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Abstract Untargeted metabolomics more suits the quality evaluation of TCM because of its holis-

tic property. To assess the holistic quality difference of Saposhnikoviae Radix (the roots of Saposh-

nikovia divaricata), we integrate ultra-high-performance liquid chromatography coupled with ion

mobility/quadrupole time-of-flight mass spectrometry (UHPLC/IM-QTOF-MS)-based untargeted

metabolomics and quantitative assay. A BEH C18 column in the reversed-phase mode and a

BEH Amide column in Hydrophilic Interaction Chromatography (HILIC) mode were utilized
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for metabolites profiling, which enabled high coverage of the non-polar to polar components in

Saposhnikoviae Radix. Moreover, the application of major components knockout strategy enlarged

the exposure of those minor components. Integrated use of high-definition MSE (HDMSE) and

data-dependent acquisition (DDA) could enhance the metabolites characterization by providing

reliable fragmentation information and collision cross section values. Computational in-house

library-driven automated peak annotation of the HDMSE and DDA data assisted to characterize

104 components from Saposhnikoviae Radix. Chemometric analyses of the commercial Saposh-

nikoviae Radix samples (64 batches collected from 11 cultivars aging from 1 to 4 years), based

on the positive MSE data, in general could indicate large discrimination between Guan-Fang-

Feng (from Heilongjiang) and the others, but negligible difference among Saposhnikoviae Radix

from the other ten provinces of China and with different ages. Quantitative assays of prim-O-

glucosylcimifugin and 40-O-b-D-glucosyl-5-O-methylvisamminol, by a rapid and fully validated

UHPLC-UV method, could primarily deduce that Guan-Fang-Feng aging 2 and 3 years exhibited

better quality. The methods established can holistically assess the quality of TCM with wide spans

of plant metabolites covered.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud 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

Different from the chemical and biological medicine, herbal
medicine (or traditional Chinese medicine, TCM) is well

known as a complex chemical system, which is typically fea-
tured by the co-existing of multiple classes of the primary
and secondary metabolites possessing wide spans of molecular

weight, acid-base property, polarity, and contents, etc. (Lu
et al., 2019; Yan et al., 2017). Moreover, the quality of TCM
can be affected by a series of factors, such as the producing

region (cultivar), growing age, collection time, processing tech-
nology, and even the condition and period of storage (Li et al.,
2017; Luo et al., 2019; Kim et al., 2012; Nie et al., 2019; Xu

et al., 2018). These characteristics render a systematic work
to develop powerful analytical methods (e.g. fingerprinting
and multicomponent quantitative assay) capable of assessing
the holistic quality of TCM, which is not only crucial to ensur-

ing the efficacy and safety supporting the clinical use, but also
an imperative segment to promote the modernization and
internationalization of TCM (Le et al., 2017; Yang et al.,

2017).
Chemical basis elucidation, authentication, and content

determination, are three of the most important segments

involved in the quality research of TCM. The utilization of
multiple mechanism of chromatography is able to capture
the information of almost all the plant metabolites. Aside from

the most commonly used reversed-phase liquid chromatogra-
phy (RPLC) that enables the separation of a majority of the
plant metabolites, gas chromatography (GC) and supercritical
fluid chromatography (SFC) are advantageous in resolving

non-polar components (such as the volatile oil and lipids),
while Hydrophilic Interaction Chromatography (HILIC)
offers possibilities to separate those polar ingredients, such

as the saccharides, amino acids, and nucleic acids (Khan
et al., 2020; Ganzera and Sturm, 2018; Shi et al., 2018; West,
2018; Zhang et al., 2016). Particularly, multi-dimensional liq-

uid chromatography coupled with high-resolution mass spec-
trometry (HRMS) provides a practical solution to the in-
depth profiling and characterization of herbal multicompo-
nents, enabling the identification or tentative characterization

of up to hundreds of compounds (Cao et al., 2017; Qiu
et al., 2015). Notably, the introduction of ion mobility high-
resolution mass spectrometry can provide an additional
dimension of separation for ions and the determined collision

cross section (CCS) can support more reliable identification of
metabolites and even isomers discrimination (Clément et al.,
2018; Christian et al., 2017). A distinct trend in authentication

of TCM in recent years is the application of untargeted meta-
bolomics, which has been proven as practical and powerful in
discriminating the easily confusing species, different parts, pro-
ducing regions, ages, and processing technologies, etc. (Jia

et al., 2019; Li et al., 2020; Sun et al., 2012; Tajidin et al.,
2019; Wang et al., 2019; Zhang et al., 2019b). In contrast to
conventional approaches (e.g. microscopic features examina-

tion, physiochemical identification, thin layer chromatogra-
phy, and HPLC fingerprint), untargeted metabolomics can
capture the complete metabolome information and visualize

the holistic metabolome differences beneficial to the discovery
of marker compounds. LC-MS approaches by multiple reac-
tion monitoring (MRM), on a triple quadrupole or a hybrid

