytical techniques
for similar compounds.

Table 4
Recovery Rates and the Relative SD (RSD) of the 7 CQAs With Different Con-
centrations (80%, 100%, and 120%).

Compound  Unspiked Spiked Found Recovery RSD
(pg/mL) (pg/mL) (pg/mL) (%) (%, n
=3)
3-CQA 3.4716 2.7772 6.1288 95.68 2.40
3.4720 7.1971 107.30 5.04
4.1670 7.4603 95.72 2.02
4-CQA 0.5945 0.4756 1.0992 106.12 1.23
0.5946 1.1963 101.21 2.94
0.7136 1.4058 113.69 0.90
5-CQA 0.4245 0.3396 0.7212 87.36 2.51
0.4244 0.8315 95.89 2.33
0.5095 0.9518 103.49 4.06
1,5-diCQA 2.5652 2.0522 4.4924 93.91 1.93
2.5655 4.5709 78.18 3.21
3.0784 5.9185 108.93 1.66
1,3-diCQA 0.6074 0.4855 1.0187 84.71 3.10
0.6076 1.2405 104.19 2.71
0.7290 1.2983 94.78 2.82
1,4-diCQA 0.7864 0.6291 1.4488 105.30 1.90
0.7862 1.4730 87.33 1.75
0.9438 1.7568 102.82 0.80
3,5-diCQA 0.6237 0.4990 1.1921 113.90 2.47
0.6230 1.2781 105.04 1.86
0.7486 1.3476 96.70 4.37
3,4-diCQA 1.6554 1.3243 2.9998 101.52 1.64
1.6553 3.2051 93.62 2.20
1.9868 3.6041 98.08 0.81
4,5-diCQA 0.5173 0.4138 0.9681 108.94 3.01
0.5173 1.0553 104.01 2.86
0.6207 1.1276 98.33 2.93

3.1.3. Quantitative analysis

DESs exhibit notable characteristics, including variable composition,
ease of preparation, and biodegradability (Ruesgas-Ramon et al., 2020;
Rashid et al., 2023). These solvents possess the capability to engage in
intermolecular interactions, such as hydrogen bonding forces and van
der Waals forces, with chemical components in plants (Ivanovic et al.,
2020). This property enhances the dissolution efficiency of specific
chemical components, facilitating a more thorough extraction of
bioactive substances. Consequently, deep eutectic solvents find exten-
sive application in the extraction of active ingredients from medicinal
plants, encompassing alkaloids, flavonoids, polysaccharides, saponins,
and polyphenols (Duan et al., 2016; Torres-Vega et al., 2020; Dheyab
et al., 2021; Zuo et al., 2022; Liu et al., 2023). By employing a diverse
composition of DESs, our aim was to explore their effectiveness in
extracting CQAs from B. aromatica and compare it with that of tradi-
tional extraction solvents.

Each batch of samples was prepared in triplicate, and the compound
content in each batch was determined using a calibration curve. The
results are presented in Table 5 and Fig. 2, unveiling significant varia-
tions in the content of the 7 CQAs extracted from B. aromatica using
diverse solvents (P < 0.05). The CQAs displayed a concentration range
of 0.46-7.60 mg/g. The descending order of 7 CQAs was as follows: 1,5-
diCQA > 3,5-diCQA > 3-CQA > 3,4-diCQA > 4,5-diCQA > 1,3-diCQA >
4-CQA > 1,4-diCQA. Furthermore, the total phenolic acid content in the
samples ranged from 15.35 to 27.08 mg/g. Among the solvents exam-
ined, the extraction solvent comprised of choline chloride-1,4-
butanediol (DES-6) demonstrated the highest efficiency in extracting
phenolic acids. The monomeric CQAs present in DESs extract exhibited
significantly higher levels compared to conventional extraction solvents
(P < 0.05). Notably, choline chloride / 1,4-butanediol (DES-6) showed
the highest concentrations of 3-CQA and 4,5-diCQA at 4.71 + 0.31 and
2.28 + 0.19 mg/g, respectively. The choline chloride / oxalic acid (DES-
7) had the highest content of 4-CQA, measuring 2.05 + 0.05 mg/g. The
choline chloride / glycerol (DES-5) exhibited the highest levels of 5-
CQA, 1,3-diCQA, 1,4-diCQA, and 3,4-diCQA, with concentrations of
1.70 £ 0.14, 2.17 + 0.04, 1.39 £ 0.14, and 2.30 + 0.06 mg/g, respec-
tively. Furthermore, The choline chloride / acetic acid (DES-2) dis-
played the highest contents of 1,5-CQA and 3,5-diCQA, measuring 7.60
+ 0.38 and 5.70 + 0.23 mg/g, respectively. The results indicate that the
utilization of DESs can achieve higher extraction efficiency when
extracting these specific caffeoylquinic acid derivatives. The use of
seven DESs in this study demonstrated their superior extraction effi-
ciency compared to 3 traditional solvents for the extraction of 7 CQAs
from B. aromatica.

