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A B S T R A C T

A simple and sensitive in situ antioxidation process assisted with a matrix solid-phase dispersion method for
extracting chiral flavonoids in citrus fruit was established, and samples were further analyzed using ion mobility
quadrupole time-of-flight high-resolution mass spectrometry. The collision cross-sections of the target com-
pounds were studied using single-field and stepped-field methods. The optimal conditions were obtained using
30 mg of C18 as a dispersant, methanol as an elution solvent and 0.6 mM 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as a radical solution. Additionally, the method showed satisfactory limits of detection (3.70–6.52 ng/mL) and
good recoveries (96.78–104.67%) for four flavonoids in citrus fruit. The IC50 values of DPPH radical-scavenging
activities ranged from 817.8 to 981.55 μg/mL for tested samples. The method was a good alternative for the
microextraction and determination of antioxidant capacity and chiral differentiation of narirutin, naringin,
hesperidin and neohesperidin in citrus fruit.

1. Introduction

In recent years, oxidative stress during an organism's metabolic
processes has been recognized as the root cause of the initiation, de-
velopment and progression of several diseases, such as cancer, cardio-
vascular disease, Alzheimer’s disease, diabetes, and many other deadly
health conditions (Gong et al., 2020). Thus, supplementing exogenous
antioxidants is a promising approach to decrease the body damage
caused by oxidative stress. Currently, interest in the use of antioxidants
that naturally possess antioxidant compounds is growing because of
their low toxicity and few side effects. Several approaches have been
proposed to assess the antioxidant activities of plant extracts, including
the measurement of peroxynitrite (ONOO–) scavenging capacity, stable
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging capacity, 2,2-
azinobis-(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) activity,
cupric ion-reducing antioxidant capacity, ferric reducing-antioxidant
power, enzyme activity and cellular antioxidant activity (Zou, Xi, Hu,
Nie, & Zhou, 2016; Jin et al., 2013). The most commonly used method
to assess antioxidant activity is the determination of DPPH radical-
scavenging scavenging activity. DPPH is a paramagnetic compound
with an odd electron for scavenging free radicals (Duan, Cao, & Zhang,

2012; Liu et al., 2016), which is conducive to maintaining health or
healing processes. In the role of a hydrophilic antioxidant, the main
limitation of the DPPH method is the strong absorption band when
DPPH is dissolved in a variety of organic solvents (Tang, Li, Chen, Guo,
& Li, 2008; Wojdylo, Oszmianski, & Czemerys, 2007). However, the
previously reported methods were tedious and required multiple steps
to complete the extraction and antioxidant process (Zou et al., 2016). It
is of great importance to determine the antioxidant activity of the fol-
lowing five citrus fruits because they have good pharmacological ac-
tivities for humans: Aurantii Fructus Immaturus, Aurantii Fructus, Citri
Reticulatae Pericarpium, Citri Exocarpium Rubrum and Citri Sarco-
dactylis Fructus. To screen active natural drug compounds, a simple and
fast method for combining and integrating extraction and DPPH ra-
dical-scavenging activity must be realized.

Flavonoids constitute one of the largest groups of polyphenolic
compounds that generally possess chirality and a low molecular weight
(Jeon, Kwon, Cho, & Jung, 2010). Flavonoids are widely found in
natural products, fruits and vegetables, such as Aurantii Fructus Im-
maturus, Citrus Sinensis and Citrus Aurantium (Cho, Jeon, & Jung,
2009; Jeong, Kim, Dindulkar, Lee, & Jung, 2015). In addition, interest
in investigating natural flavonoids as potential new drugs has been
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increasing because flavonoids have a wide variety of biological activ-
ities and medicinal properties. Hesperidin, narirutin, naringin, ca-
techin, and neohesperidin are the main flavonoids and have antic-
arcinogenic, antiatherogenic, anti-inflammatory, anti-allergic, antiviral
and anti-tumor effects that benefit human health (Park & Jung, 2005;
Yanez, Andrews, & Davies, 2007). Furthermore, flavonoids fulfill many
functions involving pigmentation in flowers and protection from the
damage caused by insects and microbes (Juca et al., 2020). Analysis
and exploration of enantiomers and the stereospecific disposition of
flavonoids have been conducted because of the continuing interest in
natural flavonoids in recent years (Sayre, Alrushaid, Martinez,
Anderson, & Davies, 2015). Moreover, the importance of the stereo-
specific structure of flavonoids has been recognized and reported, and
many flavonoids are present as isomeric pairs due to optically active
sugar residues and/or a chiral center (Yanez et al., 2008). Direct and
rapid chiral identification of flavonoid isomers is rarely reported in the
literature because these chiral molecules are usually separated by chiral
columns or chiral additives. Therefore, it is important and useful to
exploit the isomers of flavonoids in citrus fruit.

