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Abstract. When characterizing components from
ginseng, we found a vast number of multicharged
anions presented in the liquid chromatography—
~z=2 Mass spectrometry (LC-MS) chromatograms.
=z=1 The source of these anions is unclear yet, while
ginsenosides, the major components of ginseng,
= = = are the main suspected type of molecules be-
S iBS BxsE cause of their sugar moiety. Our investigation
b2 O VOO OLY OV using 14 pure ginsenosides affirmed that the
Ginsenosides multicharged anions were formed by
ginsenosides rather than other types of ingredients in ginseng. Various anions could be observed for each
ginsenoside. These anions contain ions ((M-2H]?~, [M+Adduct]?"), as well as those formed by polymerization of
at least two ginsenosides, such as [nM-2H]?~, [nM-H+Adduct]?~, and [nM-3H]>~. The presence of so different
types of ions from a ginsenoside explains the reason for the large number of anions in the LC-MS analysis of
ginseng. We further found that formation of [nM-2H]?~ ions was influenced by the number of sugar chains:
ginsenosides containing two sugar chains produced all [nM-2H]?~ ion types, whereas ginsenosides containing
one sugar chain did not produce [2M-2H]?". Thus, [2M-2H]?>~ and [3M-2H]?~ can be utilized to rapidly identify
monodesmosidic and/or bidesmosidic ginsenosides as joint diagnostic anions. The position of the glycosyl
radical might be the key factor affecting the formation of multicharged multimer ions from monodesmosidic
ginsenosides. Consequently, three groups of ginsenoside isomers were differentiated by characteristic [nM-2H?~
anions. Using concentration-dependent characteristics and collision-induced dissociation (CID), we confirmed that
[nM-2H]?>~ ions are non-covalently bound multimers whose aggregation has marked distinction between
monodesmosidic and bidesmosidic ginsenosides, accounting for the differentiated formation of [nM-2H]>~ be-
tween them.
Keywords: Electrospray ionization, Ginsenoside, Multicharged anion, Multimer, High-resolution mass
spectrometry
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Panax quinquefolius L. (PQ, North American ginseng), and
Panax notoginseng (Burkill) F.H. Chen (PN, Sanchi ginseng),
which are widely used as medicinal herbs [1, 2]. Numerous
studies have confirmed that compounds in this family exhibit a
variety of pharmacological activities, including anti-aging [3,
4], anti-cancer [5, 6], anti-fatigue [7], anti-inflammatory [8, 9],
memory enhancement [10], immunomodulatory [11], and neu-
roprotective effects [12]. To date, about 70 ginsenosides with
diverse sapogenins have been isolated [13], and more than 640
ginsenosides have been identified or tentatively characterized
from ginseng [14]. Moreover, the ginseng root contains 2—3%
ginsenosides and Rb;, Rb,, Rc, Rd, Re, and Rg; account for
more than 90% of total ginsenosides [15]. Ginsenosides are a
class of natural product steroid glycosides and triterpene sapo-
nins. They are divided into dammarane, oleanane, and
occotillol types on the basis of the carbon skeletons of their
aglycones. Most known ginsenosides are classified as members
of the dammarane family, which can be subdivided further into
two groups, the protopanaxadiol (PPD) and protopanaxatriol
(PPT) types. The PPD-type ginsenosides possess sugar moie-
ties at the C-3 and/or C-20 positions, whereas the PPT-type
ginsenosides have sugar moieties at the C-6 and/or C-20 sites.
Furthermore, based on the attachment positions of the sugar
chains, ginsenosides can be grouped into two categories:
monodesmosidic and bidesmosidic ginsenosides, with glyco-
syl groups attached to the aglycones at one or two positions,
respectively [16]. The chemical structures of the compounds
determine their biological activities and minor structural differ-
ences can have a significant effect on their function. Remark-
ably, numerous isomers of ginsenosides exist because of the
various types and diverse sites of sugar moieties. These may
have different pharmacological activities and/or be present in
different herbs of the Panax species. Therefore, structural
analysis of ginsenosides and identification of isomerous
ginsenosides are crucial for elucidating the structure-activity
relationship of these saponins and allow for metabolite profil-
ing of ginseng and other relevant research.

