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KEY WORDS Abstract Herein, a strategy is proposed for the simultaneous determination of primary coumarins in Peucedani
Radix (Chinese name: Qianhu). The methodology consists of three consecutive steps: 1) Semi-preparative LC in
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combination with a home-made automated fraction collection module to fragment the universal metabolome

independent quantitation;

Offline LC-NMR-MS/MS:; standard into ten fractions (Frs. I-X); 2) LC-accurate MS/MS and quantitative "H NMR spectroscopy conducted
Automated fraction in parallel to acquire the qualitative and quantitative data of each fraction; 3) Robust identification and

collection module; quantification of components by use of LC coupled to multiple reaction monitoring. In this final step, the most
Quantitative "H NMR; significant fractions (Frs. III-X) were pooled to serve as the pseudo-mixed standard solution. Meticulous online
Peucedani Radix; parameter optimization was performed to obtain the optimal parameters, including ion transitions and collision
Regio-specific monitoring energies. Concerns were particularly paid onto pursuing the parameters being capable of monitoring regio-
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specific isomers, notably praeruptorin E vs. 3’-isovaleryl-4’-angeloylkhellactone. The quantitative performance of
the method was validated according to diverse assays. Eleven primary coumarins (1-11) were unambiguously
identified and absolutely quantified, even though no external reference compound was used. Above all, the
integrated strategy not only provides a feasible pipeline for the quality assessment of Peucedani Radix, but more
importantly, shows the potential for authentic compound-free quantitative evaluation of traditional Chinese

medicines.

© 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Traditional Chinese medicines (TCMs) have played determinant
roles in the health of Chinese people over the past centuries
because of their cogent therapeutic benefits'. Recently, TCMs are
drawing global attention because their unique system-to-system
effective principle matches well with chronic diseases as well as
those multi-factorial disorders™’. To guarantee the safety and
efficacy of TCMs in clinical use, it is important to conduct strict
quality control analyses for crude materials, mainly herbal
medicines™. High performance liquid chromatography (LC), in
particular coupled online with tandem mass spectrometry (MS/
MS), is serving as a workhorse for quality analyses of TCMs
Owing to the advantages of sensitivity, specificity, and high
throughput. However, the bottleneck subsequently comes over
the availability and/or high cost of authentic compounds to serve
as external standards which are mandatory for reliably transform-
ing peak areas into absolute concentrations of analytes. Although
the quantitative analysis of multi-components by single marker
(QAMS)® or single standard to determine multi-components
(SSDMC)® has been claimed as a robust methodology to cope
with the shortage of reference standards®, authentic substances are
still needed to obtain the relative response factors (i.e. conversion
factors) between each analyte and the “single marker” in each
laboratory. Herein, we attempt to circumvent even the demand of
the “single marker” for the quality control of TCMs.

Among the approaches to absolute quantitation without the use
of authentic compounds, quantitative '"H NMR (q'"H NMR) has
been widely favored as an integral part of the analytical chemist's
toolbox. Because the resonance signal is theoretically, directly
proportional to the number of resonant nuclei, the requirement for
the reference substance for each analyte can be bypassed by
employing an easily available as well as cheap compound as the
internal standard (IS) for qu NMR®*’. However, NMR is
disadvantageous, intrinsically, at sensitivity as well as resolution,
thus leading to a technical barrier for directly applying q'H NMR
for simultaneous determination of dozens of analytes-of-interest in
TCMs that has been widely claimed as complicated compound
pools.

The most straightforward scheme to combine the merits of LC,
MS/MS, and NMR is purification of analytes with LC, structural
identification with NMR, and quantitation with LC-MS/MS,
successively. However, this approach is extremely time-consum-
ing and laborious. More recently, it has now become possible to
extract exact quantitative and qualitative information from
'"H NMR spectrum of a relative simple mixture of a dozen
compounds by use of NMR along with of various databases,
e.g. HMDB'® and COLMARm''. Therefore, fractionation

(vs. complete purification) is more feasible to bridge the gap
between NMR and LC-MS/MS. We herein propose a practical
strategy consisting of three consecutive steps: 1) fragmenting
crude herbal extracts into ten fractions using semi-preparative LC
equipped with a home-made automated fraction collection module;
2) acquiring the qualitative as well as quantitative information of
each fraction by parallel measurements with LC—accurate MS/MS
and ¢"H NMR spectroscopy; and 3) pooling the relevant fractions
to serve as pseudo-mixed standard solution for simultaneous
determination of the primary components using LC-MS/MS.

As a proof of concept, multi-component targeted quantitation of
Peucedani Radix (Chinese name: Qianhu) which is derived from
the dried roots of Peucedanum praeruptorum DUNN was con-
ducted in current study'?. The herbal medicine is rich of angular-
type pyranocoumarins (APs)'*~'%, and its therapeutic benefits such
as coronary diastole'?, anti-hypertension”’, and myocardial protec-
tion’! have been well defined. Moreover, we also aimed to assess
the potential of MS/MS towards advancing the chromatographic
separation of LC, because Peucedani Radix is rich in positional
isomers, e.g. pteryxin (Pte) vs. praeruptorin A (PA)'* and
praeruptorin E (PE) vs. 3’-isovaleryl-4’-angeloylkhellactone
(TAK)*?, and chromatographic overlapping peaks, even co-elution,
widely occurs in LC analyses of these mixtures. These findings
can establish the new strategy as a robust, authentic, compound-
free approach for the quality assessment of Peucedani Radix as
well as other TCMs.