Ion mobility quadrupole time-of-flight high-resolution mass spec-
trometry (IM-QTOF-MS) is a powerful tool for analyzing the chemical
composition and structural details of tested analytes and rapidly iden-
tifying isomeric mixture compositions of complicated samples using the
additional dimension of mobility separation (Perez-Miguez et al.,
2019). Further, IM separation can reach the millisecond level, and in-
formation intensive multidimensional separation and peak capacity are
readily promoted via high-performance liquid chromatography coupled
with a mass spectrometry (HPLC-MS) system (Ouyang et al., 2018a).
IM-QTOF-MS offers not only accurate mass information of the target
analytes but also their respective collision cross sections (CCSs), which
provide information on the ion shape, charge and size, as well as the
compound conformation and structure (Lee, Lee, Davidson, Bush, &
Kim, 2018; Ouyang et al., 2018b). In short, the CCS measurement of IM-
QTOF-MS serves as a new method for studying theoretical structure
modeling (Stow et al., 2017). In addition, IM-QTOF-MS eliminates the
interference of other analytes in the sample, thereby improving the
signal-to-noise ratio and sensitivity. In recent years, IM-QTOF-MS has
been used as a versatile platform with practicability and feasibility in
various fields of research, including the analysis of lipids, glycans, small
molecules, polymers, metabolomics, drugs, foods and environmental
samples (Lee, 2017; Soper-Hopper et al., 2017; Struwe, Benesch,
Harvey, & Pagel, 2015). To date, the use of IM-QTOF-MS to identify and
discriminate between the isomers of chiral flavonoid compounds has
not been reported.

Citrus fruits belong to the Rutaceae family and are rich sources of
various bioactive compounds, especially flavonoids (Kawaii, Tomono,
Katase, Ogawa, & Yano, 1999). Citrus fruits have shown considerable
medicinal value, such as neuroprotective, antioxidant, and anti-in-
flammatory activities (Wang, Chen, Chen, Chen, & Liu, 2019). In ad-
dition, it is commonly accepted that the formation of cancer and viral
infections can be stopped by consuming certain citrus plants because
they are rich in functional components, such as mineral elements, es-
sential vitamins, soluble fibers, and bioactive compounds. Most im-
portantly, flavonoids in citrus fruits are one of the most prominent
cancer-preventing agents because they are responsible for anti-pro-
liferation, anti-metastasis and antiangiogenesis activity (Ke, Pan, Xu,
Nie, & Zhou, 2015). The flavonoids present in citrus fruits include
tangeretin, narirutin, apigenin, luteolin, naringenin, diosmetin, nobi-
letin, naringin, hesperidin, neohesperidin, quercetin and rutin (Xu
et al., 2019). In recent years, matrix solid-phase dispersion (MSPD) has
been used as a sample preparation strategy for extracting a wide variety
of chemical compounds (Xu et al., 2016). In this process, the solid
sample and dispersant are ground and mixed, allowing cell disruption
of the original sample structure, and the target analytes are released
using suitable elution solvents. MSPD is a simple, efficient and universal
technology widely applied in environmental, food, traditional medicine

and biological matrices. As the crucial components of citrus fruit, chiral
flavonoids, such as naringin, narirutin, hesperidin and neohesperidin,
have attracted considerable attention (Ke et al., 2015). However, there
have been no studies on antioxidant-based microextraction and rapid
chiral identification of chiral flavones.

