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ABSTRACT

Background: In the current phytochemical research on ginseng, the differentiation and structural iden-
tification of ginsenosides isomers remain challenging. In this paper, a two-dimensional mass spec-
trometry (2D-MS) method was developed and combined with statistical analysis for the direct
differentiation, identification, and relative quantification of protopanaxadiol (PPD)-type ginsenoside
isomers.
Methods: Collision-induced dissociation was performed at successive collision energy values to produce
distinct profiles of the intensity fraction (IF) and ratio of intensity (RI) of the fragment ions. To amplify
the differences in tandem mass spectra between isomers, IF and RI were plotted against collision energy.
The resulting data distributions were then used to obtain the parameters of the fitted curves, which were
used to evaluate the statistical significance of the differences between these distributions via the un-
paired t test.
Results: A triplet and two pairs of PPD-type ginsenoside isomers were differentiated and identified by
their distinct IF and RI distributions. In addition, the fragmentation preference of PPD-type ginsenosides
was determined on the basis of the activation energy. The developed 2D-MS method was also extended
to quantitatively determine the molar composition of ginsenoside isomers in mixtures of biotransfor-
mation products.
Conclusion: In comparison with conventional mass spectrometry methods, 2D-MS provides more direct
insights into the subtle structural differences between isomers and can be used as an alternative
approach for the differentiation of isomeric ginsenosides and natural products.

© 2017 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

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

1. Introduction

identification and isomer differentiation of ginsenosides, because
subtle structural difference can exert considerable influence on

Asian ginseng, Panax ginseng Meyer, is among the most valuable
medicinal herbs in traditional Chinese medicine. It has been used as
a functional food and as a medicinal resource in Asian countries for
thousands of years [1]. Modern pharmacological research has
revealed that ginseng modulates the cardiovascular, endocrine and
immune systems and has the potential to prevent cancer and slow
the aging process [2—4]. The pharmacological activities and efficacy
of ginseng are primarily attributed to the presence of ginsenosides
[5—7]. More than 100 ginsenosides have been isolated from ginseng
and its processed products [8], many of which are characterized as
structural isomers. Much work has been devoted to the structural

biological activities [9—11]. These efforts are not only prerequisites
for exploring structure—activity relationships but are also neces-
sary for the authentication of ginseng specimens. Chan et al
differentiated ginseng germplasm using the presence of the
isomeric ginsenosides Rf and Fq; as identity markers for P. ginseng
and Panax quinquefolius samples, respectively [12]. In addition, the
content ratios of certain ginsenoside isomers, Rc/Rb, and Rgi/Rf,
also showed significant differences between P. ginseng and
P. quinquefolius [13].

Ginsenoside isomers primarily consist of stereoisomers and
constitutional isomers. The former originate from different absolute
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configurations of the chiral carbon at the Cyq position of the agly-
cone (e.g., 20(S)-Rg, and 20(R)-Rgy), while the latter differ in their
saccharide substituents (e.g., Rby, Rbs and Rc) and aglycones (e.g.,
Rgq and Fqp) [9,13]. Traditionally, ginsenoside isomers are analyzed
by GC, HPLC and TLC. The limitations of these methods include the
need for derivatization, their limited resolution, and the time
required [8]. Recently, mass spectrometry (MS) has proven to be a
powerful analytical technique for the structural identification and
discrimination of natural products because of its advantages in
terms of sensitivity, specificity, and speed [12—18]. In past decades,
MS-based methods for isomer differentiation have undergone great
development and have been applied in organic chemistry [19—21],
phytochemistry [22—24], and lipidomics [25,26]. In our efforts to
differentiate all types of ginsenoside isomers, we have reported that
constitutional ginsenoside isomers with different types of aglycones
could be rapidly identified by comparing structurally diagnostic
fragment ions in tandem mass spectrometry (MS™) [23]. In addition,
we successfully distinguished ginsenoside stereoisomers via the
dissociation of Ag"-complexes in MS" [27]. However, conventional
MS methods are almost incapable of differentiating isomers with
subtle inherent variations, such as Rby, Rbs, and Rc, because the
conventional collision-induced dissociation (CID) technique in-
volves vibration activation to induce fragmentation at the weakest
bond of the isomeric molecules, generating very similar fragment
ions. To resolve these limitations, electron-induced dissociation was
recently exploited to recognize isomeric ginsenosides using Fourier
transform ion cyclotron resonance MS [28]. The structurally diag-
nostic fragment ions were generated through the interaction of
target analyte ions with high-energy electrons and were used to
differentiate isomeric Rby and Rc. However, this method requires
specialized instrument for the electron-induced dissociation
experiment and sophisticated skills in interpreting complex spectra.
Accordingly, the differentiation of ginsenoside isomers remains a
challenge in ginseng research. As closely related structural isomers
can be differentiated by the energy-resolved MS method, which has
been investigated as a way to effectively distinguish isomeric ions of
a wide range of molecules [25,26,29—34], we tried to further
differentiate ginsenoside isomers that differ in their saccharide
substituents by focusing on the differences in their activation energy
of fragmentation.