In prior investigations, it has been substantiated that Deep Eutectic
Solvents (DESs) composed of choline chloride-polyols can effectively
extract neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid,
and other components (Ali Redha, 2021). Notably, when the molar ratio
of choline chloride and glycerol is 1:2, the extraction efficiency of
phenolics from mulberry leaves is reported to be optimal (Gao et al.,
2020). The findings of this study align with the notion that the
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Table 5

Arabian Journal of Chemistry 17 (2024) 105596

The Contents of the 7 CQAs of B. aromatica from different solvent extracts (mg/g, Mean + SD, n = 3).

solvent 3-CQA 4-CQA 5-CQA 1,5-diCQA  1,3-diCQA  1,4-diCQA  3,5-diCQA 3,4-diCQA  4,5-diCQA Total phenolic

types acid*

Methanol 1.34 + 0.46 + 0.51 + 5.41 + 0.93 + 0.81 + 3.97 £0.09° 0.96 + 0.96 +0.13*  15.35 + 1.01°
0.13% 0.06* 0.14 0.28° 0.13? 0.03% 0.02°

Ethanol 2.94 + 0.70 + 0.77 + 7.27 + 1.27 + 112 + 453+013%  1.50 + 1.08 +0.08*  21.18 + 0.82"
0.04° 0.03° 0.02° 0.34% 0.01° 0.09¢ 0.08°

Water 3.00 + 1.41 + 1.21 + 5.16 + 2.02 + 1.08 + 337 +0.11°  230+0.077 1.39+0.12° 2094 +1.11°
0.17° 0.06° 0.11¢ 0.32° 0.11¢ 0.04°

DES-1 3.87 + 1.06 + 1.10 + 7.00 + 1.41 + 1.06 + 5.32 +£0.04 153+ 1.66 + 0.09°  24.01 + 0.79%
0.09¢ 0.04° 0.13¢ 0.19 ¢ 0.12° 0.01% 0.08°

DES-2 419 + 0.96 + 1.15 + 7.60 + 1.41 + 1.10 + 570 £0.23  1.62 + 1.67 £0.14° 2540 +1.27 8
0.15% 0.09¢ 0.08° 0.38" 0.05° 0.10" g 0.05¢

DES-3 4.39 + 1.30 + 1.63 + 6.82 + 1.96 + 1.36 + 4554009 222+017° 2064008 2629 +1.048
0.13% 0.02% 0.11% 0.14<4 0.23¢% 0.07¢

DES-4 4.20 + 0.97 + 1.16 + 7.39 + 1.39 + 1.09 + 567 £0.31  1.63+ 1.76 + 0.01 25.26 + 1.32°8
0.08% 0.12¢ 0.05¢ 0.45% 0.16" 0.05> 8 0.21¢ cd

DES-5 4.45 + 1.55 + 1.70 + 6.52 + 217 + 1.39 + 0.93 £0.01* 230+0.060 1.92+ 22.93 + 0.77 <
0.20%f 0.04° 0.14° 0.11% 0.04° 0.144 0.03%