triple quadrupole/linear ion-trap (QTrap) mass spectrometer,
is preferably selected in multicomponent content determina-
tion for evaluating TCM quality because of its high selectivity,
ultra-high sensitivity, and wide dynamic linearity range (Song

et al., 2018).
Saposhnikoviae Radix, derived from the roots of Saposh-

nikovia divaricata (Turcz.) Schischk., is a reputable TCM used

for the treatment of headache, vertigo, generalized aching and
arthralgia (Okuyama et al., 2001). Saposhnikoviae Radix is
widely distributed in China, including the provinces of Hei-

longjiang, Liaoning, Inner Mongolia, Hebei, Ningxia, Gansu,
Shanxi (陕西), Shanxi (山西), and Shandong, etc. (Maruyama
et al., 2018). Phytochemical researches of Saposhnikoviae

Radix have isolated multiple subtypes of plant metabolites,
such as the chromones, coumarins, volatile oils, polysaccha-
rides, polyacetylenes, and organic acids. A reversed-phase liq-
uid chromatography/quadrupole time-of-flight mass

spectrometry (RPLC/QTOF-MS) approach has been estab-
lished, and 45 components (including 13 chromones, 28 cou-
marins, and four others) were identified or tentatively

characterized by analyzing the fragmentation pathways of six
reference compounds (Chen et al., 2018). Moreover, ionic
liquid-based ultrasonic-assisted extraction could enhance the

http://creativecommons.org/licenses/by-nc-nd/4.0/
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extraction efficiency of chromones, compared with the conven-
tional ultrasonic extraction method (Han et al., 2017). HPLC-
DAD and LC/MRM were utilized in the simultaneous content

determination of five chromones and six coumarins from
Saposhnikoviae Radix (Kim et al., 2011). Ultra-high-
performance liquid chromatography quadrupole time-of-

flight mass spectrometry (UHPLC/QTOF-MS) coupled with
principal component analysis (PCA) and partial least squared
discriminant analysis (PLS-DA) was used to rapidly discover

and identify the metabolites of Saposhnikovia divaricate decoc-
tion (Li et al., 2020). However, currently we know little about
the impacts of cultivar and age on the quality of Saposh-
nikoviae Radix. To fully address this issue, powerful analytical

approaches are in need to achieve the holistic evaluation.
In this work, we aimed to evaluate the quality difference of

Saposhnikoviae Radix (64 batches in total; Table S1 and

Fig. S1), resulting from different cultivars (eleven provinces
of China: Heilongjiang, Inner Mongolia, Hebei, Henan, Qing-
hai, Shanxi (山西), Shanxi (陕西), Anhui, Shandong, Gansu,

and Ningxia) and different ages (from one to four years) by
both untargeted metabolomics and qualitative assay. Both
RPLC and HILIC coupled with a VionTM ion mobility/quad-

rupole time-of-flight (IM-QTOF) mass spectrometer were uti-
lized for metabolites profiling from Saposhnikoviae Radix.
Moreover, a ‘‘Major Components Knockout” strategy was uti-
lized to expand the exposure of those minor ingredients. Two

data acquisition approaches (data independent high-definition
MSE, HDMSE; data-dependent acquisition, DDA) and an
in-house library (containing 172 known compounds)

incorporated into UNIFI were employed to boost the perfor-
mance, efficiency, and reproducibility in the multicomponent
Fig. 1 Chemical structures of 24 referenc
characterization (24 reference compounds were used with their
structures and information given in Fig. 1 and Table S2).
Quantitative assays of two index compounds (prim-O-

glucosylcimifugin and 4’-O-b-D-glucosyl-5-O-
methylvisamminol) collected by China Pharmacopoeia
(Committee of National Pharmacopoeia, 2020) were per-

formed by a validated UHPLC-UV approach to offer more
data supporting the quality assessment of Saposhnikoviae
Radix. To our knowledge, it is the first report that systemati-

cally evaluates the quality differentiation of Saposhnikoviae
Radix due to the different cultivars and ages.

2. Experimental section

2.1. Materials and reagents

Twenty-four compounds (Fig. 1 and Table S2), involving pso-
ralen (1), 5-methoxypsoralen (2), methoxsalen (3), isopimpinel-
lin (4), imperatorin (5), phellopterin (6), isoimperatorin (7),

(+)-marmesin (8), nodakenin (9), umbelliferone (10), 7-hydr
oxy-6,8-dimethoxychromen-2-one (11), scopoletin (12), decur-
sin (13), 5-methoxyfuro[2,3-h]chromen-2-one (14), 40-O-b-D-

glucosyl-5-O-methylvisamminol (15; GMV), cimifugin (16),
prim-O-glucosylcimifugin (17; PGC), sec-O-
glucosylhamaudol (18), tectochrysin (19), quercetin (20), rutin

(21), wogonin (22), trans-ferulic acid (23), and adenosine (24),
purchased from Chengdu Desite Biotechnology Co., Ltd.
(Chengdu, China) or Shanghai Standard Biotech. Co., Ltd.