2. Experimental
2.1. Chemical and materials

Formic acid, methanol, and acetonitrile (ACN) were of LC-MS
grade and purchased from Thermo-Fisher (Pittsburgh, PA, USA).
Deionized water was prepared in-lab using a Milli-Q purification
instrument (Millipore, Bedford, MA, USA). CDCl; (deuterium
abundance, 99.96 atom% deuterium) was purchased from Cam-
bridge Isotope Laboratories Inc. (Miami, FL, USA). Analytical
grade methanol was supplied by Xilong Scientific (Shantou,
Guangdong, China). Pyrazine (purity > 99%) that served as IS1
for q]H NMR was obtained from Aldrich (St Louis, MO, USA).
1,2,3,7-Tetramethoxyxanthone which served as 1S2 for LC-MS/
MS-based quantitation, was obtained from the chemical library of
the State Key Laboratory of Natural and Biomimetic Drugs,
Peking University (Beijing, China).

Eleven batches of pulverized Peucedani Radix (PR1-11) as well
as universal metabolome standard (UMS) described in our
previous article'* were introduced in current study.
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Figure 1

(A) Connectivity sketch of the home-made automated fraction collection module consisting of two 7-port/6-channel electronic valves

(Valves I and II). (B) Representative chromatogram of UMS obtained from semi-preparative LC and the collection program is also illustrated.

2.2.  Fractionation of UMS using semi-preparative LC equipped
with automated fraction collection module

The UMS sample was chromatographed on a Shimadzu LC-20AT
modular system (Kyoto, Japan) composed of two LC-20AT pumps,
a DGU-20A;r degasser, a SPD-M20A DAD module, and a CBM-
20A controller. A YMC-Pack Cg column (250 mm X 10 mm, 5 pm,
Kyoto, Japan) was used for chromatographic separations. The
mobile phase consisted of water (A) and methanol (B), and the
gradient elution was programed as follows: 0-5.0 min, 50%-70%B;
5.0-10.0 min, 70%-75%B; 10.0-25.0 min, 75-85%B; 25.0-37.0 min,
85%-95%B; 37.0-37.1 min, 95%-50%B; 37.1-45.0 min, 50%B;
and flow rate, 2.0mL/min. UV length of DAD module was
monitored at 320nm. An automated fraction collection module
was configured by employing two 7-port/6-channel -electronic
valves (Fig. 1A) as well as some necessary PEEK tubing (i.d.
0.13mm), and ten fractions (Frs. I-X), corresponding to the
effluents among 4.0-13.5, 13.5-16.5, 16.5-21.0, 21.0-24.0, 24.0-
25.8, 25.8-27.5, 27.5-31.5, 31.5-34.5, 34.5-38.0, and 38.0-
45.0min, were automatically collected through an optimized
channel switching program for both valves (Fig. 1B), whereas the
0-4.0 min portion was introduced into the waste. The UMS sample
yielded from 1.0g of pooled crude material were subjected to
chromatographic fractionation.

2.3.  Parallel measurements of all fractions using NMR and LC—
accurate MS/MS

After the removal of a 50 pL aliquot, each fraction underwent
lyophilization and the residues were individually reconstituted
with 600 pL of CDCl; containing 0.37 mmol/L. IS1. After thor-
ough dissolution, the resultant solution was transferred into a
NMR tube (i.d. 5 mm, Norell ST500-7, Morganton, NC, USA) for
NMR assays. The minor portion (50 pL) of each fraction was
injected into the LC—accurate MS/MS system via the auto-sampler.

q'H NMR was conducted on a Varian UNITY plus 500 MHz
spectrometer (VNMRS500, Varian Inc., Palo Alto, CA, USA) at

499.91 MHz proton frequency equipped with TCI cryoprobe and
Z-gradient system, and those default settings were applied for all
spectral acquisition. LC-accurate MS/MS measurements were
conducted on a Shimadzu LC-IT-TOE-MS platform'*. A CAP-
CELL CORE C18 column (150 mm X 2.1 mm, 2.7 pm, Shiseido,
Kyoto, Japan) was used for chromatographic separations, and
gradient elution was programmed as described in our previous
article'®. The UV absorbance was monitored at 190-400 nm. The
column was maintained at 40 °C and an injection volume of 5.0 pL
was used.