Quadrupole time-of-flight mass spectrometry (QTOF-MS),
a typical high-resolution mass spectrometry (HRMS), provides
several advantages in structural analysis, such as higher reso-
lution and accuracy in mass measurements, and has become a
powerful tool for the characterization and determination of
ginsenosides [17, 18]. Electrospray ionization (ESI) is capable
of ionizing ginsenosides for mass spectrometry analysis with-
out complicated derivatization. Moreover, ESI-MS can be
coupled with high-performance liquid chromatography
(HPLC)/ultra-high-performance liquid chromatography
(UPLC) to effectively separate ginsenosides and their isomers
and improve the ionization efficiency for each ginsenoside.
Furthermore, accurate molecular weight information of quasi-
molecular ions can be obtained by high-resolution mass spec-
trometry (TOF analyzer) [19-21]. ESI coupled with tandem
mass spectrometry (ESI-MS/MYS) analysis allows for the char-
acterization and elucidation of ginsenosides by collision-
induced dissociation (CID), which is a mass spectrometry
technique to induce fragmentation of molecular ions in the

gas phase. Diagnostic product ions are produced by CID of
the deprotonated precursor ions to obtain accurate structural
information about ginsenosides. This information provides
abundant and reliable data for the study of ginsenoside chem-
istry and metabolomics [22].

Both positive and negative ion modes have been employed
for mass spectrometry analysis of ginsenosides in previous
studies [16, 23, 24]. Ginsenosides are charged through proton-
ation and/or cationization to form [M+H]" and [M+Adduct]"
such as [M+Na]" and [M+K]", with the intensity of [M+H]"
being much less than that of cationic adducts in general. A
hetero atom with a lone pair of electrons in each outer layer of
the molecule may combine with a proton to form a molecular
ion [M+H]". In the positive ion mode, a compound can be
ionized theoretically if it contains sites that will bind to proton,
sodium, potassium, and/or other cations. Most organic com-
pounds containing O and N meet these ionization requirements
in the positive mode detection; hence, the selectivity becomes
relatively poor, especially with complex substrates. In recent
years, the negative mode ESI-MS has been applied increasing-
ly to the analysis of ginsenosides. Under normal circumstances,
[M-H] of neutral ginsenosides are not easily obtained in the
negative ion mode because a suitable deprotonation site is
lacking. Since ginsenosides (like oligosaccharides) possess
saccharide groups, they can be charged through the formation
of adducts with various anions such as [M+F], [M+CI],
[M+Br], [M+HCOO], and [M+AcO] to enhance their in-
tensity for negative ESI-MS detection [25-27]. Moreover,
compared to the positive ion mode, the negative ion mode
has reduced background noise and higher selectivity. The
analysis of ginsenosides in the negative ion mode has signifi-
cant advantages over that of positive spectrum detection, espe-
cially in complex systems.

In our systematic characterization of constituents from gin-
seng, a large number of doubly and triply charged anions were
observed in the negative ion ESI-MS spectra of ginseng ex-
tracts. Notably, these multicharged anions co-eluted with
ginsenosides, with m/z values that were generally greater than
the molecular weight of ginsenosides (M) and had certain
numerical relationships between them. To our knowledge,
doubly charged ions such as [M-2H]*", [M-H+AcOJ]*", and
[M+2AcO]*" have been reported in the previous studies of
mass spectrometry analysis of ginsenosides [16, 23], but their
m/z values were obviously less than (approximately half) that
of ginsenosides (singly charged ions [M-H] ). Our calculations
show that these multicharged anions are new ionic types
of ginsenosides including doubly charged multimer anions
[nM-2H]*~ and [nM-H+Adduct]*" and triply charged anions
[nM-3H]*", which have not been reported previously. In addi-
tion, structural relationships between multicharged anions and
molecular structures of ginsenosides may exist. In this study,
various species of ginsenoside reference substances were
employed to investigate the mass spectral behavior of
ginsenosides, expound the formation of multicharged
ginsenosides anions, and determine the relationship between
anions and molecular structures of ginsenosides, in order to
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provide new methods for the rapid identification of the struc-
ture type of ginsenosides, especially ginsenoside isomers.

Experimental
Materials and Reagents

Fourteen ginsenoside reference standards, ginsenoside Rby,
Rbs, Re, Rf, Rg;, Rg,, Rgs, Rh,, Ro, F,, compound K,
notoginsenoside Ft;, R, and pseudoginsenoside F;;, were
purchased form Aladdin company (Shanghai, China). Ginseng
reference material was obtained from the China National Insti-
tute for the Control of Pharmaceutical and Biological Products
(Beijing, China). HPLC grade methanol and acetonitrile were
obtained from Merck (Darmstadt, Germany). Formic acid for
mass spectrometry was purchased from Sigma-Aldrich (MO,
USA). The ultrapure deionized water was supplied by a
Millipore Milli-Q water system (Milford, MA, USA).

Sample Preparation

Stock solutions of the 14 pure ginsenosides (ginsenoside Rb;
1.80 mM, Rb; 1.85 mM, Re 2.11 mM, Rf 2.50 mM, Rg,
2.50 mM, Rg, 2.55 mM, Rg; 2.55 mM, Rh, 3.21 mM, Ro
2.09 mM, F, 2.55 mM, compound K 3.21 mM,
notoginsenoside Ft; 2.18 mM, R; 2.14 mM, and
pseudoginsenoside Fy; 2.50 mM) were prepared individually
in methanol. A mixture containing 14 reference standards was
prepared by equal volume mixing of every stock solution.
Working solutions were prepared by serial dilution of methanol
to the desired final concentrations.