(Shanghai, China), were used as the reference compounds in
this work. HPLC-grade acetonitrile, methanol (Fisher, Fair
e compounds used in the current work.
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Lawn, NJ, USA), formic acid (Sigma-Aldrich, MO, Switzer-
land), and ultra-pure water in-house prepared using a Milli-
Q Integral 5 water purification system (Millipore, Bedford,

MA, USA), were used. Information with respect to 64 batches
of Saposhnikoviae Radix samples, analyzed in this work, is
detailed in Table S1. Specimens were deposited at the authors’

lab in Tianjin University of Traditional Chinese Medicine
(Tianjin, China).

2.2. Sample preparation

An easy-to-implement ultrasonic extraction method was uti-
lized for sample preparation. In brief, 50 mg of accurately

weighed powder of Saposhnikoviae Radix was soaked in a
15-mL centrifuge tube containing 4 mL methanol. After being
vortexed for 2 min, the sample was extracted on a water bath
at 25 �C with ultrasound assistance (power, 1130 W; fre-

quency, 40 kHz) for 40 min. The extract was centrifuged for
10 min at a rotate speed of 4000 rpm, with the supernatant fur-
ther transferred into a 10-mL volumetric flask. The extraction

process was repeated by using 3 mL of methanol. The pooled
supernatants were diluted to a constant volume (10 mL), and
then mixed well. The solution was centrifuged at 14,000 rpm

for 10 min, and the resulting supernatant was stored at 4 �C
prior to LC-MS analysis (reaching a final concentration of
the drug material: 5 mg/mL). A quality control sample
(QC1) by pooling the equal volume of the test solutions of five

batches of Saposhnikoviae Radix samples (No. 1, 7, 29, 48,
and 55, Table S1) was prepared for method establishment,
while another QC sample (QC2) prepared from all the tested

solutions (64 batches in total) was used in the untargeted meta-
bolomics experiments. In the quantitative assay experiment,
250 mg powder of Saposhnikoviae Radix was extracted by

the same manner. A quality control sample (QC3) by pooling
the equal volume of the test solutions of four batches of
Saposhnikoviae Radix samples (No. 35, 37, 26, and 57,

Table S1) was prepared for monitoring the system stability
all through the analysis batch.

2.3. Metabolites profiling and untargeted metabolomics analysis
of Saposhnikoviae Radix by ultra-high-performance RPLC and
HILIC coupled with IM-QTOF-MS

Two different mechanisms of chromatographic separations,

ultra-high-performance RPLC and HILIC, were utilized to
extend the coverage in profiling the multicomponents of
Saposhnikoviae Radix on an ACQUITY UPLC I-Class/

VionTM IM-QTOF system (Waters Corporation, Milford,
MA, USA). A BEH C18 column (2.1 � 100 mm, 1.7 lm)
hyphenated with a VanGuard Pre-column (2.1 � 50 mm,

1.7 lm) maintained at 35 �C was used for the UHP-RP sepa-
ration. A binary mobile phase, composed by 0.1% formic acid
in water (water phase: A) and 0.1% formic acid in acetonitrile
(organic phase: B), ran at a flow rate of 0.3 mL/min in consis-

tency with an optimal gradient program: 0–4 min, 5–32% (B);
4–7 min, 32–50% (B); 7–10 min, 50–70% (B); 10–12 min, 70–
75% (B); 12–14 min, 75–100% (B); and 14–17 min, 100% (B).

A BEH Amide column (2.1 � 100 mm, 1.7 lm) hyphenated
with a VanGuard Pre-column (2.1 � 50 mm, 1.7 lm)
maintained at 35 �C was used for the UHP-HILIC separation.

The same binary mobile phase at the same flow rate as those in
RP separation was employed, but followed a different gradient
program: 0–1 min, 95–94% (B); 1–6 min, 94–93% (B); 6–
9 min, 93–92% (B); 9–10 min, 92–50% (B); and 10–12 min,

50% (B). In both two separation modes, 3 lL of the test solu-
tion was injected onto the column.

High-accuracy MS data for both the multicomponent char-

acterization and multivariate statistical analysis experiments
were acquired on a VionTM IM-TOF mass spectrometer in the
positive ESI mode (Waters). The LockSpray ion source was

equipped adopting the following parameters: capillary voltage,
1.0 kV; cone voltage, 20 V; source offset, 80 V; source temper-
ature, 120 �C; desolvation gas temperature, 500 �C; desolva-
tion gas flow (N2), 800 L/h; and cone gas flow (N2), 50 L/h.