2.4.  Regio-specific monitoring of positional isomers

After that unambiguous identities were transmitted from jointly
analyzing LC-IT-TOF-MS and NMR spectroscopic datasets
(Supplemental Information Figs. S1-10), those components
including gianhucoumarin D (1), 3’-angeloyloxy-4'-ox0-3’,4'-
dihydroseselin (2)"°, 3’-isovaleryloxy-4'-oxo-3’,4'-dihydroseselin
(3)*, Pte 4", PA (5)"°, cis-3'-isovaleryl-4'-acetylkhellactone
(6)"°, imperatorin (7)*°, pracruptorin B (8)'°, IAK (9)*, PE (10)°,
and cis-3',4'-di-isovalerylhellactone an® (Fig. 2, and Table 1),
eleven coumarins in total, were selected as analytes. A hybrid
triple quadrupole-linear ion trap mass spectrometer (Qtrap-MS,
Sciex5500, Foster City, CA, USA) equipped with a Turbo V™
ESI interface was then employed for quantitative measurement,
and the settings for LC domain'® and the ion-source parameters'”
was identical with previous descriptions.

Except for two pairs of positional isomers (Pte vs. PA and PE
vs. IAK), the optimal parameters of other analytes, such as
collision energy (CE), declustering potential (DP), and precursor-
to-product ion transitions for multiple reaction monitoring (MRM),
followed the values described in our previous studies
(Supplemental Information Table S$1)'*'°. Because significantly
overlapping signals were observed between PE and AIK, exclusive
parameters were required for either regio-isomer. To assist the
screening of parameters with satisfactory specificity, another pair
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Figure 2 Chemical structures for all compounds-of-interest (1-11). The protons indicated with circles are chosen as quantitative signals.

of positional isomers namely Pte and PA, were also included for
careful online parameter optimization'**®, because the isomeric
pattern between Pte and PA was identical with that of PE vs. AIK
and satisfactory separation was accomplished for Pte and PA.
Diverse ion transition candidates were assayed, i.e. m/z 409 > 349,

409>327, 409>309, 409>287, 409>245, 409>227,
404>344, 404>327, 404>304, 404>287, 404>245,
404>227, 387>327, 387>287, 387>245, 387>227,

327>245, 327>227, 327>215, 287>245, 287>227, and
287>215 for either Pte or PA, and 451>351, 451>349,

451>329, 451>327, 451>245, 451>227, 446>346,
446>344, 446>329, 446>327, 446>245, 446>227,
429>329, 429>327, 429>245, 429>227, 329>245,

329>227, 329>215, 327>245, 327>227, and 327>215 for
either PE or TAK. CEs ranged from 5 to 60eV were stepwise
screened (step-size: 1eV) for each ion transition candidate.

2.5.  Method validation and simultaneous determination

The concentration of each targeted compound was calculated from
q'H NMR spectroscopy by applying the published equation'>*’.
Except for Frs. I and II, Frs. III-X were then thoroughly pooled,
dried, and reconstituted with methanol, successively, to generate
the pseudo-mixed standard solution with concentration profile as
87.50, 67.50, 7.50, 178.75, 1505.00, 240.00, 18.75, 490.00,
100.50, 435.00, and 138.75 pg/mL for compounds 1-11, sequen-
tially. The pseudo-mixed standard solution was then serially
diluted with methanol to yield a set of working standard samples.
Subsequently, those samples were 2-fold diluted with methanol
containing 500 ng/mL of IS2 to create the new series of calibration
samples. Diverse method validation assays, such as linearity,
sensitivity, precision, recovery, stability, and matrix effect, were
conducted by following the protocols described in the literature'?,
and the role of UMS was replaced by selected working standard
sample regarding linearity, sensitivity, precision, recovery, and
matrix effect assays.

Sample extracts were prepared by thoroughly suspending
pulverized materials (100 mg) in 10 mL of methanol and subjected
to ultranonic extraction. After adding methanol to compensate for
the lost weight during extraction, each extract was centrifuged at
10,000x g for 10 min and the supernatants were filtered through a
0.22 pm membrane. In parallel with those calibration samples,

each filtrate was further 2-fold diluted with 500 ng/mL of IS2
fortified methanol prior to measurement. The validated method
was then applied for simultaneous determination of eleven
coumarins (1-11, Table 1) in all Peucedani Radix extracts
(PR1-11).

3. Results and discussion

3.1.  Definitely structural identification by joint LC-IT-TOF-MS
and NMR

Due to the complexity of chemical constituents and the structural
similarity among APs, it was virtually impossible to exactly assign
the signals in '"H NMR spectrum of the crude extract. Hence,
fractionation was first performed on the extract. Several signals
were prominent in UV (320 nm) chromatogram of UMS and these
signals were thereby adopted as the landmarks to fragment the
entire effluent into ten fractions (Frs. I-X) according to valve
switching at 4.0, 13.5, 16.5, 21.0, 24.0, 25.8, 27.5, 31.5, 34.5, and
38.0 min, sequentially (Fig. 1B). The careful application of the
NMR spectroscopic datasets to the LC-IT-TOF-MS data permitted
definitive identification of a total of eleven coumarins (Fig. 2).
Detailed information for each analyte is summarized in Table 1.