In the present study, the chiral flavonoids from citrus fruit were
microextracted and determined using in situ antioxidation-assisted
MSPD coupled with IM-QTOF-MS. The novelty of this research lies in
the fact that the developed antioxidant technology and chiral separa-
tion method quickly separate flavonoids using environmentally friendly
methods that use minimal samples, organic solvents, and a conven-
tional chromatographic column without chiral additives. Moreover, the
extraction and the antioxidant reaction were combined and integrated
in the MSPD procedure. Single-field CCS and stepped-field CCS were
obtained to determine the structural information of the tested com-
pounds. The proposed method was applied to the extraction and de-
termination of the chiral flavonoid compounds in the following five
citrus fruits: Aurantii Fructus Immaturus, Aurantii Fructus, Citri
Reticulatae Pericarpium, Citri Exocarpium Rubrum and Citri
Sarcodactylis Fructus.

2. Materials and methods

2.1. Materials and reagents

HPLC-grade methanol was obtained from Merck Co. (Darmstadt,
Germany). Multi-walled carbon nanotubes (MWCNTs) and graphene
were obtained from Nanjing Xianfeng Nano Material Technology Co.,
Ltd. (Nanjing, China). Tianjin Bo Jin Technology Co., Ltd. (Tianjin,
China) supplied the C18. Florisil with an average diameter of 60–100
mesh was purchased from ANPEL Laboratory Technologies (Shanghai)
Inc. (Shanghai, China). DPPH and chitosan were provided by TCI
(Shanghai) Development Co., Ltd. (Shanghai, China). The pure water
was of LC-MS reference grade and was purchased from Thermo Fisher
Scientific Inc. (Waltham, USA). 1-Dodecyl-3-methylimidazolium bro-
mide ([Domim]Br) was purchased from Shanghai Chengjie Chemical
Co., Ltd. (Shanghai, China). Formic acid (FA), ethanol and acetonitrile
(all of HPLC grade) were purchased from Tedia Company, Inc. (Ohio,
USA). Ethyl acetate was obtained from Hangzhou Shuanglin Chemical
Reagent Co., Ltd. (Hangzhou, China).

Racemic standards of narirutin, naringin, hesperidin, and neohe-
speridin were obtained from Shanghai Ronghe Pharmaceutical
Technology Co., Ltd. (Shanghai, China). The chemical structures of the
four target compounds are shown in Fig. S1 (supplementary materials).
The five citrus fruits, namely, Aurantii Fructus Immaturus, Aurantii
Fructus, Citri Reticulatae Pericarpium, Citri Exocarpium Rubrum and
Citri Sarcodactylis Fructus were purchased from a local pharmacy
(Zhejiang, China), and authenticated by one of the authors (Prof. Jun
Cao). The voucher specimens and samples were deposited at the College
of Material Chemistry and Chemical Engineering, Hangzhou Normal
University, Hangzhou, China.

2.2. Apparatus

The qualitative and quantitative analyses were performed using an
Agilent 1290 UHPLC System (Agilent, Santa Clara, California, USA)
connected to an Agilent 6560 ion mobility quadrupole time-of-flight
mass spectrometry. The separation was performed on an Agilent SB-C18

column (50 mm × 2.1 mm × 1.8 µm). The QTOF-MS system with a
Dual AJS ESI source was equipped in negative ionization mode. A
gradient elution program was set at a flow rate of 0.4 mL/min using a
mobile phase of 0.05% FA-water (A) combined with methanol (B). In
addition, the gradient program was as follows: 0–1 min, 20–30% B;
1–6 min, 30–32% B; 6–7 min, 32–100% B; 7–8 min, 100–20% B. The
column temperature was held at 40 ℃ with an injection volume of 1 μL.
The source conditions, that obtained the highest intensity of precursor

H. Zheng, et al. Food Chemistry 343 (2021) 128422

2



ions [M-H]+ were as follows: fragmentor, 400 V; capillary voltage,
3500 V; drying gas (N2) flow, 5 L/min; sheath gas (N2) flow, 11 L/min;
and nebulizer, 35 psig. The temperatures of the gas and sheath gas were
300 ℃ and 350 ℃, respectively. All target compounds were monitored
under the selected ion mode in the range of m/z 250–620, and their
acquisition rate was 1 spectra/s. All the analyses and CCS values of data
were obtained by an Agilent MassHunter Qualitative Analysis
Navigator B.08.00, Agilent IM-MS Reprocess Software and Agilent IM-
MS Browser Software.

