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Abstract Although serving as the workhorse, MS/MS cannot fully satisfy the analytical requirements

of quantitative sub-metabolome characterization. Because more information intrinsically correlates to

more structural and concentration clues, here, efforts were devoted to comprehensively tracing and deci-

phering MS/MS behaviors through constructing triple three-dimensional (3�3D)-MS/MS spectrum.

Ginsenosides-targeted metabolomics of notoginseng, one of the most famous edible medicinal plants,

was employed as a proof-of-concept. Serial authentic ginsenosides were deployed to build the correla-

tions between 3�3D-MS/MS spectra and structure/concentration features. Through assaying ginseno-

sides with progressive concentrations using QTOF-MS to configure 1st 3D spectrum, the generations

of MS1 spectral signals, particularly multi-charged multimer anions, e.g., [2Me2H]2e and

[2Mþ2HCOO]2e ions, relied on both concentration and the amount of sugar chains. By programming

progressive collision energies to the front collision cell of Qtrap-MS device to gain 2nd 3D spectrum,

optimal collision energy (OCE) corresponding to the glycosidic bond fission was primarily correlated

with the masses of precursor and fragment ions and partially governed by the glycosidation site. The

quantitative relationships between OCEs and masses of precursor and fragment ions were utilized to build

large-scale quantitative program for ginsenosides. After applying progressive exciting energies to the

back collision chamber to build 3rd 3D spectrum, the fragment ion and the decomposition product anion
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exhibited identical dissociation trajectories when they shared the same molecular geometry. After

ginsenosides-focused quantitative metabolomics, significant differences occurred for sub-metabolome

amongst different parts of notoginseng. The differential ginsenosides were confirmatively identified by

applying the correlations between 3�3D-MS/MS spectra and structures. Together, 3�3D-MS/MS spec-

trum covers all MS/MS behaviors and dramatically facilitates sub-metabolome characterization from

both quantitative program development and structural identification.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

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

Because of the potential to bridge non-targeted metabolomics
toward targeted metabolomics, chemical homologues-focused
metabolomics (also known as sub-metabolomics) serves as an
emerging and widely popular term in recent years1e3. LCeMS/
MS is the most favored analytical tool4,5, and the qualitative and
quantitative performances of MS/MS primarily administrate the
sub-metabolomics success. Although MS/MS technologies have
experienced rapid developments in terms of both resolution and
scan rate6e8, the analytical requirements of quantitative sub-
metabolome characterization cannot be completely addressed,
even employing cutting-edge techniques. Primary reasons include
that only a portion of MS/MS behaviors of given compounds is
recorded by the routine strategies and even worse, less information
is taken into account at data processing stage. Here, our attention
is paid to pursue a robust pipeline permitting comprehensive MS/
MS data acquisition and to explore the correlations of the infor-
mation against structural and concentration properties.

Following MS/MS spectrum acquisition, those versatile data-
bases, e.g., HMDB9, Metlin10, ChemSpider11,12, and MassBank13,
dramatically facilitate the structural annotation for metabolites-of-
interest. However, such high-resolution masses (HR-m/z)-depen-
dent database retrieval strategy is unable to totally fill the gap from
masses to chemical structures because isomers frequently produce
identical HR-m/z lists14. When taking relative ion intensity (RII)
features into consideration, some auxiliary structural evidences
could elevate identification confidences15,16. The trajectory of RII
against collision energy (CE), termed as breakdown graph17,18, is
inherently governed by the structures and in turn, reflects certain
structural properties18. Fortunately, an elegant program namely
online energy-resolved MS (ER-MS) has been stably developed to
acquire breakdown graph for any ion species-of-interest19. Due to
gathering sigmoid-type breakdown graph of precursor ion residue
(usually [MþH]þ/[MeH]�) and Gaussian-shaped breakdown
graph(s) of all primary fragment ion(s), full CE ramp-MS2

(FCER-MS2) spectrum universally implies the dissociation be-
haviors of the precursor ion against CE. The primary spectral
features such as RIImax, OCE, and CE50, are termed as the
maximum RII of each fragment ion, CE at RIImax, and CE at 50%
survival rate of precursor ion, accordingly. When incorporating
with quantum structural calculation, those features are quantita-
tively correlated to certain molecular descriptors (MDs), particu-
larly the linkages amongst substructures, leading to a significant
growth of structural annotation capacity. If dissociations can be
operated in a tandem-in-time manner, for instance 3D ion trap-
MS, or when tandem-in-space collision cells are available, e.g.,
Qtrap-MS equipping two serially coupled collision cells, the
follow-up dissociation kinetics of 1st-generation fragment ion will
be comprehensively traced via operating online ER-MS program
for one more time. Similarly, through involving all 2nd-generation
breakdown graphs to compose full exciting energy ramp-MS3

(FEER-MS3) spectrum20, quantitative relationships should also
exist amongst the spectral features and certain MDs of substruc-
ture. Except for molecular formula information, MS1 spectrum is
able to reflect additional structural information because the charge
fashion, in particular those multi-charged multimer ions, is also
administrated by the structure21. Above all, if the aforementioned
findings can be fused via configuring the triple three-dimensional
MS/MS spectrum (3�3D-MS/MS spectrum) that consists of full
concentration ramp-MS1 (1st 3D), FCER-MS2 (2nd 3D), and
FEER-MS3 (3rd 3D) spectra, the structural identification ability of
MS/MS will be significantly advanced.

Although metabolomics is conceptually designed to determine
the concentration of every metabolite in given matrices, in prac-
tice, MS/MS response, frequently peak area of MS1 spectral
signal22,23, replaces the concentration role. Though linear corre-
lations occur in theory, such relationships are critically challenged
by the insufficient linear dynamic range of the analytical instru-
ment, e.g., QTOF-MS24. Except for competitive ionization in the
case of numerous co-eluted molecules, the factors dampening
linear correlations are largely unknown till now. To address the
content-extended distribution styles of metabolites, it should be
better to apply multiple-reaction monitoring (MRM) program
instead of full scan with QTOF-MS device25. The workload
thereafter turns to quantitative settings optimization, such as
precursor > fragment ion transitions and OCEs, in a high-
throughput authentic compound-independent manner. Because
ion transitions can be conveniently constructed by pairing pre-
cursor and dominant fragment ions, the key to build the moni-
toring list should be the relationships between OCE and ion
masses.