Herein, we selected Fr. IX as the representative one to describe
the assignment of LC-IT-TOF-MS and NMR spectroscopic
signals. Obviously, only one primary signal was observed when
the UV length was maintained at 320 nm (Fig. 3A), and IT-TOF-
MS afforded a series of signals, such as m/z 467 [M + K]*, 451
[M + Na]*, and 446 [M + NH,]" in MS' spectrum (Fig. 3B), and
m/z 351 [M + Na — CsHgO,]", 349 [M + Na — CsH,40,]", 327
[M + H - CsH,00,1", 245 [M + H- C,oH;605]", 227 [M + H -
C10H1804]+, and 215 [M + H- C11H1804]+ in the M52 spectrum
of m/z 451 (Fig. 3C). After matching those data with previous
report”®, this primary peak was tentatively identified as PE, and the
distribution of PE was also demonstrated by 'H NMR spectro-
scopy via a set of signals (Table 1). However, a set of obvious
signals that could not be assigned to PE were observed at § 6.03,
2.00, and 1.88 in 'H NMR spectrum. In combination of the
chromatogram and tandem mass spectral profiles, the occurrence
of AIK*?, a positional isomer of PE was unambiguously demon-
strated in this fraction.



Table 1  Assignments of mass spectral and "H NMR (CDCl;, 500 MHz) signals for eleven analytes in Frs. III-X.
Source fx" (min) MS' Molecular MS? "H-NMR (6 in ppm, J in Hz)" Identity
formula
Fr. I  17.58 385.0679 [M+K]* C19H006 309; 245; 227 6.25 (1H, d, J = 9.43 Hz, 3-H), 7.60 (1H, d, J = 9.41 Hz, 4-H), 7.34 Qianhucoumarin D (1)
369.0926 [M+Na]* (IH, d, J = 8.63, 5-H), 6.81 (1H, d, J = 8.43 Hz, 6-H), 5.34 (1H, d,
364.1434 [M+NH,]" J = 5.08 Hz, 3'-H), 6.53 (1H, d, J = 5.08 Hz, 4-H), 1.41(3H, s,
5'-CH3), 1.45 (3H, s, 6'-CH3), 2.13 (3H, s, 2"-CH3), 2.10 (3H, s,
2'""-CH3)
Fr. IV 21.15 365.0996 [M+Na]* CioH;506 265; 243 6.33 (1H, d, J = 9.59 Hz, 3-H), 7.59 (1H, d, J = 9.28 Hz, 4-H), 7.55 3’-Angeloyloxy-4'-oxo-3',4'-
360.1453 [M+NH,]* (1H, 5-H), 6.86 (1H, d, J = 8.53 Hz, 6-H), 5.67 (1H, s, 3’-H), 1.42 dihydroseselin (2)
343.1204 [M+H]* (3H, s, 5'-CH3), 1.60 (3H, s, 6'-CHs), 6.22 (1H, q, J = 6.58 Hz,
3"-H), 2.04 (3H, d, J = 6.90 Hz, 4""-CHj;), 1.98 (3H, s, 5"'-CHj3)
22.54 383.0908 [M+K]* Ci9H006 265; 243 6.36 (1H, d, J = 9.59 Hz, 3-H), 7.75 (1H, d, J = 9.81 Hz, 4-H), 6.87 3'-Isovaleryloxy-4'-oxo-3',4'-
367.1115 [M+Na]* (1H, d, J =8.34 Hz, 6-H), 7.53 (1H, 5-H), 5.57 (1H, s, 3’-H), 1.71 dihydroseselin (3)
362.1633 [M+NH,]* (3H, s, 5'-CH3), 1.74 (3H, s, 6'-CH3), 2.31 (1H, m, 2""-H)