An easy-to-implement ultrasonic extraction method was
employed for ginseng extraction. Briefly, 100 mg fine powder
of ginseng reference material was weighed in a 2-mL
microcentrifuge tube (EP tube) and treated with 0.5 mL of
50% methanol aqueous solution. The sample was vigorously
mixed by a vortex mixer. Subsequently, the tube was placed in
an ultrasonic cleaner (1130 W, 37 kHz) for 15 min. After being
centrifuged at 12,000 rpm for 10 min, the supernatant was
transferred into a new 2-mL EP tube while the extraction
method was repeated with the residue. The pooled supernatants
were filtered through a 0.22-pm filter and stored at 4 °C until
analysis.

LC-MS/MS

Analysis was performed on an Agilent 1290 series ultra-high-
performance liquid chromatograph (Agilent Technologies,
Waldbron, Germany). An Agilent ZORBAX Eclipse Plus
C18 (2.1 x 50 mm, 2.7 pum) was used for sample separation at
60 °C with a flow rate of 0.4 mL/min using 0.1% formic acid
aqueous solution (A) and acetonitrile (B) as the mobile phase.
The gradient elution program was 5-100% B at 0—10 min. The
sample injection volume was 5 pL.

High-resolution MS and MS/MS analyses were performed
on an Agilent 6520 QTOF mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA) via a dual ESI interface. For

mass detection, the instrument was operated in the negative
electrospray ion mode with the mass range m/z 50-3000. The
operating parameters were optimized as follows: temperature
of the drying gas 350 °C, drying gas (N,) flow rate 8 L/min,
pressure of the nebulizing gas 40 psi, capillary voltage 3500 V,
fragmentor voltage 175 V, and skimmer voltage 65 V. CID was
employed to study the fragmentation behavior of ginsenosides.
In the CID mode, the collision energy was set from 5 to 80 V.
Data recording and processing were performed with a
Masshunter workstation (Agilent Technologies, Santa Clara,
CA, USA).

Results and Discussion

Discovery of Various Multiply-Charged Anions
Co-eluting with Ginsenosides in Ginseng Extract
by UPLC-ESI-HRMS

In our unpublished research on identification of components
from ginseng, a universal liquid chromatography—mass spec-
trometry (LC-MS) method was used to characterize diverse
components. Most methods such as sample extraction solvent,
mobile phase, and mass spectrometry parameters were quite
conventional. The significant difference compared with previ-
ous studies was that we expanded the mass scan range to
3000 Da. Interestingly, we found a large number of multiply-
charged anions co-eluting with ginsenosides during UPLC-
ESI-HRMS analysis of ginseng extract. As shown in
Figure 1a, many ginsenosides eluted between 3.5 and 5 min.
Peaks I (tg =4.08 min) and II (tz =4.58 min) were selected to
study multicharged ions co-eluting with ginsenosides. Based
on accurate mass-to-charge ratio data, relevant adduct anions,
and previous studies, a compound was tentatively identified as
ginsenoside-A (GA) because of ions at m/z 1107.60 and
1221.59 corresponding to [GA-H] and [GA+2HCOO+Na]
respectively. Notably, an unknown doubly charged anion with
the same m/z value as monoisotopic peak as [GA-H] eluted
together with it. According to the isotope distribution shown in
Figure 1b, it may be [2GA-2H]* or the anion of another
constituent: neither could be confirmed with the current data.
Other multiply-charged anions were spread over three disparate
regions of the mass spectra of peak I (Figure 1b). Located at
region 1, doubly charged anions at m/z 553.29, 576.30, and
599.30 corresponding to [GA-2H]*", [GA-H+HCOO]*", and
[GA+2HCOOT*, respectively, originate with GA based on
previous studies [16, 23]. The m/z of doubly and triply charged
anions, located at regions 2 and 3, was greater than the molec-
ular weight of GA and seems numerically related. We tenta-
tively characterized ginsenoside-B (GB) from the [GB-H] ion
at m/z 945.54 and [GB+HCOO] ion at m/z 991.55. Similarly,
[GB-H] was accompanied with a doubly charged anion
possessing the same m/z value of the monoisotopic peak
(Figure 1c). Other multiply-charged anions were found with
my/z values at 1400-3000 Da. The multiply-charged anions also
displayed a numerical relationship to GB.
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Figure 1. Total ion chromatogram of ginseng extracts (a) and mass spectra of peak | (b) and Il (c). The retention times at 3.5~5 min
were a major period that ginsenosides were eluted, so we selected peaks | (tg=4.08 min) and Il (tg=4.58 min) to show the
multicharged ions co-eluting with ginsenosides. [M-H]™ at m/z 1107.5973 and 945.5431 were corresponded to ginsenoside-A
(GA) and ginsenoside-B (GB), and the regions of multiply-charged anions were marked