To fulfill the analytical requirements of quantitative sub-
metabolome characterization, an attempt is made here to simul-
taneously improve qualitative and quantitative performances of
MS/MS. Regarding qualitative aspect, the fortification of con-
centration- and energy-resolved programs to conventional MS/MS
measurements results in 3�3D-MS/MS spectrum allowing to
involve fruitful structural clues. Moreover, concentration-resolved
measurements are also programmed to explore the factors sup-
pressing the linear dynamic range, and more importantly, our
concerns are also paid to construct MRM program for globally
quantitative analysis. Ginsenosides-focused metabolomics of
notoginseng is conducted to justify the utility of 3�3D-MS/MS
spectrum concept because either ginsenosides or notoginseng have
occupied the research hotspot concerning medicinal plants for

http://creativecommons.org/licenses/by-nc-nd/4.0/
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decades26, attributing to the pronounced therapeutical and tonic
benefits. The findings are envisioned to profile in depth the dis-
tribution styles of ginsenosides in notoginseng, and more impor-
tantly, provide a promising analytical pipeline for quantitative sub-
metabolome characterization without updating any hardware.

2. Materials and methods

2.1. Chemicals and reagents

Twenty-two dammarane-type ginsenosides (Supporting Information
Fig. S1), together with two other ginsenosides, namely Ro (oleanolic
acid-type saponin) and F11 (octillol-type saponin), were commer-
cially obtained from Standard Technology Co., Ltd. (Shanghai,
China) and Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai,
China). The structures of all authentic compounds are depicted in
Supporting Information. Eleven saponins ownedmore than two sugar
chains. Nine and thirteen owned protopanaxatriol and proto-
panaxadiol scaffolds, respectively. Noteworthily, tight structural
correlations occurred for certain compounds. For instance, Rd and
XVII were a pair of isomers, and F2 (i.e., 20,3-O-diglucosyl proto-
panaxadiol), Rg3 (i.e., 20-O-glucosyl-3-O-glucosyl proto-
panaxadiol), and Rh2 (i.e., 3-O-glucosyl protopanaxadiol) served as
the step-wise hydrolysis products for Rd (i.e., 20-O-glucosyl-3-O-
glucosyl-(20-O-glucosyl) protopanaxadiol). A natural product
namely astragaloside IV was purchased from Standard Technology
Co., Ltd. and applied as the internal standard (IS).

Forty-one batches, in total, of different parts of Panax noto-
ginseng, comprising sixteen batches of roots (root1eroot16),
fifteen batches of flowers (flower1eflower15), and ten batches of
rhizomes (rhizome1erhizome10), were collected from the crude
material market in Anguo (Hebei, China) and authenticated by one
of the authors, Prof. Pengfei Tu. All voucher specimens are
deposited in the herbarium of our institute.

LCeMS-grade formic acid, methanol, and acetonitrile (ACN)
were purchased from Thermo-Fisher (Pittsburgh, PA, USA).
Deionized water (18.2 MU cm) was prepared in-house using a
Millipore Milli-Q purification apparatus (Bedford, MA, USA).

2.2. Sample preparation

Stock solutions of all ginsenosides were prepared by separately
dissolving with methanol or 50% aqueous methanol to appropriate
concentrations. An aliquot of each stock solution was pooled to
produce the mixed standard solution that subsequently underwent
gradual 2-fold dilution using 50% aqueous methanol to yield a
panel of calibration samples (Set A). IS was dissolved with 50%
aqueous methanol to generate IS solution (20 mg/mL).

After being thoroughly dried and well pulverized, a 1.0 g
aliquot of each batch was extracted with 50 mL methanol for
30 min by applying an ultrasonication-assisted manner. Each
extract successively underwent 10,000 rpm centrifugation and
filtration through a 0.22 mm Nylon membrane to result in an
additional set of samples (Set B). Afterwards, 25-fold dilution
with methanol was separately conducted for a portion of each
extract to yield another series of samples (Set C). Each sample
was individually mixed with an equal volume of IS solution to
produce all testing samples, 82 in total. All samples belonging to
Sets B and C, participated in quantitative sub-metabolomics,
aiming to guarantee that all ginsenoside concentrations located
within the linear ranges of MRM program. Quality control (QC)
sample was yielded by mixing aliquots of all samples in Set B.
Progressive 2-fold dilution was carried out for QC sample to give
out Set D samples after individually fortifying equal volume of IS
solution.

2.3. Biosynthesis of 13C-isotopically labeled Rd

To consolidate the occurrences of multi-charged multimer anions
(e.g., [nMenH]ne and [nMþnHCOO]ne), particularly [2Me2H]2e

and [2Mþ2HCOO]2e, in the apparent [MeH]e and [MþHCOO]e

signals, respectively, 13C-isotopically labeled Rd, as a representative,
was biosynthesized from F2 under the catalysis of a UDP-
glycosyltransferase namely PgUGT94Q2. The instructions
described previously were tightly followed27. Briefly, the
PgUGT94Q2 gene was cloned into pGEX4T-1 carrier using the
primer pair namely PgUGT94Q2-BamHI/PgUGT94Q2-EcoRI and
then transmitted into Escherichia coli BL21-CodonPlus. E. coli
harboring the plasmidswere cultured to anOD600 value of 0.6e0.8 in
LuriaeBertanimedium fortifiedwith ampicillin at 37 �C. Theprotein
expression was induced by 0.5 mmol/L of isopropyl b-D-thio-
galactoside. Cell incubation was conducted at 18 �C for 18 h with
continuous 200 rpm oscillation, successively followed by sonication
and centrifugation at 8000 rpm at 4 �C for 40 min. Thereafter, the
supernatants containing recombinant proteins were responsible to
transfer a 13C-isotopically labeled glucosyl moiety from UDP-13C-
glucose to C-20 site of F2 in the reaction buffer. After 12 h-incubation
at 35 �C, iced ACN quenched the reaction. Following the removal of
protein precipitates, the resultant solution containing the desired
product namely 13C-Rd, was subjected onto LCeMS/MS measure-
ments. Moreover, a portion of the solution was combined with
appropriate volume of 12C-Rd solution to yield a mixture containing
both 12C-Rd and 13C-Rd.

2.4. Configuration of 3�3D-MS/MS spectra for ginsenosides

A given 3�3D-MS/MS spectrum was indeed composed of three
apparent 3D spectra, such as full concentration ramp-MS1 (1st

3D), FCER-MS2 (2nd 3D), and FEER-MS3 (3rd 3D) spectra. The
mixed standard solution and QC sample took part in all mea-
surements to construct 3�3D-MS/MS spectrum for each ginse-
noside, and the biosynthetic samples together with Set A samples
merely joined in 1st and 2nd 3D spectral acquisition.