Fr. V. 2425 425101 [M+K]" CsHy,057 327; 309; 287;  6.23 (1H, d, J = 9.48 Hz, 3-H), 7.59 (1H, d, J = 9.45 Hz, 4-H), 7.34 Pte (4)
409.1335 [M+Na] ™ 245; 227; 215 (IH, d, J = 8.44 Hz, 5-H), 6.79 (1H, d, J = 8.82 Hz, 6-H), 5.35
404.1763 [M+NH,]* (1H, d, J = 4.92 Hz, 3'-H), 6.63 (1H, d, J = 4.90 Hz, 4'-H),
1.43 (3H, s, 5'-CHa), 1.46 (3H, s, 6'-CH3), 2.09(1H, s, 3"'-CHa),
6.04 (1H, q, J/ = 6.69 Hz, 3'”-H), 2.01 (3H, d, J = 6.50 Hz,
4'""-CHs), 1.86 (3H, s, 5"""-CH3)
Fr. VI 2579  425.0852 [M+K]* C,Hx0; 349; 327; 309;  6.24 (1H, d, J = 9.55 Hz, 3-H), 7.58 (1H, d, J = 9.46 Hz, 4-H), 7.33 PA (5)
409.1269 [M+Na]*™ 245; 227; 215 (IH, d, J = 8.76 Hz, 5-H), 6.81 (1H, d, J/ = 8.66 Hz, 6-H), 5.41(1H,
404.1736 [M+NH,]* d, J = 4.89 Hz, 3-H), 6.58 (1H, d, J = 4.80 Hz, 4'-H), 1.43 (3H, s,
5'-CHs3), 1.47 (3H, s, 6'-CH3), 6.13 (1H, q, J/ = 6.95 Hz, 3""-H), 1.96
(3H, d, J = 6.88 Hz, 4"-CH;), 1.86 (3H, s, 5'-CH3), 2.10 (3H, s,
2'""-CH3)
Fr. VI 27.64 427.1219 [M+KJ* C5H2407 351; 329; 327,  6.24 (1H, d, J = 9.53 Hz, 3-H), 7.60 (1H, d, J = 9.49 Hz, 4-H), 7.33 cis-3'-Isovaleryl-4'-acetylkhellactone
411.1405 [M+Na]*™ 245; 215 (IH, d, J = 8.56 Hz, 5-H), 6.80 (1H, d, / = 8.61 Hz, 6-H), 533  (6)
406.1864 [M+NH,]" (1H, d, J = 4.85 Hz, 3’-H), 6.54 (1H, d, J = 4.89 Hz, 4'-H), 1.40
(3H, s, 5'-CH3), 1.44 (3H, s, 6'-CH3), 0.99 (6H, d, J = 6.93, 4",
5""-CHs), 2.13 (3H, s, 2""'-CH3;)
28.83 309.0543 [M+K]* Ci6H1406 225; 203 6.26 (1H, d, J = 9.82 Hz, 3-H), 8.15 (1H, d, J/ = 9.72 Hz, 4-H), 7.05 Imperatorin (7)
293.0795 [M+Na]* (1H, s, 5-H), 6.95 (1H, d, J = 1.98 Hz, 2'-H), 7.60 (1H, 3’-H), 4.91
271.0959 [M-+H]* (1H, d, J = 7.38 Hz, 1""-H), 5.54 (1H, t, J = 6.94 Hz, 2""-H), 1.70
(3H, s, 4’-CH3), 1.80 (3H, s, 5"-CH3)
Fr. VIII 32.86 465.1277 [M+K]* C,4H,607 349; 329; 327;  6.22 (1H, d, J = 9.47 Hz, 3-H), 7.57 (1H, d, J = 9.62 Hz, 4-H), 7.34 Praeruptorin B (8)
449.1585 [M+Na]" 245; 227; 215 (1H, d, J = 8.61 Hz, 5-H), 6.81 (1H, d, J = 8.67 Hz, 6-H), 5.45 (1H,
4442038 [M+NH,]* d, J = 5.06 Hz, 3'-H), 6.69 (1H, d, J = 5.06 Hz, 4'-H), 1.45 (3H, s,
5'-CH3), 1.49 (3H, s, 6'-CH3), 6.10 (1H, q, J/ = 6.39 Hz, 3""-H), 1.82
(3H, s, 5"-CH3y), 6.00 (1H, q, J = 6.92 Hz, 3"’-H), 1.85 (3H, s,
5'""-CH3)
Fr. IX 3525  467.1444 [M+K]* CouHrs05 351;329; 327;  6.22 (1H, d, J = 9.37 Hz, 3-H), 7.57 (1H, d, J = 9.38 Hz, 4-H), 7.33 IAK (9)
451.1699 [M+Na]"™ 245; 227; 215 (1H, d, J = 8.45 Hz, 5-H), 6.80 (1H, d, J = 8.44 Hz, 6-H), 5.38 (1H,