Herein, we describe the direct differentiation and identifica-
tion of protopanaxadiol (PPD)-type ginsenoside isomers using a
developed two-dimensional (2D) MS method in conjunction with
statistical analysis by the unpaired t test. Based on the CID
technique, varying collision energy (CE) values were introduced
into a tandem mass spectrum to form a 2D array of fragment ion
intensity. A conventional linear ion trap mass spectrometer was
used to detect the precursor and product ions simultaneously
and thereby obtain the intensity fraction (IF) and ratio of in-
tensity (RI) of the fragment ions. The resulting IF and RI distri-
butions could then concretize the difference in excess energy of
the specific fragmentation pathway between the isomers. A
triplet and two pairs of ginsenoside isomers were analyzed,
including the naturally occurring major isomers Rby, Rbs, and Rc,
the positional isomers Rgz and F,, and the positional isomers Rh;
and C-K. All the seven ginsenosides are reported to differ in their
pharmacological effects and are major objects of ginsenoside
research [3,10,11,35—37]. They were accurately differentiated and
identified based on the diagnostic IF and RI distributions of their
fragment ions followed by an unpaired t test statistical analysis
for verification. We also discussed the preference of glycosidic
bond cleavage and the difference in MS behavior in the negative
and positive ion modes. Finally, this 2D-MS method was
extended to quantify the relative concentrations of ginsenoside
isomers in mixture.

2. Materials and methods
2.1. Materials

Authentic ginsenoside standards with more than 98% purity were
purchased from Shanghai Yuanye Biological Technology Co. Ltd.
(Shanghai, China) and used without further purification. The inter-
mediate biotransformation products of PPD-type ginsenosides were
provided by Professor Yue of our laboratory. HPLC-grade methanol
was acquired from Tedia (Fairfield, OH, USA). Distilled water was
purified using a Milli-Q water purification apparatus (Millipore,
Bedford, MA, USA). The ginsenosides were accurately weighed and
dissolved in a methanol/water (1:1, v/v) solvent mixture to obtain a
final concentration of 01 nmol uL~. The solutions were filtered
through a 0.45 um membrane and then subjected to MS analyses.

2.2. Mass spectrometry analysis

All MS analyses were performed on an LTQ XL mass spectrom-
eter equipped with an electrospray ionization source (Thermo
Fisher Scientific, San Jose, CA, USA). Nitrogen was supplied as the
sheath, auxiliary, and sweep gas at flow rates of 11, 4, and 1 a.u,,
respectively. The capillary temperature was set to 320°C. Both of
the positive and negative ion modes were used for analysis, with
the spray voltage set to 4500 V and —4000 V, respectively. The
samples were introduced into the electrospray ionization source
via an infusion pump at a flow rate of 5 pL min~. Data were
collected in centroid mode. CID experiments were performed on
mass-selected precursor ions using standard isolation and excita-
tion procedures (an activation g value of 0.2 and an activation time
of 30 ms). lons were isolated using a width of m/z 2.0 (+m/z 1.0) and
then subjected to MS? (MS/MS) acquisition.

2.3. Procedures for 2D-MS analysis

The intensities of the precursor and product ions were recorded
simultaneously under the indicated conditions by LTQ XL. Two scan
events were set up as follows: (1) selected ion monitor mode for the
mass spectrum acquisition of precursor ions and (2) selected reac-
tion monitor (SRM) scan mode for the mass spectrum acquisition of
product ions. The second event was performed under CE values
varying from 8 to 80 eV in steps of 4 eV. Typically, 2—3 min of signal
collection, resulting in at least 400 data points for each event, was
performed for each spectrum. All the MS spectra were automatically
acquired by a customized sequence subroutine implemented under
Xcalibur software (Thermo Fisher Scientific, version 2.2 SP1.48).