All chromatographic separations were accomplished on Shi-
madzu LC-20ADXR modular (Kyoto, Japan) through equipping a
Waters ACQUITY HSS T3 column (2.1 mm � 100 mm, 1.8 mm,
Milford, CT, USA). The elution was undertaken by delivering
0.1% aqueous formic acid (A) and ACN containing 0.1% formic
acid (B) in gradient as below: 0e2 min, 15%e37% B; 2e13 min,
37% B; 13e17 min, 37%e40% B; 17e24 min, 40%e95% B;
24e26 min, 95% B; 26e26.1 min, 95%e15% B; 26.1e32 min,
15% B; and total flow rate, 0.2 mL/min. Column oven was
maintained at 40 �C and injection volume was 2 mL.

2.4.1. Full concentration ramp-MS1 spectrum construction
The column outlet was directly linked to ESI interface of QTOF-
MS equipment (SCIEX 6600þ, Foster City, CA, USA) to record
MS1 spectra for all ginsenosides28. Negative ionization polarity
was applied and the ion source settings were defined as below: ion
source gas 1 (GS1), 50 psi; ion source gas 2 (GS2), 50 psi; curtain
gas (CUR), 35 psi; ionspray voltage, �4500 V; temperature,
500 �C; and declustering potential (DP), �60 V. CE for MS1

experiment was set at �5 eV to avoid in-source collision-induced
dissociation (CID), and mass range as 100e3000 Da was
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implemented to guarantee the observation of all singly and
multiply charged monomer/multimer anions. SCIEX Analyst OS
software (Version 2.2) was in charge of data acquisition and
processing. Regarding each saponin, MS1 spectra at different
concentration levels were overlaid to produce 1st 3D spectrum.

Moreover, data-dependent acquisition (DDA) algorithm was
deployed to automatically trigger MS2 spectrum recording for the
top-10 most abundant ions. CE and CE spread (CES) were set as
�40 and 20 eV, respectively, to record all MS2 spectra. Extensive
attention was thereafter paid to assign MS2 spectral signals to their
precursor ions in MS1 spectra, and the aligned MS1-MS2 dataset
was thereafter implemented for 2nd 3D spectrum construction and
structural annotation as well.

2.4.2. FCER-MS2 spectrum construction
The protocols described previously were deployed to build FCER-
MS2 spectrum19. The column outlet was linked to Qtrap-MS de-
vice (SCIEX 5500, Foster City, CA, USA) and negative ionization
polarity was also applied. SCIEX Analyst software (Version 1.6.3)
administrated spectrum recording and data processing. Notewor-
thily, compared to either [MeH]e or [Mþ2HCOO]2e,
[MþHCOO]e ion was more frequently selected to produce frag-
ment ions due to the greater abundances. All breakdown graph
regression as well as key features (e.g., CE50, OCE, and RIImax)
calculation was accomplished by GraphPad Prism 7.0 software
(San Diego, CA, USA).

Further, all CE50 values calculated from sigmoid-shaped
breakdown graphs were concerned to explore the linear correla-
tions with masses of precursor ions using GraphPad Prism 7.0
software. OCEs from all Gaussian-shaped breakdown graphs were
used to pursue the correlations with masses of both precursor and
fragment ions through surface fitting with OriginPro 9 software
(Northampton, MA, USA).

2.4.3. FEER-MS3 spectrum measurements
Qtrap-MS was also implemented to build FEER-MS3 spectra. The
1st-generation fragment ions resulted from neutral cleavage of the
glycosyl residue(s), such as the aglycone anions (e.g., m/z 475.4
and 459.4) and other ions-of-interest were allowed to undergo the
follow-up CID in LIT chamber for the sake of FEER-MS3 spec-
trum measurements. Sigmoid-shaped or multiply iterative break-
down graphs were obtained for MS3 spectral signals through
programming progressive EE levels20. Each FEER-MS3 spectrum
was constructed via assembling those breakdown graphs after
appropriate normalization. The primary descriptors, such as EE50,
RIIOEE, and OEE that were termed as EE at 50% survival rate of
1st-generation fragment ion, the maximum RII of each 2nd-gen-
eration fragment ion, and EE at RIIOEE, respectively, were
calculated from regressive equations. Because a single 1st-gener-
ation fragment ion exactly corresponded to one FEER-MS3

spectrum, a single ginsenoside usually possessed more than one
FEER-MS3 spectra.

Noteworthily, when Q1 and q2 units merely operated functions
to guide ion beam entering LIT chamber, the resultant spectrum
was termed as FEER-MS2 because [MeH]e ion rather than 1st-
generation fragment ion received CID in LIT cell. FEER-MS2

spectra were built for all authentic ginsenosides as well as those
differential variables. A single compound merely owned one
FEER-MS2 spectrum. Obviously, FEER-MS2 spectrum was ac-
quired by LIT whilst FCER-MS2 spectrum was recorded using q2
cell. All EE50 values and OEEs calculated from sigmoid-shaped
and multi-iterative breakdown graphs, respectively, were utilized
to explore the correlations with masses of 1st- and 2nd-generation
fragment ions.

2.5. Quantitative comparison of ginsenosides-focused sub-
metabolome

MS1-MS2 dataset of QC sample was carefully interpreted, and
those well-defined mass fragmentation laws were adopted to
decipher each MS1-MS2 item to putative identities26. The linear
correlations between OCEs and the masses of precursor and
fragment ions were applied to calculate OCEs for all 95 detected
ginsenosides. Afterwards, the information composed MRM list for
the quantitative characterization of all annotated ginsenosides and
IS in both Sets B and C samples. QC sample was assayed after
every four analytical runs. Set D samples were utilized as the so-
called diluted universal metabolome standard (UMS) solutions for
method validation by following the instructions described previ-
ously20. Analyst OS software was responsible for quantitative data
processing.

Peak area ratio dataset of all testing samples together with
those QC samples was outputted as a “.csv” file. Because each
sample generated a column with constant length, data alignment
wasn’t mandatory actually. Principal component analysis (PCA)
was undertaken by SIMCA-P 14.0 software (Umetrics, Umeå,
Sweden) after that all variables were Pareto-scaled.

3. Results and discussions

3.1. Correlations between 3�3D-MS/MS spectra and
ginsenoside structures

3.1.1. Correlations between 1st 3D spectrum and concentration/
structure
After correlating full concentration ramp-MS1 spectra of all
authentic saponins with their structure and concentration proper-
ties, our findings included:

1) Multicharged (multimer) anions were widely detected for
ginsenosides. In MS1 spectrum of F2 (Fig. 1A), as a representative,
the primary signals at m/z 783.4912, 806.4941,
829.4990, 1198.7422, 1221.7483, 1614.0029, 2006.2521, and
2398.5050, were deciphered as [MeH]e, [2MþHCOOeH]2e,
[MþHCOO]e (containing [2Mþ2HCOO]2e), [3MþHCOOeH]
2e, [3Mþ2HCOO]2e, [2MþHCOO]e (containing
[4Mþ2HCOO]2e), [5Mþ2HCOO]2e, and [3MþHCOO]e (con-
taining [6Mþ2HCOO]2e), respectively. Such multicharged (mul-
timer) anions were also found in MS1 spectra of F2 isomers, i.e.,
Rg3 (Fig. 1B) and LXXV (Fig. 1C).