446.2321 [M+NH,]"

d, J = 498 Hz, 3’'-H), 6.61 (1H, d, J/ = 5.09 Hz, 4’-H), 6.03 (1H, q,
J = 6.71 Hz, 3'"’-H), 2.00 (3H, d, J = 7.02 Hz, 4'"’-CH3), 1.88
(3H, s, 5""'-CH3)
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Table 1 (continued)

Identity

'H-NMR (6 in ppm, J in Hz)"

MS?

Molecular
formula

r" (min) MS!

Source

6.22 (1H, d, J = 9.37 Hz, 3-H), 7.57 (1H, d, J = 9.38 Hz, 4-H), 7.33 PE (10)

349; 329; 327,
245; 227; 215

C24H3507

467.1444 [M+K]+
451.1699 [M+Na] ™

35.45

(1H, d, J = 8.45 Hz, 5-H), 6.80 (1H, d, J = 8.44 Hz, 6-H), 5.38
(1H, d, J = 4.98 Hz, 3"-H), 6.61 (1H, d, J = 5.09 Hz, 4'-H ), 1.45
(3H, s, 5'-CHs), 1.47 (3H, s, 6'-CH;), 6.13 (1H, q, J = 7.28 Hz,

3".H), 1.97 GH, d, J = 6.72 Hz, 4”-CH,), 1.86 (3H, s, 5"-CHj),

446.2321 [M+NH,]*

1.19 (6H, d, J = 6.76 Hz, 4'"",5'"""-CHz)
6.21 (1H, d, J = 9.51 Hz, 3-H), 7.51 (1H, d, J = 9.39 Hz, 4-H), 7.34 cis-3’,4'-di-Isovalerylhellactone (11)

351; 329; 245;

227; 215

C241_130()7

469.1467 [M+K]*™
453.1912 [M+Na] "

448.234 [M+NH,]"

37.77

Fr. X

(1H, d, J =8.29 Hz, 5-H), 6.80 (1H, d, J/ = 9.04 Hz, 6-H), 6.55

4.93 Hz, 4'-H), 1.41 (1H, s, 5’-H), 1.43 (1H, s, 6'-H),
0.98 (2H, d, J = 6.79 Hz, 4"",5""-H), 2.33, 2.23 (each 1H, m, 2"""-H),

2.04 (1H, m, 3'’-H)

(1H, 4, J

#All retention times were obtained from semi-preparative LC.

The signal in boldface were selected as targeted signals for quantitation.

3.2.  Specific monitoring of regio-isomers

Although extensive attempts were devoted to the separation of PE
and AIK, severe overlap still occurred. Hence, efforts were made
towards MRM to offset the resolution between these regio-
isomers, and another pair of regio-isomers, PA vs. Pte, was
introduced to validate the adaptability of regio-specific monitor-
ing through applying exclusive parameters (Fig. 4A).

Diverse ion transition candidates, covering all primary signals
in both MS' and MS? spectra were screened for PA and Pte, and
online parameter optimization®® was carried out for each ion
transition candidate. As a result, mild specificity was observed for
those candidates being composed of adduct molecular ions (e.g.
m/z 409 [M + Na]™, 404 [M + NH,]", and 387 [M + H]") and
grand-daughter ions (e.g. m/z 245 [M + H - CH;COOH -
C4H,CO]", 227 [M + H — CH;COOH - C4H,COOH]", and 215
[M + H - CH3;COOH - C4HqCO - CH,O]") (Fig. 4B-D).
Significant selection, nonetheless unsatisfactory, was observed for
those candidates consisting of adduct molecular ions (e.g.,
m/z 409, 404, and 387) and daughter ions (e.g., m/z 349 [M +
Na — CH;COOH] ™, 327 [M + H — CH;COOH] ™", 309 [M + Na —
C,H,COOH]", and 287 [M + H - C,H,COOH]") (Fig. 4B-D).
Satisfactory specificity was observed, fortunately, for those ion
transition candidates composed of daughter ions (m/z 349, 327,
309, and 287) and grand-daughter ions (m/z 245, 227, and 215)
(Fig. 4B-D).

The mass fragmentation pathways of APs are proposed in
Supplemental Information Fig. S11. Regarding Pte and PA, the
adduct molecular ions underwent step-wise dissociations. The
neutral loss of RCOOH from 4’-C dominated the first fragmenta-
tion to generate daughter ions at m/z 349 and 327 for PA while
m/z 309 and 287 for Pte, whereas the dissociation of 3’-C-O bond
was the inferior pathway to yield daughter ions at m/z 309 and
287 for PA while m/z 349 and 327 for Pte. Subsequently,
identical grand-daughter ions including m/z 245, 227, and 215
were observed for either PA or Pte. Because of the distinct mass
fragmentation patterns, the ion transition paired by daughter ion
and grand-daughter ion could be able to achieve regio-specific
monitoring for these positional isomers.

Afterwards, the applicability of those rules was assessed for PE
and AIK that were almost co-eluted (Fig. 5A). Following
extensive assays, some daughter ion > grand-daughter ion pairs
such as m/z 329>245, 329>227, 329>215, 327>245,
327>227, and 327>215, enabled the regio-specific measure-
ments of PE and AIK, and satisfactory discrimination was also
achieved with m/z 451>351, 446>329, 451>349, and
446>327 (Fig. 5B-D). On the contrary, significant overlap
occurred when m/z 451>227 and 451>245 were employed
(Fig. 5D). Ultimately, m/z 329>245 and 327>245 were
involved in the monitoring list of MRM to monitor AIK and
PE, respectively, because of their sensitive properties.

3.3.  Extraction of quantitative information for compounds-of-
interest

The quantitative information regarding all compounds-of-
interest (1-11) was extracted from 'H NMR spectra of Frs.
III-X. In general, the quantitative signal should show satis-
factory response and complete separation from those inter-
fering signals. Obviously, the singlet signal at § 8.60 yielded
by IS1 always served as the qualified reference signal for all
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Figure 3 (A) UV (320 nm) chromatogram of Fr. IX. (B) MS' spectrum of the primary signal in Fr. IX. (C) MS? spectrum of the primary signal in
Fr. IX. (D) '"H NMR (CDCl;, 500 MHz) spectra of Fr. IX in the ranges of 6 0-9.0 and 5.8-7.6. Signal assignments for PE and AIK are also

illustrated.