Default parameters were defined for the travelling wave IM
separation (Zhang et al., 2019a; Zuo et al., 2019). The QTOF
analyzer scanned over a mass range of m/z 80–1500 at a low

collision energy of 6 eV for HDMSE at 0.3 s per scan (MS1).
Multicomponent characterization was conducted in both RP
and HILIC separations by using HDMSE and DDA (including

a precursor ion list consisting of 103 molecular formulae),
while the MSE data were recorded for 64 batches of Saposh-
nikoviae Radix samples. Ramp collision energy (RCE) of

30–50 eV was set in the high-energy channel for HDMSE.
When TIC (total ion chromatogram) intensity exceeded 1000
detector counts, MS/MS fragmentation of three most intense
precursors was automatedly triggered in DDA mode under

mass-dependent ramp collision energy (MDRCE) of a con-
stant 30 eV in low mass ramp and 50 eV in high mass ramp
(scan range m/z 80–1500 for MS2). The MS/MS acquisition

stopped if either TIC dropped below 100 detector counts or
time exceeded 0.3 s. MS data calibration was conducted by
constantly infusing the leucine enkephalin solution (LE;

Sigma-Aldrich; 200 ng/mL) at a flow rate of 10 mL/min.
CCS calibration was conducted according to the manufac-
ture’s guidelines by using a mixture of calibrants (Giuseppe

et al., 2015).
Uncorrected HDMSE, DDA, and MSE data in Continuum

format, were processed using the UNIFITM 1.9.3.0 software
(Waters). Impressively, the UNIFI software was able to effi-

ciently perform data correction, peak picking, and peak anno-
tation (Zhang et al., 2019a; Zuo et al., 2019). Key parameters
of UNIFI were as follows. Find 4D Peaks (only set in

HDMSE): High-energy intensity threshold, 100.0 counts;
low-energy intensity threshold, 50.0 counts. Target by mass:
Target match tolerance: 10.0 ppm; screen on all isotopes in a

candidate, generate predicted fragments from structure, and
look for in-source fragments; fragment match tolerance,
10.0 ppm. Adducts: Positive adduct was +H. Lock Mass:
Combine width, 3 scans; mass window, 0.5 m/z; reference

mass, 556.2766; reference charge, +1. The corrected HDMSE

data were further processed by Progenesis QI 2.1 software
(Waters). Isotope and adduct fusion were applied to reduce

the number of detected metabolic features. Menu-guided pro-
cessing of multi-batch MSE data (peak alignment and peak
picking) generated a data matrix, involving the information

of tR, m/z, and normalized peak area. The components, after
‘‘30% variation” filtering, were the variables for multivariate
statistical analysis using SIMCA-P 14.1 (Umetrics, Umea,

Sweden) by PCA and OPLS-DA (orthogonal partial least
squares discriminant analysis) with the data Pareto scaled.
Those variables showing VIP > 3.0 were considered as the



Fig. 2 Comparison of the full-scan spectra of a mixed reference

compounds solution containing 24 compounds (the numbering is

consistent with that in Table S1) obtained in the positive (ESI+)

and negative (ESI�) modes.
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potential markers diagnostic for comparing Saposhnikoviae
Radix samples, in the current work.

2.4. Quantitative determination of prim-O-glucosylcimifugin and
40-O-b-D-glucosyl-5-O-methyl-visamminol by UHPLC-UV

Quantitative assays of prim-O-glucosylcimifugin (PGC) and

40-O-b-D-glucosyl-5-O-methyl-visamminol (GMV) were per-
formed by a rapid UHPLC-UV method, established on an
Agilent 1290 Infinity Ⅱ UHPLC system. Chromatographic
separation was conducted on a Kinetex� Biphenyl column

(2.1 � 100 mm, 1.7 mm) using a binary mobile phase consisting
of 0.1% formic acid in water (water phase: A) and methanol
(organic phase: B) which ran at 0.3 mL/min following an opti-

mized gradient program: 0–2 min, 25–40% (B); 2–10 min, 40–
50% (B); 10–12 min, 50–98% (B); and 12–14 min, 98% (B).
The injection volume was 2 mL, and the DAD detector was

set at 254 nm. Detailed information regarding the preparation
of standard solutions and method validation items are pro-
vided as Supplementary Materials.

3. Results and discussion

3.1. An in-house library of Saposhnikoviae Radix incorporated

into UNIFITM

The bioinformatics platform UNIFITM can standardize peak

annotation of the acquired HDMSE and DDA spectra by
matching with the incorporated or commercial database (Jia
et al., 2019; Zhang et al., 2019a; Zuo et al., 2019). Considering

the restricted coverage of the commercial library on TCM
components, we have recourse to the in-house library by giving
a systematic summary on the phytochemical reports of

Saposhnikoviae Radix retrieved from multiple available data-
base (e.g. Web of Science, SciFinder, and China National
Knowledge Infrastructure-CNKI, etc.). A chemical library of
Saposhnikoviae Radix was thus established which recorded
the trivial name, molecular formula, and chemical structure
for each of the 172 known compounds (involving 51 coumar-

ins, 25 chromones, 8 flavonoids, 10 volatile oils, 13 fatty acids,
11 aromatic hydrocarbons, 6 polyacetylenes, 13 alcohols, 14
esters, 7 aldehydes, 3 ketones, and 11 others; Table S3). On

one hand, the collected structure information was input into
an EXCEL file (.xls) in a format compatible with the UNIFI
software. On the other hand, each structure was drawn using

ChemDraw Professional, which was subsequently saved as a
.mol file with the file name in consistency with the trivial name.
The resulting EXCEL file and all structure files were incorpo-
rated into the UNIFI software, which could be utilized to

characterize the multicomponents from Saposhnikoviae
Radix.