A peak list including m/z values and intensities from each of
these scans was generated by Xcalibur (Thermo Fisher Scientific)
and then transformed into the IF and RI distributions of individual
fragment ions. The IF of a fragment ion is determined by the ratio of
the absolute counts of the fragment ion in the SRM scan to the
absolute counts of its precursor ion in the selected ion monitor
scan, while the RI is determined by the ratio of the absolute counts
of two fragment ions in the same SRM scan. The former represents
the percentage of the intensity of the individual product ion with
respect to its precursor ion, that is, the dissociation efficiency of the
specific fragmentation pathway. The IF and RI distributions were
obtained via plotting the IF and RI values against CE and then used
in conjunction with an unpaired t test statistical analysis to differ-
entiate ginsenoside isomers.

2.4. Nomenclature of ginsenoside fragments

The Domon and Costello nomenclature has been employed
throughout this work to define the fragment ions from ginsenosides
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[38]. The saccharide moiety at the Cyq position is defined as the a-
chain, while the moiety at the Cs position is designated as the f-
chain. According to this nomenclature, ions retaining their charges
at the nonreducing saccharide units are termed B; and G ions. Yj and
Z; represent ions retaining their charges on the aglycone or the
reducing terminus. The subscript i and j represent the number of
glycosidic bonds cleaved, counted from the nonreducing terminus
and the aglycone (or the reducing terminus), respectively. The
glycosidic bond linking to the aglycone is numbered 0. B; and Yj ions
result from the cleavage of the glycosidic bond with the glycosidic
oxygen atom retained by the aglycone or reducing portion, whereas
the Cj and Z; ions are glycosidic bond fragments with the glycosidic
oxygen atom retained by the nonreducing portion. In this work, the
prime sign () indicates the neutral loss of the outermost saccharide
molecule on the other saccharide moiety from the corresponding
ion. A double prime (") indicates the loss of two neutral saccharide
molecules. For example, the ion Yo' corresponds to the fragmen-
tation of the glycosidic bond next to the aglycone on the B-chain
with retention of the glycosidic oxygen atom and residue charge on
the aglycone end and the neutral loss of the outermost saccharide on
the a-chain.

2.5. Data analysis and statistics

The experiments were conducted with three replicates, and the
IF and RI distributions were plotted using the means and standard
deviations of the measurement results. To estimate the difference
in the dissociation efficiency of specific fragment ions between
isomers, a 5™ order polynomial function was employed to fit the IF
and RI distributions, resulting in six parameters: Ag, A1, Az, A3, Ay,
and As.

Y = Ag + Ar1x + Axx? + Asx3 + Agx*t + Asx® (1)

Since a high-order polynomial can be of various curve types, it
can generally fit a variety of IF and RI distributions of different
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fragment ions. Adjusted R-squares, i.e., the correlation coefficients
of each fitted curve, were calculated and are presented in the cor-
responding figures. Each replicate was fitted to generate one set of
six parameters. All the means of IF and RI as well as the parameters
of the fitted curves were adopted as independent component var-
iables. The unpaired t test was used to determine if two sets of these
variables from isomeric ginsenosides were significantly different
from each other. The significance level was defined as 0.05, i.e.,
statistical significance was attained when the calculated p value
was less than 0.05. If the difference between two isomeric ginse-
nosides was significant, the isomers were considered to be differ-
entiable. Curve fitting was performed using “Poly 5” of the
nonlinear curve fitting implemented in the OriginPro software,
version 8.0 (OriginLab Corporation, Northampton, MA, USA). In
addition, statistical analysis was conducted using the SPSS Statistics
software, version 19 (SPSS Inc., Chicago, IL, USA).