2.3. MSPD extraction procedure

Briefly, 30 mg of dispersant and 25 mg of citrus fruit sample were
weighed accurately in an agate mortar, and manually ground together
for 1 min. After homogenization, the composite samples were placed in
an empty centrifuge tube (5 mL) to avoid loss of the mixtures during the
elution, and 2.5 mL of elution solvent (methanol) was added in the
tube. The tube was then agitated in a vortex for 5 min. Finally, the
eluent was diluted 20-fold with elution solvent and centrifuged for
5 min at 13 000 rpm prior to IM-QTOF-MS analysis. For the in situ
antioxidation process, fresh DPPH solution was added to the elution
solvent, which was prepared daily and dissolved in methanol (final
concentration of 0.6 mM). When the sample was extracted by agitation,
the antioxidant reaction occurred immediately due to the addition of
DPPH. In addition, all experiments were performed in the dark. The
experimental procedure is shown in Fig. 1.

2.4. Statistical analysis

In this MSPD method, each experiment was evaluated in triplicate
(n = 3) from the data obtained, and the results are expressed as the
mean ± SD. One-way analysis of variance (ANOVA, SPSS 18.0 soft-
ware for Windows) was used to determine the significant differences
among citrus samples (P < 0.05).

3. Results and discussions

3.1. Selection of dispersant

In the MSPD method, solid support material serves the following

two main functions in the process of blending with a sample: produce
mechanical friction to break the sample; and aid analyte dispersion and
adsorption in the sample. Thus, C18, florisil, chitosan, MWCNTs and
graphene were tested as dispersants to determine which one obtained
the highest extraction efficiency and the best separation performance of
the target analytes. A 25 mg sample was blended with 30 mg of dis-
persant, and 2.5 mL of methanol was used as the extraction solvent,
applying a grinding time of 1.0 min in all cases. The corresponding
experimental results are shown in Fig. 2A. The highest extraction effi-
ciency of the four target analytes was obtained when C18 was used as
the dispersant. This result may be ascribed to the large porosity, hy-
drophobic characteristics, and stable chemical properties of C18 as well
as the polyhydroxy characteristics of the flavonoids in the sample.
Moreover, C18 had the largest surface area and strongest absorption of
flavonoids, allowing it to effectively retain the tested compounds
through nonpolar forces (van der Waals forces) to improve the extrac-
tion efficiency. Although florisil had a certain absorption capacity for
flavonoids, it was not optimal when eluting the flavonoids with me-
thanol. MWCNTs and chitosan resulted in decreased extraction effi-
ciencies by approximately 50% compared to those acquired using C18.
The graphene used was in the form of a sheet, and was blended with the
sample insufficiently within 1 min, resulting in the worst extraction
performance. Based on these findings, C18 was selected as the best
dispersant for further work.

3.2. Selection of the amount of dispersant

The amount of dispersant is another significant parameter that can
increase the contact area of the sample with the dispersant to allow
target analytes in the sample to be easily dispersed and adsorbed
throughout the dispersant. Thus, the transfer of sample components to
the dispersant becomes more effective and sufficient. Four different
amounts of C18 dispersant (20, 25, 30 and 35 mg) were evaluated in the
MSPD procedure. As shown in Fig. 2B, the extraction efficiency in-
creased slightly when the amount of C18 varied from 20 to 30 mg,
which can be attributed to the increased interface area and adsorption
capacity between the dispersant and target analytes. The extraction
efficiency changed substantially with the increase in the C18 amount
from 30 to 40 mg. Further increasing the amount of C18 did not improve
extraction efficiencies of the four target analytes, and a higher ratio of

Fig. 1. Experimental workflow of the method.
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dispersant resulted in too strong adsorption, which made transferring
the analyte into the extraction solvent difficult, thereby decreasing the
extraction efficiencies. As a result, 30 mg of C18 was selected as the
optimum amount for the subsequent experiments.