3.2. Establishment and optimization of UHPLC/IM-QTOF-MS
and HILIC/IM-QTOF-MS for the metabolites profiling and

characterization of Saposhnikoviae Radix by the positive-mode
HDMSE and DDA data

Aimed to extend the coverage and enhance the monitoring of
various metabolites from Saposhnikoviae Radix, in the current

work, we developed two chromatographic separation
approaches (UHP-RP and UHP-HILIC) by coupling to a
Vion IM-QTOF hybrid high-resolution mass spectrometer
(Waters Corporation, Milford, MA, USA). The factors influ-

encing the chromatography performance (e.g. stationary
phase, column temperature, and gradient elution program)
and MS detection (involving the ESI mode, source parameters,

and collision energy) were optimized in sequence by single-
factor experiments. We firstly compared the negative and pos-
itive ESI modes in characterizing Saposhnikoviae Radix

components using a solution of mixed standards containing
24 reference compounds. Evidently, the positive mode had
remarkable advantages, by which 22 compounds displayed

high intensity, compared to only 13 detectable in the negative
mode with much weaker abundance (Fig. 2).

In establishing the UHP-RP chromatography condition,
the stationary phase was screened, in the first step. On consid-

eration of the differential factors involving silica gel spheres
(fully porous or core–shell) and the bonding techniques/-
groups, ten chromatographic columns from Waters and Agi-

lent (HSS SB C18, CSH C18, BEH Shield RP18, CORTECS
UPLC C18, HSS T3, BEH C18, ZORBAX SB C18, ZORBAX
Extend C18, ZORBAX SB-Aq, and ZORBAX Eclipse Plus

C18) were compared under the unified gradient elution condi-
tion (column temperature at 30 �C). It was clearly exhibited in
Fig. 3 that the BEH C18 column could be the best choice, as
the largest number of peaks got resolved (5386 in total) show-

ing more symmetric peak shape. Column temperature by using
the BEH C18 column was further evaluated (Fig. S2), and we
considered the best resolution was achieved when 35 �C was

set. Minor modifications were made on the gradient elution
program, which finally enabled satisfactory separation of
Saposhnikoviae Radix components in the RP mode. The

HILIC condition was established in a similar manner. Six com-
mercial HILIC columns, involving XBridge Amide, COR-
TECS UPLC HILIC, BEH HILIC, ZORBAX HILIC Plus,

Exsil Pure ZIK HILIC, and BEH Amide, were examined



Fig. 3 Selection of the stationary phase for reversed-phase UHPLC separation of the multicomponents from Saposhnikoviae Radix.

The left shows the base peak chromatograms of a mixed sample obtained on ten candidate sub-2 mm particles packed columns; the right

represents the numbers and scatter plots for the resolved peaks by different columns.
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(Fig. S3). Comparatively, the BEH Amide column gave satis-
factory resolution, which was thus selected.

Detection of Saposhnikoviae Radix components was per-
formed on the Vion IM-QTOF instrument, and two key ion
source parameters, capillary voltage (0.5–3.0 kV) and cone

voltage (20–100 V), were optimized to increase the ion
response. Ten compounds representative of four common sub-
classes of natural products (nucleotide: adenosine; chromones:

PGC, GMV, and sec-O-glucosylhamaudol; coumarins: meth-
oxsalen, psoralen, and isopimpinellin; flavonoids: quercetin,
wogonin, and tectochrysin) were used as the index compo-
nents. As shown in Fig. 4, by increasing the capillary voltage

from 0.5 to 3.0 kV, the ion response of all the nucleotide, cou-
marins, and flavonoids, exhibited remarkable decreasing trend,
and the same circumstances were witnessed for one chromone,

PGC. However, the other two chromone compounds gave the
highest intensity at 1.0 kV. We selected to set capillary voltage
at 1.0 kV in all subsequent experiments. In addition, most of

these index components gave decreasing intensity when cone
voltage increased from 20 to 100 V, and thereby we considered
cone voltage at 20 V enabled high ion response of Saposh-
nikoviae Radix components.
DDA and DIA have their individual merits and demerits in
untargeted metabolites characterization. We were aimed to

expand the coverage in metabolites profiling and characteriza-
tion from Saposhnikoviae Radix by integrating both DDA
and HDMSE. Collision energy for these two data acquisition

modes was optimized using the QC1 sample. For both two
modes, we primarily set four fixed levels of collision energy (in-
cluding 20, 40, 60, and 80 eV), based on which another three