2) [2Me2H]2e or [2Mþ2HCOO]2e, the occurrence of which
could be indicated by the signal at 0.5 Da greater than mon-
oisotopic signal for [MeH]e or [MþHCOO]e, was eligible to
differentiate monodesmosidic and bidesmosidic saponins.
When comparing MS1 spectra among isomers, e.g., F2, Rg3,
and LXXV (Fig. 1), an obvious signal at m/z 829.9978 merely
occurred for F2 instead of either Rg3 or LXXV, and was
interpreted as [12CeF2þ13CeF2þ2HCOO]2e. To justify such
speculation, spectrum matching was conducted between 12C-
Rd and the mixture of 13C-Rd and 12C-Rd, and the significant
abundance of m/z 992.0549 ([12C-Rdþ13C-Rdþ2HCOO]2e)
provided solid evidence (Supporting Information Fig. S2).
When incorporating other MS1 spectra, the signal at 0.5 Da



Figure 1 MS1 spectra for F2 (A), Rg3 (B), and LXXV (C). Range of m/z 828�833 is zoomed to highlight the difference, and the primary

signals are assigned.
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greater than monoisotopic quasi-molecular ion was a unique
feature for bidesmosidic ginsenosides.

3) Being different from the classical isotopic rule29, the presence
of such multi-charged multimer anions reduced the abundance
ratio between the apparent monoisotopic [MeH]e (or
[MþHCOO]e) ion and 13C-isotopic one, termed as ISR1:0

30,
when comparing bidesmosidic and monodesmosidic ginseno-
side isomers (Supporting Information Fig. S3). For instance, at
the relative high concentrations, ISR1:0 values of F2 and Rg1
were approximately 0.38, accordingly, dramatically lower than
their monodesmosidic isomers (about 0.40) such as Rg3,
LXXV, and Rg2, as well as F11 and Rf.

4) Chromatographic co-elution widely occurred when measuring
notoginseng extract. A variety of hetero-multimer anions
were visible when the co-elution of saponins31, e.g.,
[M1þM2þHCOO]e and [M1þM2þ2HCOO]2e. MS1 spectrum
for the co-elution of Re and Rg1 is shown in Supporting
Information Fig. S4, and m/z 918.5237, 1318.7721,
1391.8014, 1719.0211, and 1792.0494 existed as hetero-
multimer anions.

5) The abundances of primary signals relied on both concentra-
tion and the amount of sugar chains, and the linear range less
than three orders of magnitude occurred for [MþHCOO]e of
each saponin. The linear range of the peak area of each primary
signal against concentration level for bidesmosidic ginseno-
side, F2 for instance (Fig. 2A) was moderately narrower than
that of monodesmosidic isomer, e.g., Rg3 or LXXV
(Supporting Information Fig. S5A and S5B). Further, the
abundance ratio of the apparent monoisotopic [MeH]e (or
[MþHCOO]e) against the one with þ0.5 Da distance, namely
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ISR0.5:0
30, was proportional to the logarithmic concentration,

indicating that ISR0.5:0 also exhibited a concentration-
dependent manner (Supporting Information Fig. S6).

6) The involvement of all primary signals was able to gently boost
the linear correlation of peak area against concentration.
Particularly, the summed peak areas of all relevant signals
resulted in slightly greater increment for the upper limit of
quantification of Rg3 or LXXV (Fig. S5C and S5D) when
comparing with F2 (Fig. 2B).

Above all, MS1 spectrum was jointly governed by structure,
concentration, and chromatographic purity, and implied vital
structural information. Limited linear dynamic range existed for
each signal, even the summed peak area, and it was thereby
extremely important to develop MRM program for quantitative
sub-metabolomics.

3.1.2. Relationships between FCER-MS2 spectrum and structure
After paying extensive attention to FCER-MS2 spectrum that was
built by assembling the breakdown graphs of primary signals in
MS2 spectrum, the primary parameters such as CE50, OCE, and
RIImax of all authentic ginsenosides are illustrated in Supporting
Information Table S1. Except for the correlations proposed pre-
viously19,32, the other findings included:

1) Different FCER-MS2 spectra frequently appearedwithin isomers,
though they usually shared identical masses for fragment ions,
e.g., F2, Rg3, and LXXV (Fig. 3). However, 20S- and 20R-
configurational isomers, e.g., 20S-protopanaxatriol vs. 20R-pro-
topanaxatriol (Supporting Information Fig. S7), shared the totally
same FCER-MS2 spectra because all differences were distributed
within the empirical tolerances as�0.5 eV,�0.5 eV, and 10% for
CE50, OCE, and RIImax, accordingly.

2) Because greater molecular weight intrinsically corresponded to
higher degree of freedom33, positive correlations roughly
existed for absolute values of CE50 against masses of [MeH]e

ions (Supporting Information Fig. S8). However, different
CE50 values usually occurred crossing positional isomers
(Fig. 3), e.g., F2 (�28.24 eV), Rg3 (�35.77 eV), and LXXV
(�31.25 eV).

3) The absolute value of OCE (|OCE|) corresponding to the neutral
loss of sugar residue(s) from [MeH]e, [MþHCOO]e, or
[Mþ2HCOO]2ewas positively and conversely correlatedwith the
masses of precursor and fragment ions, respectively. After taking
OCEs from all authentic saponins into account, the regressive
equation came out as z Z �14.42424 e 0.06878x þ 0.03519y
(R2Z 0.8416), where z is OCEof the concerned fragment ion, x is
precursor ion mass, and y is fragment ion mass (Fig. 4).

4) OCE was also a function of glycosidation site. When
comparing FCER-MS2 spectra amongst F2, Rg3, and LXXV,
different OCEs were observed for m/z 621.4 (�34.79 eV,
�44.79 eV, and �35.42 eV, Fig. 3), corresponding to glucosyl
residue cleavages from C-20, C-20, and C-60 sites, respectively.
After comparing several isomers, e.g., Rh2 vs. CK, Rh1 vs. F1,
Rg1 vs. Rf, and Rd vs. XVII, the expelling of C-20 sugar
residue required lower |OCE| than the other sites.