3.3. Selection of elution solvent

The elution solvent is an important optimization parameter in the
MSPD procedure as it not only desorbs target analytes from the sample
mixture efficiently, but also eliminates the remaining matrix compo-
nents. Therefore, the type of elution solvent can influence the extraction
efficiency and pre-concentration factor of the tested compounds by
changing the polarity of the aqueous phase in the MSPD step. In this
case, different types of elution solvents including methanol, ethanol,
acetonitrile, ethyl acetate and [Domim]Br, were evaluated. As shown in
Fig. 2C, methanol had the highest extraction efficiency for all flavonoid
compounds. This result was primarily due to the polarity of the elution
solvent, which determined the adsorption performance of the target
analytes to some extent. The order of elution solvent polarity was as
follows: [Domim]Br > methanol > acetonitrile > ethanol > ethyl
acetate. The polarity of the tested compounds was similar to that of
methanol. Thus, the extraction performance of methanol was the best,
agreeing with the principle of similar compatibility. In addition, fla-
vonoids containing abundant –OH groups easily interacted with the
elution solvent through hydrogen bonds, thus improving elution and
dissolution. The effects of all eluting solvents, except [Domim]Br, were
remarkable for their extraction efficiency of the four flavonoid com-
pounds (P < 0.05). Thus, methanol was selected as the optimum
elution solvent for the MSPD experiment.

3.4. On-line determination of sample antioxidant activity

To understand the critical importance of the antioxidant protection

mechanism, discover medicinal uses and decrease oxidative stress, the
DPPH method is generally applied to evaluate the ability of anti-
oxidants to scavenge free radicals. In this study, the antioxidant activ-
ities of flavonoids were evaluated on line, and the steps of the extrac-
tion and antioxidant reaction were combined and integrated. Therefore,
five different concentrations of DPPH (0, 0.6, 0.9, 1.2, and 2.4 mM)
were selected to evaluate the antioxidant activity of flavonoids in an
Aurantii Fructus Immaturus sample. The chromatograms of Aurantii
Fructus Immaturus extract with and without DPPH solution are shown
in Fig. S2 (supplementary materials). Fig. 2D and S2 (supplementary
materials) show that the peak areas of the four target compounds in the
sample extract significantly decreased after spiking with DPPH. How-
ever, a further increase in the concentration of DPPH did not improve
the free radical-scavenging potency, which may have been due to the
interactions between antioxidants and free radicals reaching a balance.
The typical antioxidant reaction between the target analytes and DPPH
free radicals is shown in Fig. S3 (supplementary materials). The most
efficient solvent for the extraction of flavonoid antioxidants from the
Aurantii Fructus Immaturus sample was 0.6 mM DPPH.

In this work, the antioxidant activities of the different citrus sample
extracts and flavonoid compounds were compared by LC-IM-QTOF-MS
assays. The relative percentage radical-scavenging activity of the
sample (inhibition for DPPH) was determined through the following
equation: Inhibition (%) = (Pblank − Psample) / Pblank × 100%; where
Pblank is the peak area of blank DPPH; and Psample is the peak area of
DPPH, which was an online spiked sample. The IC50 values were de-
fined as the concentration of inhibitory substance corresponding to the
inhibition rate of 50%, that is, the sample concentration required to
remove 50% of the DPPH free radicals. In addition, the IC50 values were
reported as the mean of three determinations. The IC50 values of dif-
ferent samples and target analytes ranged from 32.59 µg/mL to
981.55 µg/mL for DPPH activity (P < 0.05). The corresponding results
(listed in Table 1) indicate that the citrus sample extracts had good free

Fig. 2. Optimization of the MSPD process. Extraction conditions were as follows: 25 mg of Aurantii Fructus Immaturus sample, 1.0 min of grinding time, 2.5 mL of
elution solvent. (A) Effect of the type of dispersants: (a) C18, (b) florisil, (c) chitosan, (d) MWCNTs, and (e) Graphene. (B) Effect of the amount of dispersant (20, 25,
30, and 35 mg). (C) Effect of the type of elution solvents: (a) methanol, (b) ethanol, (c) acetonitrile, (d) ethyl acetate, (e) [Domim]Br. (D) Effect of the DPPH
concentrations (0, 0.6, 0.9, 1.2 and 2.4 mM). Target compounds: (1) narirutin, (2) naringin, (3) hesperidin, and (4) neohesperidin.