3. Results and discussion

3.1. Differentiation and identification of ginsenosides Rb,, Rbs, and
Rc

As shown in Fig. 1, the only structural difference among the
isomeric ginsenosides Rb,, Rbs, and Rc lies in the terminal pentosyl
of the disaccharide moiety at the Cyo position, which is arabino-
pyranosyl for Rby, xylopyranosyl for Rbs, and arabinofuranosyl for
Rc. Their MS? spectra in the positive ion mode and structure
identification are presented in Fig. S1. The fragmentation of ginse-
nosides Rb,, Rbs, and Rc is dominated by the cleavage of the
glycosidic bonds next to the aglycone. Although the individual
structure of the ginsenoside isomers can be identified from their
fragment ions, the tandem MS spectra show almost no distinction
and can scarcely be distinguished from each other. In this context,
2D-MS analysis was performed with CE varying continuously to
differentiate the triplet of isomers. As shown in Fig. 2, the relative
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Fig. 1. The structures of isomeric ginsenosides Rby, Rb3 and Rc and their possible fragmentation pathways in CID experiments. Arap, arabinopyranosyl; araf, arabinofuranosyl; CID,

collision-induced dissociation; xyl, xylopyranosyl.
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Fig. 2. 2D-MS analyses of ginsenoside Rb, in the positive ion mode. The figure was obtained by overlapping the tandem MS spectra on the precursor ion at m/z 1101 using
continuously varied CE in SRM mode, indicating that the intensities of the fragment ions varied with the CE. CE, collision energy; 2D-MS, two-dimensional mass spectrometry; MS,

mass spectrometry; SRM, selected reaction monitor.

intensity of specific fragment ions varied with CE significantly.
Therefore, IF was introduced to represent the percentage of the
intensity of one product ion derived from its precursor ion, as
defined in the Section 2.3. IF is considered to show the difference in
dissociation efficiency between specific isomeric precursor ions to
generate the same product ions under varied CE.

The IF distributions of the Cy,, ion at m/z 335 from Rb,, Rbs, and
Rc in the positive ion mode are shown in Fig. 3A. They demonstrate
higher dissociation efficiency in the low-CE region (18—38 eV),
where the IF values of the three isomers are patterned discrim-
inatively. Under the same collision conditions, Rb; tends to lose its

pentose much more easily than Rbs and Rc, whereas Rbs exhibits
the lowest fragmentation yield. The difference between the internal
energy (Einc) and the activation energy (E,) is termed the excess
energy (Eex) of the transition state of one fragmentation pathway.
Based on quasi-equilibrium theory, the rate constant of unim-
olecular reaction are strongly dependent on Ex [ 14]. Therefore, the
relative E¢x of pentose dissociation from the activated isomeric
precursor ions can be proposed, i.e., Eex(Rby) > Eex(Rc) > Eex(Rb3).
The dissociation of activated ions is forbidden as Ej,¢ is lower than
Eact, but once having enough Eey, that is, CE higher than 14 eV, its
efficiency rises sharply (Fig. S2, Supporting Information). A further
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Fig. 3. The IF and RI distributions of the ions for ginsenosides Rb,, Rbs, and Rc. (A) The IF distributions of the ions at m/z 335. (B) The RI distributions of the ions at m/z 335 to m/z
789. Each of the distributions was fitted by 5™ order polynomial function with the correlation coefficients (R?) shown in the inset, the same below. IF, intensity fraction; RI, ratio of

intensity
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increase in CE above 38 eV leads to clearly attenuated dissociation,
because an excess of Ej,; promotes ion losses due to over-
fragmentation, charge exchange, or the stripping process [14,39].
Therefore, most of the IF distributions show a decline shape in the
tested CE range.

The differences in the IF distributions of the Cy, ion between the
three isomers were estimated using the unpaired ¢ test [40]. The
results showed that their IF data points differ significantly from
each other (p < 0.05) except for those between Rby and Rc
(p = 0.295). Of note is that the differences between all pairs of the
three isomers in the low-CE regime were significant (p < 0.05),
suggesting an effective CE range for differentiating the three iso-
mers. A variety of functions were tested to fit all the data distri-
butions in this study. The parameters of the fitted curves reflected
the characteristics of the data distribution and were used to eval-
uate the significant difference between each data distribution via
the unpaired t test. Generally, the higher the goodness of fit, the
more accurate the parameters and the more reliable the statistical
results will be. Some of the tested functions fitted well with some
part of the data distributions, but none could reach a goodness of fit
greater than 0.90 for all the data distributions, except for the 50
order polynomial function. Since high-order polynomial functions
can be of various curve types, they are able to fit a variety of data
distributions for most fragment ions. Therefore, the 5% order
polynomial function was employed to fit the IF distributions. The
calculated correlation of coefficients (R?) in Fig. 3 suggests a good fit
of the employed function. Six parameters, Ag to As, were obtained
to describe the fitted curves. The differences in all six parameters
between Rb, and Rbj as well as between Rbs and Rc were signifi-
cant (p < 0.01) (Fig. S3, Supporting Information), suggesting the
possibility of differentiating these two pairs of isomer by
comparing their IF distributions. However, the two estimated pa-
rameters A4 (p = 0.066) and As (p = 0.108) showed no significant
differences between Rb; and Rc, indicating that the IF of the Cy, ion
was unsuitable for differentiating Rb, and Rc.