5) The greatest RIImax frequently occurred for the fragment ions
resulting from the loss of a single sugar residue. However, sugar
residue anions, such as m/z 131.0 ([pentosyleH]e), 149.0
([pentosylþH2OeH]

e), 161.0 ([hexosyleH]e), 179.1
([hexosylþH2OeH]

e), 191.1 ([hexosylþpentosylþH2OeC4H

8O4eH]e), 221.1 ([2�hexosylþH2OeC4H8O4eH]e), 251.1
([2�hexosylþH2OeC3H6O3eH]e), 323.1 ([2�hexosyleH]e),
and 341.1 ([2�hexosylþH2OeH]e), possessed greater RIImax,
whenmost, even all glycosyl groups linked to C-20 site. As shown
in Fig. 3, RIImax ofm/z 621.4 serves as the greatest value for F2 or
Rg3. FCER-MS2 spectrum of LXXV (Fig. 3C, Table S1) gave out
greater RIImax for m/z 179.1 (100%), 323.1 (71.07%), 221.1
(35.61%), and 161.0 (27.59%) than m/z 621.4 (13.64%), 459.4
(7.84%), and 375.3 (3.84%). Such phenomenon was also
observed for FCER-MS2 spectra comparison between Rd and
XVII (Supporting Information Fig. S9).

Consequently, FCER-MS2 spectrum covered all dissociation
trajectories of quasi-molecular ion, and in turn, the information
mainly reflected the linkage properties among the substructures.
Noteworthily, the correlations between OCE and masses of both
precursor and fragment ions facilitated quantitative MRM pro-
gram development.

3.1.3. Correlations between FEER-MS3 spectrum and
substructure
The parameters for FEER-MS3 spectra of selected 1st-generation
fragment ions, such as EE50, OEE, RIIOEE, are summarized in
Supporting Information Table S2. After paying attention to FEER-
MS3 spectra that comprised sigmoid-shaped and multiply iterative
breakdown graphs of MS3 spectral signals, the correlations with
substructures included:

1) Great fitting occurred for multiple iterative curve towards the
trajectory of 2nd-generation fragment ion abundance against
EE, while sigmoid curve well fitted the breakdown graph of
residual 1st-gengeration fragment ion. Taking FEER-MS3

spectrum of m/z 799.5 ([ReeHeRha]e, Fig. 5F) as a repre-
sentative, 2nd-generation fragment ions such as m/z 161.0,
179.1, 475.4, 619.4, and 637.4 were assigned with multiple
iterative curves, whereas m/z 799.5 produced sigmoid-shaped
curve.

2) Similar to the laws observed for FCER-MS2 spectrum, absolute
values of EE50 were positively correlated with 1st-fragment ion
masses, and OEE corresponding to the sugar residue cleavages
was collectively governed by masses of 1st- and 2nd-generation
fragment ions together with dissociation site (Supporting
Information Fig. S10).

3) FEER-MS3 spectrum of certain 1st-gengeration fragment ion
for a given ginsenoside was completely consistent with FEER-
MS2 spectrum of the hydrolysis product anion when they
shared the same molecular geometries (Table S2). Re as a case
(Fig. 5A), 1st-generation fragment ions in MS2 spectrum were
assigned (Fig. 5B), and FEER-MS3 spectra were built for 1st-
generation fragment ions generated by glycosyl residue
cleavages. After applying the empirical tolerances
as �0.005 V, �0.005 V, and 10% for EE50, OEE, and RIIOEE,
respectively, FEER-MS3 spectra of m/z 475.4, 637.4, 783.5,
and 799.5 for Re agreed well with FEER-MS2 spectra of its
progressive hydrolysis product anions (Fig. 5CeF), such as
protopanaxatriol, Rh1 (i.e., 6-O-Glc protopanaxatriol), Rg2
(i.e., 20-O-Rha-6-O-Glc protopanaxatriol), and Rg1 (i.e., 20,6-
O-diGlc protopanaxatriol). FEER-MS3 spectrum of m/z 637.4
for Rg1 or Rg2 was fully consistent with FEER-MS2 spectrum
of the decomposition product (i.e., Rh1) anion. Moreover, Rg1,
Rg2, and Rh1 shared identical FEER-MS3 spectrum of m/z
475.4, which was also the same as FEER-MS2 spectrum of
protopanaxatriol anion.



Figure 2 Full concentration ramp-MS1 spectrum (A) and the summed peak area of all primary signals or the most abundant signal (i.e., m/z

829.50 [MþHCOO]e) against concentration profile (B) of F2.
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4) FEER-MS3 of a given ginsenoside was different from FEER-
MS2 belonging to the hydrolysis product isomer. Similarly,
when two saponins owned isomeric substructure, different
FEER-MS3 usually occurred for the fragment ions although
possessing the same m/z profiles. Representatively, FEER-MS3

spectra of m/z 637.4 and 799.5 for Re were significantly
different from FEER-MS2 of F1 (i.e., 20-O-Glc proto-
panaxatriol, Fig. 5D) and Rf (i.e., 20-O-Glc-6-O-Glc proto-
panaxatriol, Fig. 5F). FEER-MS3 of m/z 637.4 for either Rg1 or
Rg2 was different from FEER-MS2 of F1 anion. Differences
appeared for FEER-MS3 of m/z 621.4 when comparing Rg3
and LXXV.

FEER-MS3 spectrum globally covered the dissociation trajec-
tories from the chosen 1st-generation fragment ion to 2nd-gener-
ation fragment ions, thus implying the substructure properties.
More importantly, the matching between FEER-MS3 of certain
1st-generation fragment ion for compound-of-interest and FEER-
MS2 of appropriate decomposition product anion facilitated defi-
nite substructure identification.