DES-6 471 + 1.24 + 1.51 + 7.33 + 1.63 + 1.32 + 5.00 + 0.26°  2.06 + 228 +0.19°  27.08 +1.608
0.31f 0.08¢ 0.02¢ 0.43% 0.06° 0.12¢ 0.13¢

DES-7 413 + 2.05 + 1.67 + 6.06 + 1.79 + 0.95 + 433+0.07¢ 129+ 1.10 £0.11*  23.37 + 0.92%
0.16° 0.05 8 0.12% 0.26° 0.01 ¢ 0.12%° 0.02°

%8 Different lowercase letters indicate that the content of 7 CQAs in B. aromatica extracts with different extraction solvents is significantly different (P < 0.05); *: The

total phenolic acid content was the sum of all 7 monomeric CQA contents.
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Fig. 2. The content of 7 CQAs in different solvent extracts of B. aromatica.

combination of choline chloride and various polyols exhibits
commendable extraction efficiency for phenolics. Among them, DES-6
(choline chloride / 1,4-butanediol) demonstrated the highest extrac-
tion efficiency for phenolics. Chlorogenic acid, a pivotal component of
CQA, has been the subject of relatively mature extraction techniques
using DESs. For instance, Wu et al. utilized choline chloride / 1,4-buta-
nediol (molar ratio of 1:2), with a water content of 30 %, achieving an
extraction rate of 6.16 mg/g for chlorogenic acid (Wu et al., 2022). The
results of this study corroborate these findings, showcasing that the
extraction rate of chlorogenic acid by DES-6 (choline chloride / 1,4-
butanediol) surpassed that of other solvents. Hence, DESs composed of
choline chloride / 1,4-butanediol can be deemed effective extraction
solvents for chlorogenic acid. Additionally, various other DESs have
demonstrated utility in chlorogenic acid extraction. Luo et al. employed

DES with a molar ratio of 2:1, comprising choline chloride and L-
(+)-ascorbic acid, for extracting compounds in Eucommia ulmoides
leaves, including chlorogenic acid (Luo et al., 2022). Fanali et al. con-
ducted a screening of 15 different DESs based on choline chloride and
betaine as hydrogen bond acceptors, ultimately identifying a DES
composed of betaine and triethylene glycol (molar ratio 1:2) with
favorable extraction effects on chlorogenic acid in coffee beans (Fanali
et al., 2020).

In this study, we successfully extracted 7 CQAs from B. aromatica
using DESs in a single process, significantly expanding our under-
standing of DESs in extracting CQA components. This contributes
valuable insights to the efficient and environmentally friendly extrac-
tion of CQA components. The results underscore the potential of DESs as
effective solvents for the extraction of bioactive compounds in an
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environmentally conscious manner. Continued research and exploration
in this field hold the promise of developing novel and efficient extraction
methods with applications across pharmaceuticals, nutraceuticals, and
functional food industries.

3.2. Antioxidant activity of different solvent extracts

3.2.1. DPPH radical scavenging activity

The DPPH radical scavenging activity of B. aromatica extracts using
different solvents is depicted in Fig. 3. The extracts obtained from
various solvents exhibited certain scavenging capabilities towards DPPH
radicals. However, both were comparatively lower than that of ascorbic
acid. Within the concentration range of 0 to 500 pg/mL, the scavenging
rate exhibited significant variations corresponding to the concentration,
displaying a dose-dependent relationship. Upon surpassing a concen-
tration of 500 pg/mlL, the rate of clearance increment slowed down.
Notably, ascorbic acid achieved a maximum clearance of 96.88 % +
0.002 when the concentration exceeded 1666.7 pg/mL. Among the ex-
tracts obtained using different solvents, DES 1-6 demonstrated clear-
ances exceeding 90 %, whereas DES-7 exhibited a clearance of 84.69 %
+ 0.005. However, it is still higher compared to conventional solvents
such as water, ethanol, and methanol.