RI was defined as the ratio of intensity of two product ions
derived from the same precursor ion. Fig. 3B shows the RI distri-
butions of the Cy ion at m/z 335 to the Zy, ion at m/z 789 for Rby,
Rbs, and Rc. In the unpaired t test of both data points and estimated
parameters, all the results showed significant differences between
isomers (p < 0.05), suggesting that these three curves are distin-
guishable. The subtle structural differences cause different transition
states on the same fragmentation pathway at the C,o position,
leading to distinct dissociation efficiencies between isomers. Since
this pair of complementary ions is characteristically related to the
structural differences, their IF and RI distributions could serve as
diagnostic patterns to differentiate the ginsenoside isomers. More-
over, the Rl distribution of C3, to Co provided an alternative for the
differentiation, as shown in Fig. S4, because the differences in the
data points and parameters of the fitted curves for the three isomers
were all evaluated to be significant (p < 0.01). Moreover, as shown in
Fig. S5 and Table S1, the differentiation of Rc from the other two
isomers was possible based on the RI distributions of Cpp to Zg,. In
contrast, the IF distributions of Cp3 and Zg, contributed little to the
isomer differentiation, as neither the data points nor the parameters
showed statistically significant differences. The shapes of the fitted
IF curve in Fig. S5A were different from those of Zy, and Cy,. The
curves increased to a maximum at 40 eV and then decreased with
CE, indicating that the cleavage of the glycosidic bond at C3 needs
more Ejy¢ than that of the glycosidic bond at Cyg. This finding is
comparable with our previous results that the glycosidic bond at C3
is less reactive than the one at Cyg in the chemical transformation of
ginsenosides [41]. Moreover, the effect of the experimental condi-
tions on the IF and RI distributions were also investigated. The
variation of ionization condition, sample concentration, and

injection flow was proved to have little effect on the IF and RI dis-
tributions. The intensities of the precursor and product ions were
recorded simultaneously in one scanning cycle. In this context, IF
and RI are only affected by the Eey, which is determined by the
intrinsic E,¢; of the fragmentation pathway under a constant colli-
sion condition. Therefore, the result of differentiation remains stable
in a certain range of experimental conditions.

In the negative ion mode, the three ginsenoside isomers also
exhibited almost identical MS? spectra, as shown in Fig. S6. The
precursor [M-H] ion at m/z 1077 lost one pentose and three hexose
residues in sequence, generating the ions Y14, Yo (Y1), Y15” (Yop'),
and Yop" at m/z 945, 783, 621, and 459, respectively. The Yop” ion at
my/z 459 was the characteristic deprotonated aglycone ion of PPD-
type ginsenoside. In addition, the ion at m/z 375 was derived
from the loss of the alkene chain at the C; position of the aglycone.
The structures of these ginsenosides could be identified rapidly via
their negative tandem MS spectra. However, as shown in Fig. S7, the
IF distributions of two major fragment ions, Y1, at m/z 945 and Y
(Y1p") at m/z 783, could not be differentiated from each other at all.
This indistinguishability was also confirmed by the unpaired t test
of their data points and estimated parameters (p > 0.05, Table S2,
Supporting Information). Although the successive cleavage of the
glycosidic bond was favored in the negative ion mode and helpful
for structural identification [41], the residual charge was solely
retained on the aglycone rather than the distinct pentose portion,
leading to identical IF distributions. Furthermore, the positive
precursor ions normally have higher Ej,¢ via exothermic association
process with alkali metal ions compared with their negative
counterparts [39]. The higher Ej,; facilitates the fragmentation
pathways with high E . and magnifies the E¢x difference between
isomers. Therefore, the differentiation of the subtle structural dif-
ferences of Rby, Rbs, and Rc is available in the positive ion mode but
not in the negative ion mode.