quantitative assays. On the other hand, the signal belonging to
4’-H was demonstrated, fortunately, that it is usually sensitive
for the substitutes at 3'-C along with 4’-C and separately
distributed in the 'H NMR spectrumls. Therefore, doublet
signals belonging to 4’-H (Fig. 2) were usually selected as
quantitative signals, such as § 6.53 for 1 (Supplementary
Information Fig. S3), § 6.63 for 4 (Supplementary Information
Fig. S5), 6 6.58 for 5 (Supplementary Information Fig. S6),
4 6.54 for 6 (Supplementary Information Fig. S7), § 6.69 for 8
(Supplementary Information Fig. S8), and & 6.55 for 11
(Supplementary Information Fig. S10). It should be mentioned
that the left branch of the doublet signal of § 6.55 was merely
employed to provide quantitative information for 11 because
significant overlap occurred for the right branch. Regarding PE
and TAK, the olefinic proton signals belonging to the angeloyl
substitutes at 3’-C and 4'-C for PE (6§ 6.13) and IAK (6 6.03),
respectively, exhibited absolute separation and were thereby
chosen as the targeted signals (Fig. 2 and Supplementary
Information Fig. S9). Despite the absences of 4’-H signals,
characteristic singlet signals were observed at 6 5.67 and 5.57
for the protons at 3’-C of 2 and 3, respectively; hence, these
signals were employed for quantitative measurements (Fig. 2).
Moreover, the unique doublet signal at 6 8.15 (4-H) was
adopted as the diagnostic response for 7 (Fig. 2 and
Supplementary Information Fig. S7). As a consequence, the
amounts of all eleven analytes in the corresponding fractions
were calculated as 0.700, 0.540, 0.060, 1.430, 12.040, 0.150,
1.920, 3.920, 0.804, 3.480, and 1.110mg for 1-11,
respectively.

3.4.  Method validation and simultaneous determination

Afterwards, Frs. III-X were pooled to generate the pseudo-mixed
standard solution that was subsequently used for method validation
assays. Following the application of those optimized parameters as
well as elution profiles, a representative chromatogram of the
calibration sample is shown in Fig. 6A. All compounds-of-interests
showed linear properties within respective concentration ranges
(Supplemental information Table S2). The results of sensitivity
assays (Supplementary Information Table S2), including those lower
limits of quantitation (LLOQs, 8.24—184 ng/mL) along with limits of
detection (LODs, 0.25-13.4ng/mL) showed that the method is
sensitive enough for simultaneous determination of those eleven
coumarins in Peucedani Radix. Moreover, the intra-day (RSDs%,
1.26%-10.22%) and inter-day (RSDs%, 3.67%—13.41%) variations,
recovery (79.72%-114.07% with RSDs% among 0.40%-13.82%),
and matrix effect assays (97.87%-130.29%, Supplemental
Information Table S3) demonstrated that the developed method could
meet the requirements of reliable quantitation.

The validated method was then implemented for simultaneous
determination of eleven coumarins (1-11) in eleven batches of
Peucedani Radix (PR1-PR11). In particular, two positional
isomers, i.e. PA vs. Pte and PE vs. IAK, were presented. The
typical chromatogram of Peucedani Radix is exhibited in Fig. 6B
following measurement in parallel with those calibration samples,
and the quantitative results are summarized in Table 2. Overall,
significant variations regarding the quantitative profiles were
observed among the crude materials. The contents of four batches
(PR1, PR3, PRY and PR10) were outliers from the profile cluster



652

Yao Liu et al.

The contents (pg/100 mg) of eleven analytes in the eleven batches of Peucedani Radix (PR1-11).

Table 2

Content

No.