levels of ramp collision energy (RCE; 30–50, 40–60, and 50–
70 eV) were further compared, as RCE could assist to acquire
more balanced MS2 spectra for a complex sample (Zhang
et al., 2019a; Zuo et al., 2019). Using two chromones (PGC

and GMV) and two coumarins (decursin and (+)-marmesin)
(Fig. S4), higher collision energy could enable more thorough
fragmentation, and RCE of 30–50 eV was suitable for

collision-induced dissociation (CID) of both the chromones
and coumarins. To this end, the approaches utilizing two
orthogonal chromatography coupled to enhanced MS detec-

tion by combining the positive-mode DDA and HDMSE were
established, which conduced to characterizing more compo-
nents from Saposhnikoviae Radix and assessing the factors
that could affect its quality.



Fig. 4 Optimization of two key ion source parameters (capillary voltage and cone voltage) of the Vion IM-QTOF hybrid high-resolution

mass spectrometer using ten representative compounds.
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In addition, a ‘‘Major Components Knockout” strategy,
which was similar to our previous report (Zuo et al., 2019),
was utilized by feat of the automatic elute switching function

of the Vion IM-QTOF instrument. As exhibited in Fig. S5, a
total of four major peaks were knocked out in both the
HDMSE and DDA modes for the acquisition of CID-MS2

data. In the knockout mode, the concentration of Saposh-
nikoviae Radix extract increased from 1 mg/mL to 10 mg/
mL. The results benefitting from the use of knockout strategy
were the increasing on the numbers of the components that

could be characterized. UNIFI by searching the in-house
Saposhnikoviae Radix library was able to annotate 100 peaks
in the normal analysis and 124 in the knockout mode based on

the DDA data, and 183 in the normal analysis and 292 in the
knockout mode based on the HDMSE data, which testified the
beneficial effect of the knockout strategy useful to identify

more components.

3.3. Computational database-driven automated annotation of the
DDA and HDMSE data for the multicomponent
characterization of Saposhnikoviae Radix

The multicomponent characterization of Saposhnikoviae
Radix was based on the positive-mode DDA and HDMSE

data obtained by the established UHPLC/IM-QTOF-MS
approaches applying both UHP-RP and HILIC separations.
Efficient structural elucidation was achieved by the computa-

tional in-house library (Table S3)-driven automated annota-
tion of the obtained HRMS data using UNIFI. By further
confirming the characterization results the software gave, as

a consequence, a total of 104 compounds were identified or
tentatively characterized from Saposhnikoviae Radix, which
included 27 coumarins, 45 chromones, 7 flavonoids, and 25

other components, with their information detailed in
Table S4). Notably, the CCS information of the precursor ions
were offered due to the application of IM separation.
Coumarins refer to a common class of natural compounds
with a phenylpyrene a-pyrone core. Coumarins from Saposh-
nikoviae Radix have been reported with various pharmacolog-

ical properties (Kreiner et al., 2017), and by the integral
strategy we characterized 27 coumarin compounds belonging
to the simple coumarin, furancoumarin, and pyrancoumarin,

etc. The positive-mode CID-MS2 fragmentation pathways of
coumarins were featured by the neutral elimination of CO
and H2O (Ren et al., 2019), which could be evidenced by com-
pounds 47# and 15# as the typical examples (Fig. 5). Com-

pound 47# (tR 6.38 min), giving a predominant protonated
([M+H]+) ion at m/z 217.0502 suggestive of the molecular
formula C12H8O4 (calculated at m/z 217.0495, 3.0 ppm), was

identified as methoxsalen due to the aid of reference compound
comparison. As displayed in the MS2 spectrum, a weak frag-
ment by free radical cleavage was observed at m/z 202.0273

([M+H–CH3]
+), which could be easily further fragmented

with CO eliminated forming the base peak ion of m/z
174.0320 ([M+H–CH3–CO]+). In addition, a fragment of

m/z 175.0364 was observed as well, which might further lose
CH2O to produce a medium-intensity fragment at m/z
145.0289. The product ion of m/z 118.0422 should result from
the successive neutral loss of 3 � CO ([M+H–CH3–3CO]+)

from the fragment m/z 202.0273. Compound 15# (tR
3.84 min) was an unknown compound giving a [M+H]+ pre-
cursor ion at m/z 247.0971, and accordingly the molecular for-

mula was characterized to be C14H14O4 (calculated at m/z
247.0964, 2.7 ppm). The MS/MS spectrum showed fragmenta-
tions similar to the furan-type coumarins (Yang et al., 2015).