3.2. Differentiation and identification of ginsenosides Rg3 and F»

In the case of the ginsenosides Rgs and F,, the negative tandem
MS spectra not only provided detailed structural information but
also provided discriminable IF distributions of the fragment ions.
The structures of these two isomers differ in the positions of the
disaccharide moieties, as shown in Fig. 4. Three major ions at m/z
621, 459, and 375 were obtained in the MS? spectra, corresponding
to the loss of one and two glucose residues and the alkene chain at
Cyo, respectively. In the tested CE range, the RI of fragment ions at
m/z 459—621 from Rgs was higher throughout than the corre-
sponding RI from F,, as shown in Fig. 5. In addition, the RI distri-
butions were fitted to incremental quasi-linear curves. Both the
data points and the estimated parameters of the fitted curves were
significantly different. Accordingly, the isomeric ginsenosides Rgs
and F; could be differentiated and identified based on the RI values
of the fragment ions at m/z 459—621, i.e.,, Rgz > 0.9% > F,, in the CE
range of 20—80 eV.

Moreover, the dissociation efficiency of Yo, (Yop) at m/z 621 from
F» was much higher than that of Y at m/z 621 from Rgs, as shown
in Fig. S8A. This is because there are two possible pathways to
generate the ion at m/z 621 from F,: cleavage of the glycosidic bond
at the Cs position and at the Cyg position. The latter pathway is
considerably more reactive toward deglycosylation. Whereas there
is only one approach to produce Y; from Rgs: fragmentation at the
glycosidic bond connecting the disaccharide moiety, which is less
reactive than the one at Cyg [41]. In contrast, the order of dissoci-
ation efficiency was reversed with regard to the deprotonated
aglycone ion at m/z 459 (Fig. S8B, Supporting Information), sug-
gesting that the generation of Yop from Rgs is easier than the gen-
eration of Yog' from F,. This difference in dissociation occurs
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the CE of 12 eV. (A) Ginsenoside Rgs. (B) Ginsenoside F,. Both of the two isomers were
d the possible fragmentation pathways to generate each fragment ion in the spectra. CE,

because the former proceeds from only one glycosidic bond
cleavage, while the latter needs higher Ejy for two simultaneous
bond cleavages. Therefore, the RI distributions of the fragment ions
at m/z 459 to m/z 621 in Fig. 5 showed significant differences and
could be used to distinguish this pair of ginsenoside isomers.
Moreover, the IF of the ion at m/z 375 increased with CE and
reached its maximum at approximately 65 eV (Fig. S8C, Supporting
Information). Both the data points and the estimated parameters of
the fitted IF curves were found to show statistically significant
differences. Therefore, a boundary line could be drawn at 0.5% of IF
to differentiate Rgz and F; in the CE range from 24 to 80 eV, i.e., IF
(m/z 375, Rg3) > 0.5% > IF (im/z 375, F,).

3.3. Differentiation and identification of ginsenosides Rhy and C-K

This 2D-MS method was also applied to the differentiation and
identification of the ginsenoside isomers Rhy and C-K containing
only one monosaccharide moiety. Two product ions at m/z 459 and
m/z 375 are observed in their negative MS? spectra, as shown in
Fig. S9, which are the same as the fragment ions obtained from Rg3
and F,. Both Rhy and C-K exhibit a declining shape of the fitted IF
curves of the ion at m/z 459 (Fig. 6A). A boundary line at 25% of IF
could be proposed for their differentiation in the CE range from 12—
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64 eV. The dissociation efficiency of C-K is higher than that of Rh; at
each CE level, suggesting that the fragmentation of the glycosidic
bonds at the Cs position requires higher Ejy: than does fragmen-
tation at the Cyg position [23,41]. This behavior is consistent with
the results obtained from Rb;, Rbs, and Rc in the positive ion mode
(discussed earlier). In addition, it is the fragmentation preference of
PPD-type ginsenosides.