The antioxidant activity becomes stronger as the ICsy value de-
creases. The ICsg values for ascorbic acid and the various solvent ex-
tracts in terms of scavenging DPPH radicals, from lowest to highest, are
as follows: ascorbic acid (7.42 + 0.70 pg/mL) < DES-4 (185.63 + 1.88
pg/mL) < DES-3 (197.36 + 1.05 pg/mL) < DES-6 (210.90 + 4.88 pg/
mL) < DES-5 (211.75 + 4.26 pg/mL) < DES-1 (214.24 + 12.29 pg/mL)
< DES-7 (294.44 £+ 10.43 pg/mL) < water (314.67 + 12.17 pg/mL) <
DES-2 (355.60 + 3.71 pg/mL) < ethanol (585.41 + 28.85 pg/mL) <
methanol (1065.32 + 32.53 pg/mL), as illustrated in Table 6.

3.2.2. ABTS radical scavenging activity

As depicted in Fig. 4, most of the various solvent extracts of
B. aromatica exhibited scavenging ability towards ABTS radicals. The
scavenging rate exhibited an initial faster and then slower increase with
rising concentration within the range of 0 ~ 500 pg/mL. At a concen-
tration of 500 pg/mlL, ascorbic acid achieved a maximum scavenging
rate of 100 %. Among the extracts obtained using different solvents, the
scavenging rate of the aqueous extract and the majority of the seven DES

Arabian Journal of Chemistry 17 (2024) 105596

Table 6
Antioxidant activities in different solvent extracts of B. aromatica expressed as
ICs values (ug/mL) for DPPH, ABTS radical scavenging activity.

Samples DPPH ABTS

Methanol * 1065.32 + 32.53 762.24 + 44.17°
Ethanol* 585.41 + 28.85° 420.03 + 19.57¢
Water*® 314.67 + 12.17¢ 81.57 +1.91°
DES-1% 214.24 + 12.29° 84.45 + 20.80°
DES-2% 355.60 + 3.71° 103.10 + 3.42°
DES-3%* 197.36 + 1.05™ 14.86 + 3.33%
DES-4* 185.63 + 1.88° 73.91 + 1.35°
DES-5* 211.75 + 4.26™ 76.19 + 3.94°
DES-6* 210.90 + 4.88" 21.29 + 1.77°
DES-7% 293.44 + 10.43¢ 103.33 + 25.42°
Ascorbic acid® 7.42 + 0.70° 3.07 + 0.03°

8. Different lowercase letters indicate that the content of 7 CQAs in B. aromatica
extracts with different extraction solvents is significantly different (P < 0.05); x,
represents the mass of dry material powder contained per 1 mL of solvent;
Arepresents the mass of the compound contained in each 1 mL of solvent.

extracts exceeded 95 %. DES 3-6 exhibited a scavenging rate exceeding
99 %. In contrast, ethanol and methanol displayed lower scavenging
rates, both below 60 %. The ICsy values for the scavenging of ABTS
radicals, ranging from lowest to highest, are as follows: ascorbic acid
(3.07 £ 0.03 pg/mL) < DES-3 (14.86 + 3.33 pg/mL) < DES-6 (21.29 +
1.77 pg/mL) < DES-4 (73.91 £ 1.35 pg/mL) < DES-5 (76.19 + 3.94 pg/
mlL) < water (81.57 + 1.91 pg/mL) < DES-1 (84.45 £+ 20.80 pg/mL) <
DES-2 (103.10 + 3.42 pg/mL) < DES-7 (103.33 £+ 25.42 pg/mL) <
ethanol (420.03 + 19.57 pg/mL) < methanol (762.24 + 44.17 pg/mL),
as presented in Table 6. DES-3 exhibited an ICsq value of 14.86 + 3.33
pg/mL, which is in close proximity to ascorbic acid (3.07 + 0.03 pg/
mL), indicating that DES-3 had superior ABTS radical scavenging
activity.