11

10

318.01+10.35

283.08+12.98 85.49+3.60

1409.43 +61.12

11.01+0.95 1279.74+42.82 5.14+0.20 6.09+0.32

468.49+42.94 4.89+0.13

0.46+0.03

PR1
PR2
PR3
PR4

1769.13+82.70 537.62+12.21

421.8949.16

1687.03 % 177.01

5235.87 £252.25 690.4;1 +5.62

571.79+31.28

54.13+1.48

273.05+12.16 273.31 + 10.92 25.95+0.51

217.23+621

689.61+25.27

138.72 +3.09

380.94+29.54 846.10+0.06

638.55+19.69 1954.78_+ 16.56 2070.15+50.38

8.21+0.32

101.58+3.70

145.48 4 5.57

404.20+26.84 1853.48_+ 93.15 586.09+28.88

1691.26+76.10

5302.49+168.16 771.17+52.06

357.13+34.80

n 26784096 51.27+334

158.22+14.97 217.79+3.48

2053.74+36.62 573.50+13.76

231.21+8.39

1275.93+94.67

903.01 + 68.28

6009.39+92.16

249.59 + 4.68

257.32+16.16 33.67;1.65 50.56+5.02

143584 6.10

PRS
PR6
PR7

1574.89+113.24 318.44+17.50 1681.30190.76 526.74+10.56

5309.92+150.23 699.92 +49.66

541.90+13.33

48314245

6.44+0.13

157.224 6.96

199.52+6.33

1557.53+53.09 457.16+28.91

279.61 +6.49

5180.24 +207.37 782.22 ; 32.70 1279.78 +£0.08

40320+ 16.77

12.55+0.38 60.39+1.53

17436 +7.87

301.41+15.21

255.54+21.17 1014.20; 76.02 317.93+35.54

1154.9240.06

11.754+0.38 216.65+19.43 1073.94+97.90 2880.66;238.03 570.82+74.75

117.88+9.78

216.65+4.51

230.98+15.89

133.68+11.38 74.07+7.18

102217+ 13.99

19.3740.10
420.06 +36.30 337.68+0.08

1027.48+11.26 232.71+2.19

422141.13

8.98+0.08

PRS8
PR9

1166.05+36.47 297.28 I 25.98

62.08+3.26

520.01+35.67 2292.31 I 22.51 2594.77+49.71

5.67+0.14

410.73+38.33 5.24+0.23
47.09+3.59

PR10 51.60+5.77

272.824 13.50

202.62+21.65 823.23+22.50

485.19+50.62 1000.20+2.81

2115.73 +33.75

14516 £ 1125 13484062 37.78+394  318.15430.93

156.09 +13.78

PRI11

consisting of the other batches after the preliminary hierarchical
cluster analysis (data now shown), agreeing well with the findings
archived in our previous article'*. Except for PR1 (5.14 pg/
100 mg) and PR9 (232.71 pg/100 mg), PA was always observed
as the most abundant component in Peucedani Radix (2070.15-
6009.39 pg/100 mg). Most batches were also rich in compound 8
(337.68-1691.26 pg/100 mg) together with PE (74.07-2053.74 pg/
100 mg). On the other hand, minor occurrences were detected, in
most cases, for compound 3 (4.89-33.67 pg/100 mg). As expected,
the ratio of each analyte, except PE and IAK, between the absolute
contents obtained here and those quasi-contents in Ref. 14 were
very similar across among different batches (PR1-PR11). It is also
worth mentioning that both PE and IAK were grouped into a
single compound namely PE in our previous article due to the
extensive overlapping signals as well as nonspecific ion transition;
however, the sum of the absolute contents of PE and IAK showed
identical variation tendency with the quasi-content of PE'*
amongst all batches.

Although LC has been widely claimed as an efficient separation
tool (especially when using sub-micron chromatographic parti-
cles), it cannot fully meet the chromatographic separation demands
for TCMs. Therefore, additional efforts by analytical scientists are
required to search an orthogonal means to enhance the chromato-
graphic potential of LC. Ion mobility mass spectrometry (IM-MS)
has been most frequently mentioned as a qualified choice, in
particular for discriminating those isomers, because each compo-
nent usually owns unique collision cross section in the ion
mobility chamber®’. However, we suggested that MRM might
exhibit the potential to discriminant isomers because different
tandem mass spectrometric behaviors always occur between
isomers. In current study, specific monitoring was achieved for
those positional isomers, e.g. Pte vs. PA'* and PE vs. IAK,
following careful parameter optimization. Hence, MRM might be
able to replace the role of IM-MS, to some extent, by serving as a
complementary separation dimension for LC.

We previously proposed a protocol'* for large-scale relative
quantitation of complicated matrices which could fulfill the
demands of comparative metabolomics. However, absolute con-
tents of metabolites, as many as possible, are of great importance
for clinical diagnosis and personalized medicine. Fortunately, the
current strategy meets these goals because it provides a flexible
procedure to identify and quantify ten analytes from a TCM
extract in an authentic compound-independent manner. In addi-
tion, it is convenient to accumulate metabolites-of-interest via
scheduling valve-switching program for the home-made fraction
collection module. As a consequence, the combination of the
current study and the previous one'* might offer a fit-for-purpose
tool to completely reveal the quantitative metabolome of TCMs.

4. Conclusions

In the current study, offline LC-NMR-MS/MS was applied as
the core idea for a new three-step strategy for multi-component
targeted quantitation of Peucedani Radix without the use of
authentic compounds as external standards. First, UMS was
fragmented into ten fractions (Frs. I-X) with a home-made
automated fraction collection module. Secondly, definite
structural information and quantitative properties regarding
compounds-of-interest were obtained by assaying each frac-
tion with LC-IT-TOF-MS and NMR spectroscopy in parallel.
Thirdly, those well-characterized fractions (Frs. III-X) were
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Figure 4 (A) UV (320 nm) chromatogram of UMS among 6.45-8.25 min, showing that absolute separation is accomplished between PA and
Pte. (B) Relative intensity-CE curves of Pte, corresponding to different ion transition candidates (m/z 287> 215, 287 >227, 287> 245, 409 > 245,
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13.20-14.30 min, indicating that regio-specific monitoring can be achieved unless the employment of m/z 451 >227.
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Appendix A.

Supporting information

Supplementary data associated with this article can be found in the
online version at https://doi.org/10.1016/j.apsb.2018.01.005.
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