Obviously, 3�3D-MS/MS spectra included all MS/MS be-
haviors of a given ginsenoside. To achieve confirmatively struc-
tural identification of ginsenosides, HR-MS/MS masses were
firstly converted to elemental compositions, and afterwards, 1st,
2nd, and 3rd 3D-MS/MS spectra were applied to provide skeleton,
the amount of sugar chain, linkage information amongst sub-
structures, and the characteristics of substructures, leading to a
promising “top-down” structural annotation strategy34 where the
fragment ions were successively identified via matching with se-
rial suspected compounds and linked by utilizing OCE features.
3.2. Ginsenosides-focused qualitative analysis of QC sample

The 1st-generation fragment ions were carefully assigned to their
precursor ions to produce a MS1-MS2 dataset. Inquiry of each
MS1-MS2 item to the well-constructed data libraries26,35e37 was
conducted to reach plausibly structural annotation for ginseno-
sides in QC sample. Noteworthily, when assigning MS2 spectral
signals of 13C-Rd, the abundance of m/z 784.4962 was dramati-
cally greater than m/z 783.4925 (Supporting Information
Fig. S11A), indicating that 12C-glycosyl residue cleavage at
C-20 site dominated the initial fragmentation pathway rather than
13C-glycosyl moiety at C-2ʹ. Referring to the chemical structure,
the mass cracking channels in response to the primary MS2 signals
of 13C-Rd are proposed in Fig. S11B. This finding integrating
those well-proposed patterns36,37 was applied to decipher each
MS1-MS2 item to plausible identities, after that HR-masses were
converted to elemental compositions. Consequently, 95 ginseno-
sides (Supporting Information Table S3) were found and puta-
tively characterized, and eighteen identities (marked with
D symbol) were consolidated by authentic compounds.

3.3. Quantitative ginsenosides-targeted sub-metabolome
comparison amongst different notoginseng parts

As aforementioned, the fragment ions yielded by dissociating a
single sugar residue from [MþHCOO]e usually served as
the most abundant species, and ion transition as
[MþHCOO]e > [MeHeglycosyl residue]e, e.g., m/z
991.5 > 783.5 for Rd, was thereby implemented for quantitative
analysis in most cases. [MeH]e > [MeHemalonyleH2O]

e, e.g.,



Figure 3 FCER-MS2 spectra of [MeH]e for F2 (A), Rg3 (B), and LXXV (C), through assembling sigmoid-shaped breakdown graphs of m/z

783.5, and Gaussian-shaped breakdown graphs of m/z 621.4, 459.4, 375.3, 341.1, 323.1, 251.1, 221.1, 179.1, and 161.0. The mass fragmentation

pathways being responsible for those fragment ions are proposed.

4052 Ke Zhang et al.
m/z 885.5 > 781.5, were employed for malonyl-ginsenosides, e.g.,
compound 1838. Thereafter, the relationships between OCE and
the masses of precursor and fragment ions were applied to
calculate CE settings for all 95 detected ginsenosides. Ultimately,
MRM measurement list is programmed as Table S3, and the
representative chromatogram is exhibited in Supporting
Information Fig. S12.

Set D samples participated in method validation assays in
terms of linearity, sensitivity, intra- and inter-day variation, and
repeatability. The results of all assays are summarized in Table S3.
Fortunately, the developed LCeMRM program was reliable for
the quantitative characterization of ginsenosides-focused sub-
metabolome.

Regarding those ginsenosides with inferior contents (labeled
with * symbol, Table S3), the peak area ratios obtained from Set B
samples were directly imported into the quantitative dataset. For
the abundant ginsenosides (labeled with # symbol, Table S3), the
peak area ratios from Set C samples were multiplied by 25 prior to
entering the dataset. After involving QC samples, the dataset was
subjected to PCA treatment. The first two principal components
accounted for a total of 95.03% variables (91.4% for PC1 and
3.63% for PC2). The score scattering plot and the loading plot are
shown in Fig. 6A and B, respectively. The dots corresponding to
QC sample tightly gathered around the origin (Fig. 6A), sug-
gesting that the developed quantitative program was reliable. All
batches were roughly divided into three clusters, exactly referring
to the different parts (Fig. 6A). Regarding the loading plot, dots
tagging 14, 16, 17, 32, 35, 36, 40, 42, 43, 45, 47, 49, 50, 53, 59,
60, 68, and 78 (Fig. 6B and Table S3), eighteen ones in total, were
the primary contributors to the grouping fashion. Accumulation of
14, 16, 17, 32, 40, 43, 45, 47, 53, and 68 occurred in the roots and
rhizomes, whereas the flowers contained abundant 35, 36, 42, 49,
50, 59, 60, and 78. Thereof, ten variables (14, 16, 17, 40, 45, 50,
53, 59, 60, and 68) were unambiguously identified via matching
with authentic compounds. The summarized relationships were
thereafter applied for confidence-enhanced identification of the
others.

Taking an isomer set consisting of 32, 36, and 43 as the rep-
resentatives, the roots and rhizomes contained abundant 32 and
43, whereas the flowers were rich in 36. The inquiry of MS1-MS2



Figure 4 The correlations (R2 Z 0.8416) of optimal collision en-

ergy (OCE, z-coordinate) against the masses of precursor (Q1, x-co-

ordinate) and fragment ions (Q3, y-coordinate).
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items to the data library outputted plausible identities as noto-
ginsenoside R4 and isomers (C59H100O27). The presences of m/z
619.3166, 642.3204, 665.3254, 1240.1434, and 1286.1543 in
every 1st 3D spectrum, were characterized as [Me2H]2e,
Figure 5 FEER-MSn spectra (n Z 3 for Re and n Z 2 for the other com

anions of suspected decomposition products. Structure (A) and MS2 spec

panoxatriol (C), FEER-MSn spectra of m/z 637.4 for Re, Rh1, and F1 (D),

spectra of m/z 799.5 for Re, Rg1, and Rf (F).
[MeHþHCOO]2e, [Mþ2HCOO]2e, [13C-MþMe2H]2e, and
[13C-MþMþ2HCOO]2e, respectively, indicating each isomer
owned two sugar chains. The prominent 1st-generation fragment
ions, such as m/z 1107.5952 ([MeHepentosyl]e), 1077.5867
([MeHehexosyl]e), 945.5407 ([MeHepentosylehexosyl]e),
783.4912 ([MeHepentosyle2�hexosyl]e), 621.4339 ([MeHe
pentosyle3�hexosyl]e), 459.3882 ([MeHepentosyle
4�hexosyl]e), 323.0950 ([2�hexosyleH]e), 221.0656
([hexosylþC2H4O2eH]e), 191.0544 ([pentosylþC2H4O2eH]e),
179.0577 ([hexosylþH2OeH]

e), 161.0447 ([hexosyleH]e),
149.0410 ([pentosylþH2OeH]

e), and 131.0322 ([pentosyleH]e)
disclosed the building blocks such as four hexosyl groups (always
glucosyl), one pentosyl (e.g., arabinosyl or xylosyl), and one
protopanoxadiol scaffold, and hexosyl and pentosyl severed as the
outer moieties for the two sugar chains. Moreover, m/z 353.1085
([pentosylþhexosylþC2H4O2eH]