From the transition m/z 247.0964 ? 213.0554 consistent with
neutral elimination of H2O + CH4 (34 Da), we speculated a
hydroxyl-substituted pyrancoumarin. Moreover, the product
ions of m/z 175.0404, 147.0449, 119.0499, and 91.0548, could

match the product ions of ostenol (C14H14O3) (Ren et al.,
2019). The element composition of compound 15# differing
from that of ostenol was an additional oxgen, and taking



Fig. 5 The positive CID-MS2 spectra and proposed fragmentation pathways for representative compounds of coumarins and

chromones from Saposhnikoviae Radix.
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together, all these fragments assisted to tentatively characterize
compound 15# as decursinol, a known pyrancoumarin com-

pound ever-isolated from Saposhnikoviae Radix (Yang et al.,
2015).

Chromones are known as an important class of bioactive

ingredients for SR (Kreiner et al., 2017). We were able to char-
acterize 45 chromones from Saposhnikoviae Radix in the cur-
rent work, and the fragmentation pathways and

characterization of compounds 37# (tR 5.24 min) and 50#
(tR 6.87 min) were illustrated (Fig. 5). Because of the availabil-
ity of reference compound comparison, compound 37# that
showed a rich [M+H]+ precursor ion at m/z 439.1603, was

identified as sec-O-glucosylhamaudol with the molecular for-
mula C21H26O10 (calculated at m/z 439.1598, 1.0 ppm). In its
CID-MS2 spectrum, a fragment, due to the neutral loss of
the Glc moiety, was observed at m/z 277.1078 ([M+H–

Glc]+). Further cleavage on the obtained chromone aglycone
included the eliminations of H2O producing product ions of
m/z 259.0972 ([M+H–Glc–H2O]+) and 241.0869 ([M+H–

Glc–2H2O]+). The other fragments of m/z 217.0503 and
205.0502 were due to the additional eliminations of C3H8O
and C4H8O, corresponding to 60 Da and 72 Da, respectively,

from the fragment m/z 277. What’s more, a fragment of m/z
189.0555 was considered resulting from the ion m/z 217.0503
by further elimination of CO. Compound 50# gave the pre-
dominant protonated precursor at m/z 335.1131, indicative

of the molecular formula C17H18O7 (calculated at m/z
335.1125, 1.7 ppm). By searching against the in-house library
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of Saposhnikoviae Radix, a hit of divaricatol was observed,
and the MS/MS spectrum exhibited typical fragmentation
pathways consistent with the characterization result. The frag-

ment at m/z 275.0923 resulted from the neutral loss of acetic
acid (C2H4O2) from the precursor ion. In addition, typical
cleavages on the pyran moiety occurred, such as the elimina-

tions of C3H6, C4H6, and C4H6O, generating the product ions
of m/z 233.0455, 221.0450, and 205.0510, respectively. Accord-
ingly, we tentatively characterized compound 50# as divarica-

tol (Chen et al., 2018).
Giving a summary on the components characterized from

Saposhnikoviae Radix, we can demonstrate the complemen-
tarity by applying two different mechanism of chromatogra-

phy, RPLC and HILIC. Among the 104 components, 84 and
57 ones were characterized from the RPLC and HILIC modes,
respectively. In particular, seven compounds (saccharides and

aldehydes) were newly identified by the use of HILIC separa-
tion. Moreover, the application of two MS2 data acquisition
approaches, HDMSE and DDA, was able to boost the cover-

age, to some extent (Zhang et al., 2019a). In this work, struc-
tural characterization of multicomponents from
Saposhnikoviae Radix was mainly based on the DDA data,

while the HDMSE data could supplement the CCS value and
additional identification results due to its high coverage on
the profiled precursor ions.
Fig. 6 PCA score plots of 64 batches of Saposhnikoviae Radix sampl

RPLC and HILIC, visualized in terms of the cultivars, ages, and betw
3.4. Evaluation of the impacts of cultivars and ages on the
holistic quality of Saposhnikoviae Radix by untargeted
metabolomics and quantitative assay

Untargeted metabolomics has been demonstrated as a power-

ful tool in quality control of TCM achieving the holistic eval-
uation (Jia et al., 2018). Both the UHP-RPLC and HILIC were
utilized in metabolomics analysis of the quality difference of
Saposhnikoviae Radix by monitoring the positive MSE data.

The multi-batch positive MSE data were primarily corrected
by UNIFI, and the corrected data were input into the Progen-
esis QI software for data processing (peak alignment and peak

picking). In the PR mode, a table consisting of the tR, m/z, and
normalized abundance of 2086 ions was generated, and 1649
thereof in the QC data showed variation no more than 30%.