3.2.3. Reducing power determination

The reducing power of various solvent extracts of B. aromatica and
ascorbic acid is presented in Fig. 5. Especially, both the ascorbic acid and
methanol extracts exhibited a significant dose-response relationship in
their linear reducing power. Ascorbic acid reached saturation at a con-
centration of 500 pg/mL, displaying a maximum absorbance of 1.412 +
0.003. On the other hand, the different extracting solvents reached
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Fig. 3. The DPPH radical scavenging activities of the ascorbic acid (VC) control and different solvent extracts of B. aromatica.
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saturation at a concentration of 20 mg/mL, with DES-6 displaying the
most potent reducing power, exhibiting a maximum absorbance of
1.593 + 0.006. The remaining six DES and water extracts had maximum
absorbance values ranging from 1.161 to 1.555. The descending order of
the reducing power of different solvent extracts of B. aromatica is as
follows: DES-6 > DES-3 > DES-4 > DES-5 > DES-1 > DES-2 > water >
DES-7 > ethanol > methanol.

3.3. Correlation analysis between CQAs and antioxidant activity

The Pearson correlation coefficient was used to analyze the rela-
tionship between the content of phenolic acids and the antioxidant ac-
tivity of extracts from B. aromatica using different solvents. Table 7
presents the results. The total phenolic acid content in DESs extract
showed a positive correlation with the reduction ability, DPPH free
radical scavenging ability, and ABTS free radical scavenging ability (p <
0.01). This indicates that a higher content of total phenolic acids in the
DESs extract corresponds to stronger antioxidant activity, suggesting

that total phenolic acids contribute significantly to the in vitro antioxi-
dant activity. Furthermore, a significant positive correlation (p < 0.001)
was observed between 3-CQA and the total phenolic acid content,
reduction ability, DPPH free radical scavenging ability, and ABTS free
radical scavenging ability. These results suggest that 3-CQA is one of the
main antioxidant components of total phenolic acids in the DESs extract
of B. aromatica. Higher content of 3-CQA in the DESs extract corresponds
to stronger antioxidant activity. Similarly, 5-CQA exhibited positive
correlations (p < 0.05) with total phenolic acids, reductive capacity,
DPPH free radical scavenging capacity, and ABTS free radical scav-
enging capacity, highlighting its importance in B. aromatica. The free
radical scavenging ability of 4-CQA,

1,3-diCQA, 3,4-diCQA, 4,5-diCQA, and DPPH showed significant
positive correlations with ABTS free radical scavenging ability (p <
0.05). Additionally, the reduction ability of 1,3-diCQA and 4,5-diCQA
exhibited significant positive correlations with ABTS free radical scav-
enging ability (p < 0.05). These findings suggest that 4-CQA, 1,3-diCQA,
3,4-diCQA, and 4,5-diCQA possess certain antioxidant activity. The
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significant advantage was observed in the extraction of specific CQAs
from B. aromatica compared to 3 traditional solvents. The UPLC-Q-
Orbitrap HRMS analysis was effectively employed to identify and
quantify 7 CQAs in the extracts, with 1,5-diCQA being the most abun-
dant. Among the tested DESs, DES-6 demonstrated the optimal extrac-
tion efficiency for 3-CQA and 4,5-diCQA, while DES-7 showed the
highest extraction efficiency for 4-CQA. DES-5 was most effective for
extracting 5-CQA. The DES extracts exhibited remarkable antioxidant
activity, surpassing that of conventional solvents. Indeed, while the
significant antioxidant effects of B. aromatica extracts, particularly
attributed to CQAs, have been established, the underlying mechanisms
remain a subject for further investigation. Future studies should delve
into a comprehensive exploration of the molecular and cellular mech-
anisms through which these compounds exert their potent antioxidant
activities. Correlation analysis revealed positive relationships between
phenolic acid content and antioxidant activity, particularly with 3-CQA
and 5-CQA, indicating their potential as key contributors to the observed
antioxidant effects. Importantly, the environmentally friendly DES
extraction method presented in this study offers a sustainable approach
for obtaining CQAs from B. aromatica, while maximizing its antioxidant
potential.
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