In contrast, Fig. 6B shows that the dissociation efficiency of the
fragment ion at m/z 375 increased with CE to a maximum at
approximately 64 eV and then decreased. The elevated CE
increased the Ej,¢ of the activated precursor ions and the probability
of multiple collisions [14]. Hence, dissociation was also promoted
along the alkene chain fragmentation pathway. Additionally, the
dissociation efficiency of C-K is higher than that of Rhy. Therefore, a
boundary line could be drawn at 3.8% of IF between 35 and 80 eV to
differentiate Rhy and C-K. Furthermore, the differences between
Rhy and C-K in the IF distribution of the fragment ions at m/z 459
and m/z 375 were evaluated using the unpaired t test. Both the data
points and the estimated parameters of the fitted curves were
significantly different (p < 0.05), indicating that the IF distributions
of these two ions are capable of differentiating isomers. Moreover,
unlike most of the IF distributions in this study, the fitted IF curves
of the ions at m/z 375 in Figs. S8C and 6B increase gradually to a
maximum and then decrease with CE. It can be inferred from this
Gaussian-like shape that the cleavage of the single bond between
Cyo and Cy; is not the favored fragmentation pathway compared
with the cleavage of the glycosidic bonds at C3 and Cyo.

Generally, some IF and RI distributions of the fragment ions are
able to differentiate these PPD-type ginsenosides under certain
conditions, while some other distributions are not. The ginsenoside
isomers undergo different fragmentation pathways under various
dissociation conditions, generating the different IF and RI distri-
butions of the fragment ions. Theoretically, the essential differences
among the fragmentation pathways lie in their different activation
energy. Therefore, the distinct activation energy of each fragmen-
tation pathway is considered to enable these ginsenoside isomers
differentiable or not. In addition, we can conclude the general
principles for differentiating different types of ginsenoside isomers
from the different dissociation ability of the fragment ions. The
positional isomers can be differentiated by using the differences
between the IF or RI distributions of the deglycosylation ions or
deprotonated aglycone ions in the negative ion mode. While for the
ginsenosides, which are only different in the saccharide sub-
stituents, they can be differentiated directly by using the RI
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distributions of the fragment ions, which are cleaved from the only
distinct glycosidic bonds in the positive ion mode. Moreover,
comparing with HPLC method, 2D-MS has the major features of low
solvent and time consumption. It avoids the need to establish the
separation method and is convenient in operation to differentiate
ginsenoside isomers.

3.4. Relative quantification of ginsenoside isomers

Based on the above results, 2D-MS was demonstrated to be an
effective approach for differentiating ginsenoside isomers. We then
made further efforts to investigate whether it would enable the
determination of the relative contributions of ginsenoside isomers
in mixtures, i.e., to examine the linear relationship between the
characteristic IF and RI distributions and the relative composition of
ginsenoside isomers in mixtures [26]. In this context, we prepared a
series of standard mixtures containing varying proportions of iso-
mers. These mixtures were sequentially subjected to 2D-MS anal-
ysis to obtain the IF distributions of specific fragment ions. For
example, for the ginsenoside isomers Rh; and C-K, the IF distri-
bution of the m/z 459 ion was linear in the CE region of 26—36 eV in
each mixture (Fig. 7A). The slope of the linearity was found to vary
linearly with the molar composition of ginsenoside Rh; in the in-
dividual mixture. Therefore, we established the standard curve by
plotting the slope against the molar composition of the ginsenoside
Rh, to quantify their relative contributions to the mixture. The
regression equation is shown in Fig. 7B. We also tried to establish
the linearity by determining the IF values of the m/z 459 ion at fixed
CE for standard mixtures at different compositions. As shown in
Fig. S10, the IF values showed a linear correlation with the molar
composition at fixed CE. The former approach is more complicated
and less convenient than the latter one, but it is more robust to the
variation in IF values. Similarly, the standard curves for the quan-
tification of Rgs and F, were established using the m/z 621 ion in the
same way (Figs. S11 and S12). A majority of these standard curves
have correlation coefficients (R?) greater than 0.99 due to the high
abundance of the specific ions yield from the ginsenoside isomers
in the selected CE region. The well fitted linearity indicates that
these approaches are capable of determining the relative contri-
butions of isomers in a mixture. However, for the triplet isomers of
ginsenosides Rby, Rbs, and Rc, the above approaches failed to
establish the standard curves, as there were too many possibilities
to totally enumerate the relative molar composition and the IF
values were unable to be specific to the molar compositions.
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Fig. 6. The IF distributions for ginsenosides Rh; and C-K. (A) The IF distributions of the ions at m/z 459 for ginsenoside Rh,, which can be differentiated based on the IF values at 25%
in the CE range of 12—64 eV. (B) The IF distributions of the ions at m/z 375 for ginsenoside C-K, which can be differentiated based on the IF values at 3.8% in the CE range of 32—80