H. Zheng, et al. Food Chemistry 343 (2021) 128422

4



radical-scavenging capacities.
Table S2 compares the performance of the proposed method with

other methods reported in the literature (Su, Shyu, & Chien, 2008; He
et al., 2020; Huang et al., 2020) regarding conventional DPPH
scavenging activity using the MSPD-based in-situ antioxidation method.
All methods had similar antioxidant capacities for citrus extracts. Fur-
thermore, the sample extraction and antioxidant reaction occurred si-
multaneously for the proposed method, which required less antioxidant
incubation time, smaller amounts of sample and a smaller volume of
extraction solvent. In conclusion, the present method was a simple, fast,
inexpensive and efficient for studying the antioxidant activity of citrus
fruits.

3.5. Collision cross sections (CCSs)

IM-MS data typically include mass-to-charge values (m/z) and drift
times, which can be further transformed into CCS values. The main
advantages of CCS values are that they can increase targeted screening
specificity, provide complimentary orthogonal identification informa-
tion, and are unaffected by the sample matrix, making them invaluable
for screening and profiling unknown compounds. In this study, ordinary
columns were applied to separate the chiral compounds and determine
their structure information. Moreover, the isomers of chiral compounds
were determined in the analysis of citrus fruit.

3.5.1. Single-field CCS
Under the condition of a single electric field, the full arrival time

was converted to a CCS value using a calibration equation. The single-
field CCS value of an analyte is expressed as follows:

= +t tD fix (1)

where tD is the total arrival time for ions from trap to detector; β is the
correction factor; Ω is the CCS value of the analyte; and tfix is the fixed
time in the detector. The value of γ is calculated as follows:

=
+z
m

m m
1

B

1

1 (2)

where mB is the mass of the drift gas; m1 is the mass of the target
analyte; and z is the charge state of the target analyte. In the single field
assessment, the tune calibrant fluid and standard mixture were ac-
quired at a drift tube entrance voltage of −1700 V. As shown in Table 2

and Fig. 3, the four flavonoid compounds wereseparated in the negative
IM mode and had different drift times and CCS values. The CCS values
of a-narirutin and b-narirutin were 218.1 and 236.9, respectively.
Naringin was divided into a-naringin, b-naringin and c-naringin with
CCS values of 215.9, 220.9 and 230.6, respectively. In addition, the CCS
values of a-hesperidin, b-hesperidin, a-neohesperidin and b-neohe-
speridin were 230.2, 241.7, 227.0 and 239.1, respectively.

3.5.2. Stepped-field CCS
Measured drift times can be transformed into stepped field CCS

values through the multiple field IM relationship, known as the Mason-
Schamp equation, which is displayed below:
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The parameters of this equation are as follows: kb, Boltzmann’s
constant (1.3806 × 10−23 m2·kg·s−2·K−1); T, temperature of the drift
gas and analyte; z, charge state of the analyte; e, fundamental charge
(1.602 × 10−16C); mi, mass of the analyte; mB, drift gas mass; td,
measured drift time; E, field strength of the drift cell; L, drift cell length;
P, drift gas pressure; N, drift gas number density at 1 atm and 273 K
(2.687 × 1025 m−3). In the stepped field assessment, the CCS values of
the tuning fluid and standards were obtained with the drift tube en-
tranced voltage ranging from −1100 V to −1700 V. According to
equation (3), the CCS values obtained from multiple electric fields for
the standard solution are listed in Table 2. The stepped-field CCS values
of a-narirutin and b-narirutin were 215.7 and 235.9, respectively. In
addition, the a-naringin, b-naringin, and c-naringin CCS values were
213.9, 217.4 and 228.7, respectively, and the CCS values of a-hesper-
idin, b-hesperidin, a-neohesperidin and b-neohesperidin were 229.7,
241.6, 227.8 and 240.5, respectively. The CCS values calculated from
the stepped field obtained using the negative IM-MS mode were com-
pared to the experimental single field CCS data of the four flavonoid
compounds as [M-H]- adducts. The deviation between the CCS values of
the stepped field and those of the single field was less than 2% and did
not significantly (P > 0.05) change for target analytes. Therefore, the
measured CCS values were reliable and authentic and provided insight
into the structure information of the target analytes and improved the
accuracy of compound identification.