e), corresponding to the cross-
ring fission of hexosyl moiety, appeared for 32 and 43, instead
of 36, suggesting a pentosyl/hexosyl/hexosyl axis for 32 and
43. Referring to 2nd 3D spectra, comparable OCE features of m/z
1107.5952 (�39.55 vs. �39.22 eV) and 1077.5867 (�32.90 vs.
�33.79 eV) occurred between 32 and 43, and either was different
from �38.54 and �31.28 eV of 36 (Supporting Information
Table S4), indicating greater structural similarity between 32
and 43. Afterwards, attention was forwarded to matching 3rd 3D
spectra that were generated by 1st-generation fragment ions
pounds) comparison between the concerned fragment ions of Re and

trum (B) of Re, FEER-MSn spectra of m/z 475.4 for Re and proto-

FEER-MSn spectra of m/z 783.5 for Re and Rg2 (E), and FEER-MSn



Figure 6 Score scattering plot (A) and loading plot (B) after principal component analysis of the quantitative ginsenoside-focused sub-

metabolome for different parts of notoginseng.
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corresponding to sequentially expelling sugar residues, with
FEER-MS2 spectra of authentic compounds that were the potential
hydrolysis products. FEER-MS3 spectra of m/z 945.5, 783.5,
621.4, and 459.4 for 32, 36, or 43 were identical with FEER-MS2

spectra of serial homologous compounds namely Rd (i.e., 20-O-
Glc-Rg3), Rg3 (i.e., 3-O-Glc(1/2)-Rh2), Rh2 (i.e., 3-O-Glc-
protopanaxadiol), and protopanaxadiol anions, respectively
(Fig. 7AeD), and nonetheless, different from those of XVII (20-
O-Glc-(1/2)-F2), F2/LXXV (i.e., 3-O-Glc-CK/20-O-Glc-
(1/2)-CK), and CK (i.e., 3-O-Glc-protopanaxadiol). FEER-MS3

spectra of m/z 1077.6 ([MeHehexosyl]e) for 32, 36, and 43 were
different from FEER-MS2 spectra of Rc (i.e., 20-O-Araf-(1/6)-
Rd), Rb2 (i.e., 20-O-Arap-(1/6)-Rd), and Rb3 (i.e., 20-O-Xyl-
(1/6)-Rd) (Fig. 7E). In addition to m/z 945.5, the sugar
residue anions at m/z 455.1 ([2�hexosylþpentosyleH]e), 353.1,
323.1, and 311.1 exhibited great RIIOEE values in FEER-MS3

spectra of m/z 1077.6 when assaying 32 and 43 (Fig. 7E and
Table S4). Because different fragment ion abundance resulted
from sugar substitution at C-3/6 and C-20, the pento-
syl/hexosyl/hexosyl axis should exist at C-20 site of either 32
or 43. On the other side, 2nd-generation fragment ions corre-
sponding to sequential glycosyl residue cleavages, such as m/z
945.5, 915.5, 783.5, 765.5, 621.4, and 459.4, exhibited great
RIIOEE features for 36, suggesting that more glycosyl groups
located at C-3 site (Fig. 7E and Table S4). FEER-MS3 spectrum of
m/z 1107.6 ([MeHepentosyl]e) for 32 or 36 was identical with
FEER-MS2 spectrum of deprotonated Rb1 (i.e. 20-O-Glc-(1/6)-
Rd, Fig. 7F), whilst the relevant spectrum was failed to acquire
for 43 due to the insufficient abundance. After referring to the
compound library26,35e37, 32, 36, and 43 (Supporting Information
Fig. S13) were configured as notoginsenoside R4 (i.e., 20-O-Xyl-
(1/6)-Glc-(1/6)-Glc-[3-O-Glc-(1/2)-Glc]-protopanaxadiol),
notoginsenoside Fa (i.e., 20-O-Glc-(1/6)-Glc-[3-O-Xyl-(1/2)-
Glc-(1/2)-Glc]-protopanaxadiol), and ginsenoside Ra3 (i.e.,
20-O-Xyl-(1/3)-Glc-(1/6)-Glc-[3-O-Glc-(1/2)-Glc]-proto-
panaxadiol), respectively. Fortunately, these compounds were
successfully collected from the market, and as expected, LCeMS/
MS behaviors of 32, 36, and 43 were exactly consistent to those of
authentic ginsenosides.

Using the “top-down” structural annotation strategy,
confidence-enhanced identities were also assigned to the other
differential variables such as 35 (notoginsenoside T/notoginse-
noside D), 42 (chikusetusaponin L5), 47 (notoginsenoside R2), 49
(notoginsenoside Fc), and 78 (vinaginsenoside R17/vinaginseno-
side R18). Notably, Rb3 (60) and Rc (50), and F2 (17) should be
unique for the aerial and underground parts of ginseng, respec-
tively, while Rb1 (45) played the key role to differentiating roots
from rhizomes.

Because of integrating full concentration ramp-MS1, FCER-
MS2, and FEER-MS3 spectra, 3�3D-MS/MS spectrum compre-
hensively covers temporal MS/MS behaviors of a given com-
pound. Its relationships with concentration and structure
significantly facilitate quantitative settings optimization, and more
importantly, confirmative structure identification. Due to involving
all information in the routine spectra, the existing MS/MS
knowledge including the well-defined mass cracking laws and
those versatile databases (e.g., HMDB, Metlin, ChemSpider, and
MassBank) is completely applicable for 3�3D-MS/MS concept.
Additionally, 1st 3D spectrum provides auxiliary structural evi-
dences in addition to molecular formula, and reveals that the
signal diversity, to some extent, leads to the limited dynamic range
when employing MS1 signal response for quantitative analysis.
The 2nd 3D spectrum is advantageous at providing linkage infor-
mation amongst different substructures, notably when being aided
by quantum structure calculation19. Moreover, it provides a
meaningful opportunity to build the correlations between OCEs
and certain masses, resulting in an efficient strategy for MRM
parameters optimization in an authentic compound-independent



Figure 7 FEER-MSn spectra (n Z 3 for compounds 32, 36, and 43, and n Z 2 for the other compounds) comparison among the concerned

fragment ions of 32, 36, and 43 and anions of suspected decomposition products. FEER-MSn spectra of m/z 459.4 (A) for 32, 36, and 43, as well

as protopanoxadiol, FEER-MSn spectra of m/z 621.4 (B) for 32, 36, and 43, as well as Rh2 and CK, FEER-MSn spectra of m/z 783.5 (C) for 32,

36, and 43, as well as Rg3, F2, and LXXV, FEER-MSn spectra of m/z 945.5 (D) for 32, 36, and 43, as well as Rd and XVII, FEER-MSn spectra of

m/z 1077.6 (E) for 32, 36, and 43, as well as Rc, Rb2, and Rb3, and FEER-MSn spectra of m/z 1107.6 (F) for 32, 36, and 43, as well as Rb1.
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manner. Owing to focusing on the dissociation trajectories from
1st- to 2nd-generation fragment ions, 3rd 3D spectrum implies
fruitful information for the substructures20, and such clues can
also be decoded to certain MDs through quantum structure
calculation. More importantly, matching FEER-MS3 with FEER-
MS2 of the empirical decomposition product dramatically bene-
fits the “top-down” structural identification strategy.