In the case of HILIC mode, a total of 1730 metabolic features
were recorded, and 1308 retained after 30% variation filtering.
These metabolic features were used as the variables for

pattern-recognition chemometrics by PCA and OPLS-DA.
By unsupervised PCA, we were able to evaluate the

major factors that affected the quality of Saposhnikoviae
Radix. As exhibited in Fig. 6, in both the RP and HILIC

modes, no clear segregation trend was observed for all the
tested samples of Saposhnikoviae Radix. No matter the
samples were divided by ages or cultivars, in general, the
es based on the positive-mode MSE data acquired by applying both

een Guan-Fang-Feng and others.
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quality difference of Saposhnikoviae Radix was not signifi-
cant. In contrast, nine batches of Saposhnikoviae Radix
collected from Heilongjiang (namely Guan-Fang-Feng)

showed remarkable differentiation from the other commer-
cial 55 batches of Saposhnikoviae Radix samples (collected
from 10 different cultivars aging from 1 to 4 years), despite

several samples were the outliers. It could indicate certain
quality difference between Guan-Fang-Feng and the other
Saposhnikoviae Radix samples. OPLS-DA was utilized to

further probe into the difference between Guan-Fang-Feng
and the other 55 batches of commercial Saposhnikoviae
Radix samples (Fig. 7). It was evident that, in both the
PR and HILIC modes, two groups between Guan-Fang-

Feng and the other commercial Saposhnikoviae Radix sam-
ples could be clearly separated, despite the fitness and pre-
dictability were both low for the established OPLS-DA

model (section [1] of Fig. 7). The major variables contribut-
ing to the clustering were further discerned by VIP ranking.
In the PR mode, 22 ions showing VIP > 3.0 were selected

as the potential differential ions, while 24 ones discovered
in the HILIC mode (section [2] of Fig. 7). Heat map was
used to visualize these differential ions among all the deter-

mined 64 batches of Saposhnikoviae Radix samples (section
[3] of Fig. 7).

Quantitative assays can absolutely determine the content
difference of index components, and thus offer reliable infor-

mation to the metabolomics experiments (Wu et al., 2018). A
rapid UHPLC-UV method was successfully established and
Fig. 7 Multivariate statistical analysis between Guan-Fang-Feng an

MSE data acquired by RPLC and HILIC. [1] Score plot of OPLS-DA;

differentiated ions (VIP > 3.0).
fully validated for quantitative assays of
prim-O-glucosylcimifugin (PGC) and 40-O-b-D-glucosyl-5-O-
methylvisamminol (GMV) in 64 batches of Saposhnikoviae

Radix samples (Fig. 8). The LOD, LOQ, and linearity of
two analytes are presented in Table S5. Both the calibration
curves showed good linearity (r2 > 0.999). The inter- and

intra-day precision (RSD, %) were in the range of 0.12–
1.47% and 0.05–1.44% (Table S6), respectively. RSDs of
the repeatability (Table S7) and stability (Table S8) tests were

no more than 1.60% for both two analytes. The recovery was
in the range of 98–104.30% with RSD less than 2% for three
different concentration levels (Table S9). All these data could
testify a reliable quantitative determination method applica-

ble to quantify two major bioactive components from
Saposhnikoviae Radix, and the results of quantitative assays
are exhibited in Table S10. Aside from the Batch 3 sample

(Table S1), the contents of PGC and GMV among the tested
Saposhnikoviae Radix samples (63 batches) varied in the
ranges of 0.54–8.98 mg/g and 0.35–8.57 mg/g, respectively.

Notably, Batch 41 sample (3-year old from Hebei) possessed
the highest content of PGC. Generally, the 2-year and 3-year
Guan-Fang-Feng have better quality than the others, and the

total trend is consistent with the PCA results of untargeted
metabolomics (Fig. 6). According to Chinese Pharmacopoeia
(2020 version), the contents of PGC and GMV should sum
up not less than 2.4 mg/g (0.24%) (Committee of

National Pharmacopoeia, 2020), and based on this content
standard, six batches of Saposhnikoviae Radix samples
d the other Saposhnikoviae Radix samples based on the positive

[2] VIP plot with the cutoff set at 3.0; [3] heat map visualizing the



Fig. 8 Bar charts showing the contents of prim-O-glucosylcimifugin (PGC) and 40-O-b-D-glucosyl-5-O-methylvisamminol (GMV) in 64

batches of Saposhnikoviae Radix samples determined by a rapid UHPLC-UV approach.
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(No. 3, 15, 28, 33, 35, and 45) were considered with inferior
quality.

4. Conclusion

With the view of evaluating the factors that can influence the
quality of Saposhnikoviae Radix, in the current work, untar-

geted metabolomics and quantitative assay approaches were
successfully established. In particular, the integration of
UHP-RPLC and HILIC was able to enhance the metabolites

profiling by expanding the coverage of polarity range, while
the combination of HDMSE and DDA was beneficial to gen-
erate complementary MS information. In addition, the appli-

cation of a major components knockout strategy could
improve the exposure of minor ingredients from Saposh-
nikoviae Radix. By these efforts, a total of 104 components

were identified or tentatively characterized from Saposh-
nikoviae Radix, displaying remarkable superiority over the
currently available approaches. By integrative analyses of the
untargeted metabolomics and quantitative assay results, we
could primarily deduce that Guan-Fang-Feng showed large
difference from the other Saposhnikoviae Radix samples,

and Guan-Fang-Feng aging 2 and 3 years had good quality.
Conclusively, the methods established enable the comprehen-
sive chemical basis elucidation and holistic quality assessment

of TCM.
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