3.6. Method validation

For further validation, the MSPD method was tested under the op-
timal experimental conditions in terms of its linear ranges (determi-
nation coefficients, r2), intraday and interday precision (relative stan-
dard deviations, RSD), limits of detection (LODs) and limits of
quantification (LOQs). The main parameters of the investigated MSPD
method are summarized in Table 3.

With the concentration of the flavonoids ranging between 0.01 and
5 µg/mL, standard curves were acquired by plotting a series of peak
areas against the concentration. The r2 for the standard curves varied
from 0.9993 to 0.9998, which showed that target analytes had sa-
tisfactory linear relationships. Precision was conducted with the four
flavonoids at a concentration of 5 µg/mL on the same day and different
days (n = 3). RSD values of intraday precision were between 0.11 and
0.15% for retention time and between 1.87 and 4.66% for peak area.
Interday RSDs for retention time were between 0.07 and 0.16% with
RSDs for peak area less than 4.49%. Therefore, the investigated method
had satisfactory precision. The LODs were calculated as the lowest
concentration yielding a signal-to-noise ratio (S/N) of 3 and were in the
range of 3.70–6.52 ng/mL. In addition, the LOQs adopted S/N = 10
during the test of the four flavonoids. As a result, the LOQs were be-
tween 12.35 and 21.74 ng/mL. Method quantification limits (MQLs)
were tested using ten times the S/N ratio when matrices were spiked at
the low concentration level. MQL values were in the range of

Table 1
IC50 values of samples and target analytes.

Sample IC50 (µg/mL) Sample IC50 (µg/mL)

Aurantii Fructus Immaturus 871.08 Narirutin 35.51
Aurantii Fructus 839.77 Naringin 32.77
Citri Reticulatae Pericarpium 817.80 Hesperidin 247.52
Citri Exocarpium Rubrum 856.75 Neohesperidin 32.59
Citri Sarcodactylis Fructus 981.55

Table 2
Single-field CCS and stepped-field CCS values of target analytes in standards.

Target analyte m/z CCS

Single Field Stepped Field

a-Narirutin 579.1716 (H-) 218.1 215.7
b-Narirutin 579.1715 (H-) 236.9 235.9
a-Naringin 579.1716 (H-) 215.9 213.9
b-Naringin 579.1716 (H-) 220.9 217.4
c-Naringin 579.1723 (H-) 230.6 228.7
a-Hesperidin 609.1824 (H-) 230.2 229.7
b-Hesperidin 609.1825 (H-) 241.7 241.6
a-Neohesperidin 609.1826 (H-) 227.0 227.8
b-Neohesperidin 609.1827 (H-) 239.1 240.5
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14.26–24.17 ng/mL for the four target analytes as shown in Table 3.
These results demonstrated the general feasibility of the developed
MSPD method for the sensible and accurate determination of the fla-
vonoids, and the method was appropriate for practical application.

3.7. Citrus fruit sample analysis

To assess the reliability and applicability of the investigated MSPD
method, five citrus fruit varieties were analyzed to determine their
chiral flavonoid compounds. The five citrus fruits were Aurantii Fructus
Immaturus, Aurantii Fructus, Citri Reticulatae Pericarpium, Citri
Exocarpium Rubrum and Citri Sarcodactylis Fructus. Three pieces
(biological replicates) of each fruit were analyzed, and the results are
presented in Table S1 (supplementary materials). Moreover, typical
chromatograms of the standard solution and Aurantii Fructus Im-
maturus sample are shown in Fig. S4 (supplementary materials).