eV. CE, collision energy; IF, intensity fraction.
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Fig. 8. The relative quantification of ginsenoside isomers in biotransformation product. (A) The mass spectrum of the biotransformation product of PPD-type ginsenosides. (B) The

linear relationship between the varying CE and the IF values of the m/z 459 and m/z 621
protopanaxadiol.

To examine the applicability of the two approaches discussed to
the relative quantification of ginsenoside isomers, we measured the
molar composition of ginsenosides Rgz/F» and Rhy/C-K in the in-
termediate biotransformation product of a PPD-type ginsenoside
mixture. The mass spectrum of the transformed product mixture is
shown in Fig. 8A. The ions at m/z 783 and m/z 621 are the depro-
tonated ginsenosides Rgs/F, and Rhy/C-K, respectively. To evaluate
the first approach, we determined the linearity of the IF distribu-
tions of the deprotonated ions in the selected CE regions (Fig. 8B).
The slopes of the linear fits were substituted into the standard
curves, as illustrated in Fig. 7B and Fig. S11B, to calculate the molar
composition of each isomer. To examine the second approach, we
substituted the IF values at six fixed CE into the corresponding
standard curves, as illustrated in Figs. S10 and S12. The examination
of the two approaches was conducted with three replicates. Finally,
the molar composition of ginsenosides Rgs and Rhy are calculated
to be 69.53 + 0.55% and 80.93 + 0.71% using the first approach and
67.10 £+ 0.46% and 81.27 + 0.95% using the second approach. HPLC-
based analysis was also performed to validate the relative quanti-
fication results. The molar composition was calculated to be

ions for Rh,/C-K and Rgs/Fs, respectively. CE, collision energy; IF, intensity fraction; PPD,

67.43 + 0.38% and 78.67 + 0.47% for Rg3 and Rh2, respectively.
These results were similar with those obtained from the two
developed approaches, indicating the accuracy of the relative
quantification. Therefore, the 2D-MS method is applicable to
quantifying the relative concentrations of paired ginsenoside iso-
mers in complex mixture.

4. Conclusions

In summary, a triplet and two pairs of PPD-type ginsenoside
isomers (Rby, Rbs, and Rc; Rgs and F,; and Rhy and C-K) were
differentiated and identified via a developed 2D-MS method in
conjunction with an unpaired ¢ test statistical analysis. With coupling
of the tandem mass spectra and variation of the CE, the fragment
ions exhibited specific features of IF and RI distributions with respect
to individual ginsenosides. The IF distributions intuitively reflect the
differences in dissociation efficiency, while the RI distributions
directly provide the features that are discriminable between the
isomers. These distributions were fitted well by a 5™ order poly-
nomial function. The parameters of the fitted curves were used to
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statistically evaluate the significance of the differences between
these distributions via the unpaired t test. The results show that
ginsenoside isomers can be differentiated on the basis of the IFand RI
distributions of their fragment ions. The fragmentation of the
saccharide moieties at Cyg position rather than at C3 position is
preferable with regard to PPD-type ginsenosides, whereas the frag-
mentation of the alkene chain at C;g shows much lower reactivity.
These preferences can be rationalized from the perspective of the
internal energy of the ion gas. The proposed method amplified and
accentuated the subtle differences in the tandem mass spectra of
ginsenoside isomers. This method was further used to quantify the
relative compositions of ginsenoside isomers in mixtures. Standard
curves with correlation coefficients greater than 0.99 were estab-
lished. In addition, the molar proportions of Rgs to F, and Rh; to C-K
in the biotransformation product of PPD-type ginsenosides were
measured successfully and validated by HPLC-based analysis. Based
on the current results and those reported previously, we can predict
that this 2D-MS method will serve as an alternative strategy to
analyze isomeric natural products.
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