Indeed, it is quite tedious to construct the entire 3�3D-MS/MS
spectrum and the incorporation of HR-MS/MS (e.g., QTOF-MS,
IT-TOF-MS, and Obitrap-MS) and Qtrap-MS is favored. In
practice, merely a portion of information is mandatory to advance
quantitative sub-metabolomics. Fortunately, either each 3D spec-
trum or the relevant relationships are stand-alone, and it is
convenient to choose the fit-for-purpose building block(s). Both
MS2 and MS3 spectra, theoretically, are the sections at the sole CE
and EE levels of FCER-MS2 and FEER-MS3 spectra, accordingly,
and they also carry wealthy information, such as masses and
relative ion abundances. Under most statuses, those snapshots are
able to replace the roles of FCER-MS2 and FEER-MS3. For
instance, through employing appropriate EE settings, MS3 and
MS2 spectral comparison is feasible to determine whether the
substructure is identical with the decomposition product structure.
Due to the mild structural difference, it is still challenging to
discriminate C-20 configurational isomers using 3�3D-MS/MS
spectrum. To address this obstacle, it might be viable to employ
strategies such as metal complex configuration14 and quantitative
structureeretention relationship modeling39.

After re-analyzing MS1 spectra accumulated in our
group19,20,28,40,41, singly charged multimer anions/cations are
ubiquitously detected for diverse chemical families; however, the
multi-charged multimer anions solely occur for saponins pos-
sessing more than two sugar chains. To preliminarily clarify this
phenomenon, a post-column infusion assay was conducted
through individually fortifying pure ginsenosides with a T-piece42

when measuring the mixed standard sample (Supporting
Information Fig. S14). MS1 spectra for the co-elution of F2 &
Rg1/Rf/F11, Rg3 & Rg1/Rf/F11, and LXXV & Rg1/Rf/F11,
representatively, are depicted in Supporting Information Fig. S15.
The singly charged hetero-multimer anion was observed for all
cases, whilst doubly charged heterodimer anions at m/z 837.49
([M1þM2þ2HCOO]2e) were observed merely for F2 & Rg1/Rf,
and Rg3 & Rg1. Obviously, doubly charged complexes of heter-
odimer (i.e., [M1þM2þ2HCOO]2e), as well as some other multi-
charged heteromeric anions, could be observed when the co-
elution of bidesmosidic ginsenosides, whilst the singly charged
multimer anions, e.g., [M1þM2þHCOO]e, were observed for any
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co-elution. Moreover, [M1þM2þ2HCOO]2e ions appeared at
even extremely low concentrations for co-eluted bidesmosidic
ginsenosides, and this ion species was totally absent for two
monodesmosidic ginsenosides at high contents. Consequently, we
deduced that the ability of at least one saponin to be doubly
charged is the prerequisite for the existence of multiply charged
complexes for heterodimers or homodimers. Two separate sugar
chains are individually charged by ESI source43, resulting in the
occurrences of multi-charged multimer anions. Noteworthily,
because the peak capacity of a given column usually could not
meet the chromatographic separation requirements of notoginseng
materials, special attention should be paid onto such heteromeric
anions when the co-elution occurs31.

Compared to several well-organized studies35,36,44, less gin-
senosides were characterized in notoginseng. Attributing to the
great efforts made by the scientists worldwide, it isn’t chal-
lenging now to capture hundreds of ginsenosides through
employing either sensitive data acquisition methods or robust
post-acquisition data processing strategies45. The bottlenecks for
in-depth sub-metabolome clarification, actually, locate at
confidence-strengthened identification and globally quantitative
analysis. Exactly, this study primarily focused on advancing the
qualitative and quantitative performances of MS/MS, and the
findings demonstrated 3�3D-MS/MS spectrum concept could
benefit the technical barrier breakthroughs. Moreover, the com-
bination of the new concept with the conventional strategies
should give a birth to more robust analytical tool for quantitative
metabolomics.
4. Conclusions

To propel MS/MS being eligible for sub-metabolomics, 3�3D-
MS/MS concept was proposed to universally involve MS/MS
behaviors of a given compound via applying concentration-
resolved program to MS1 recording and ER-MS program to
either MS2 or MS3 acquisition. 3�3D-MS/MS spectrum was
configured by full concentration ramp-MS1, FCER-MS2, and
FEER-MS3, corresponding to 1st, 2nd, and 3rd 3D spectra,
accordingly. Quantitative characterization of ginsenosides-
targeted sub-metabolome in notoginseng was employed as a
proof-of-concept. The correlations between 3�3D-MS/MS and
structural/concentration features were constructed by assaying a
set of authentic ginsenosides. Bidesmosidic saponins produced
fruitful multicharged multimer anions (e.g., [2Me2H]2e and
[2Mþ2HCOO]2e), resulting in a unique ISR0.5:0 feature, and
moreover, ISR1:0 was significantly lower than monodesmosidic
isomers. FCER-MS2 and FEER-MS3 involved all the trajectories
for the dissociations from quasi-molecular ion to 1st-generation
fragment ions and from the selected 1st-generation fragment ion to
2nd-generation fragment ions, respectively. OCEs for 1st-genera-
tion fragment ions were roughly, linearly correlated with the
masses of precursor and fragment ions, leading to a superior
approach for quantitative MRM program development. OCE was
also partially governed by the glycosidation site. More impor-
tantly, FEER-MS3 spectrum of certain 1st-generation fragment ion
for a given ginsenoside was exactly identical with FEER-MS2

spectrum of the anion for the hydrolysis product when they shared
the same molecular geometries. Through applying the relation-
ships, quantitative sub-metabolome characterization succeeded
through identifying and quantifying 95 ginsenosides, and signifi-
cant differences occurred amongst different parts of notoginseng.
Noteworthily, the differential saponins were unequivocally iden-
tified via applying “top-down” strategy where the structures of
those progressive 1st-generation fragment ions were deciphered by
matching with the step-wise hydrolysis products for the concerned
ginsenoside. Above all, 3�3D-MS/MS significantly boosts both
qualitative and quantitative potentials of MS/MS without updating
any hardware, because it comprehensively covers MS/MS be-
haviors of a given compound.
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