Three chiral flavonoids were detected in the Aurantii Fructus
Immaturus sample at concentrations of 7.62 and 91.15 mg/g, which
were higher than those of the other four citrus fruit varieties. The
content of naringin (133.66 mg/g) in Citri Exocarpium Rubrum was
significantly higher than that of Aurantii Fructus Immaturus
(100.22 mg/g). The flavonoid content differed significantly (P < 0.05)
between different samples. The composition and content of flavonoids
in the five studied samples varied markedly due to the varieties,

sources, harvest times, cultural manners and manufacturing processes.
The MSPD results were generally consistent with those of previous re-
ports (He et al., 2020; Li et al., 2016). The Aurantii Fructus Immaturus
sample was spiked with two levels of standard solution concentrations
(0.1 and 1 µg/mL). Table S1 summarizes the recovery rates for each
target analyte, which ranged from 96.78% to 104.67%. Three repeated
analyses (n = 3) were performed on Aurantii Fructus Immaturus
samples under the optimum conditions to evaluate the reproducibility
of the developed method. The RSDs for the retention time ranged from
0.05% to 0.08%, and the RSDs for the peak area ranged from 2.24 to
3.03%. As a result, the MSPD method developed herein was simple,
quick, sensitive, and suitable for the determination and separation of
chiral flavonoids in citrus fruit.

Traditional MSPD uses a solid support as the extracted carrier, a
large amount of organic solvents (1–50 mL) and a dosage of adsorbents
and samples of 0.1–10 g (Capriotti et al., 2010). The main advantages of
the present method are that it requires only small amounts of sample
(25 mg), dispersant (30 mg) and extraction solvent (2.5 mL), and the
present method is rapid and inexpensive. In addition, the process of
antioxidation and extraction is performed at one time using the present
method, greatly improving the experimental efficiency. Further, this
miniaturized extraction method is considered a green method that
benefits environmental protection.

Fig. 3. IM chromatograms of the four target compounds in standards: (A) narirutin, (B) naringin, (C) hesperidin, and (D) neohesperidin.

Table 3
Linear regression data, precision, limits of detection (LODs) and limits of quantification (LOQs) of the investigated compounds.

Analyte Calibration curve Precision (RSD%) LODs LOQs MQLs
Calibration level (n = 6) Intraday n = 6 Interday n = 6

r2 Slope Intercept Linear Retention Peak Retention Peak ng/mL ng/mL ng/mL

range
µg/mL

time area time area

Narirutin 0.9993 543970.63 17086.10 0.01–5 0.14 3.97 0.07 2.33 3.70 12.35 14.26
Naringin 0.9996 636021.16 12903.95 0.01–5 0.14 4.66 0.16 3.58 5.36 17.86 19.88
Hesperidin 0.9998 543328.34 1040.62 0.01–5 0.11 1.95 0.14 2.69 6.52 21.74 24.17
Neohesperidin 0.9996 659997.86 −6318.44 0.01–5 0.15 1.87 0.13 5.49 5.77 19.23 21.55
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4. Conclusion

The present MSPD method was developed and used for the extrac-
tion and determination of four chiral flavonoids from five citrus fruit
samples. The developed antioxidant technology was a miniaturized
method that used minimal samples and organic solvents and combined
and integrated the steps of extraction and antioxidant reaction. The
tested sample extracts had good free radical-scavenging capacities.
Because the chiral separation method used a conventional chromato-
graphic column without chiral additives and quickly separated flavo-
noids, it may be considered a green method. In addition, CCS values
were used as a supplementary parameter to characterize and identify
chiral flavonoid compounds in negative mode, with better accuracy
than retention times. The use of dispersant C18, especially at 30 mg,
with methanol as the elution solvent, and 0.6 mM DPPH as the anti-
oxidant influenced the extraction efficiency. The results demonstrated
that the developed MSPD method obtained great LODs, recoveries and
reproducibility in analyzing five varieties of citrus fruit. As a result, the
proposed MSPD method, assisted with IM-QTOF-MS, is a promising
alternative for the microextraction and determination of chiral flavo-
noids in five varieties of citrus fruit, because it is faster, more sensitive,
simpler and greener than the traditional method.
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