Formation of multicharged ions is a feature of electrospray
ionization, allowing macromolecular compounds with a mo-
lecular weight of 10,000 Da or more to be measured by mass
analyzers with a low range of mass-to-charge ratios (usually
less than 2000 Da). Indeed, macromolecules such as polypep-
tides, polysaccharides, and proteins have already been isolated
and identified in PG and they produced multicharged ions by
electrospray ionization. However, their retention times should
differ from those of ginsenosides due to different polarities; co-
elution with ginsenosides is unlikely.

It was worth mentioning that the molecular weight of
ginsenoside is less than 1500 Da in general; thus, the mass
range was commonly set within 1500 or 2000 Da as the upper
limit in the previous studies. In our experiment, the TOF
analyzer scanned over a mass range of m/z 50-3000, allowing
us to collect more m/z information for multiply-charged anions.
Based on our experimental results, formation of the multiply-
charged ions may be related to co-eluting ginsenosides. We
discuss their attribution and propose a mechanism for their
formation in the following sections.

Various Anions of Ginsenosides in the ESI-MS
Negative lon Mode

To investigate the formation of the multiply-charged anions that
co-eluted with ginsenosides, a total of 14 ginsenoside reference
standards containing all the major aglycones of ginsenosides
were selected and analyzed using the UPLC-ESI-HRMS system
(Figure 2). The ginsenosides were classified as following: Rby,
Rbs, Rgs, F,, Rh,, CK, and notoginsenoside Ft; as PPD-type
ginsenosides; Re, Rf, Rg;, Rg,, and notoginsenoside R, as PPT-
type ginsenosides; Ro as an oleanane-type ginsenoside; and
pseudoginsenoside Fy; as an occotillol-type ginsenoside.

On the basis of the number and substituent positions of their
sugar moieties, 14 ginsenosides were divided into six categories:
(1) monosaccharide ginsenosides including Rh, and CK; (ii)
disaccharide monodesmosidic ginsenosides including Rf, Rg,,
Rgs, and pseudoginsenoside F;; (iii) disaccharide bidesmosidic
ginsenosides including Rg; and F,; (iv) trisaccharide
monodesmosidic ginsenosides including notoginsenoside Ft;;
(v) trisaccharide bidesmosidic ginsenosides including Re, Ro,
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Protopanaxadiol type

Name R1 R2 Formula

Ginsenoside Rb, Glc2-Glc Glc®-Glc Cs4Hg,053
Ginsenoside Rbs Glc2-Glc Glc-xyl Cs3Hg005,
Ginsenoside Rg; Glc2-Glc H Cy4oH72013
Ginsenoside F2 Glc Glc C4oH7,013
Ginsenoside Rh2 Glc H C36Hs205
Ginsenoside C-K H Glc C36Hs203
Notoginsenoside Ft1 Glc>-GIc® Xyl H Ca7Hs0017

Oleanane type

Name R1 R2 Formula

Ginsenoside R, GlcA%-Glc Glc CygH76019

D

Protopanaxatriol type

Name R1 R2 Formula

Ginsenoside Re Glc2-Rha Glc CygHgy01g
Ginsenoside Rf Glc2-Glc H CyoH7,014
Ginsenoside Rg, Glc Glc CgoH7,044
Ginsenoside Rg, Glc2-Rha H CygH7,043
Notoginsenoside R1 Glc®Xyl Glc Ca7Hg0018

or Ocotillol type o cse

Name R Formula Xyl=B-D-xylose

Rha=a-L-rhamnose

GlcA=B-D-glucuronide

Pseudoginsenoside F11 Glc2-Rha Cy4H72014

Figure 2. Structures for 14 ginsenosides used as reference substances in this study. Ginsenosides Rb4, Rbs, Rgs, F2, Rh,, CK, and
notoginsenoside Ft; are PPD type; Re, Rf, Rgy, Rg., and notoginsenoside R; are PPT type; Ro is an oleanane type; and

pseudoginsenoside F14 is an occaotillol type

and notoginsenoside R;; and (vi) tetrasaccharide bidesmosidic
ginsenosides including Rb; and Rbs.

Pure ginsenoside standards and mixtures were analyzed
under the same chromatography and mass spectrometry con-
ditions. Retention times for the ginsenoside standards ranged
from 2.94 to 6.86 min, with the region at 3.5-5 min a major
elution area for ginsenosides (Figure 3a). The compound
named GA (shown in Figure 1b) was identified as Rb; by
comparison with the pure ginsenoside. A total of 30 anions
were attributable to Rb; including as many as 23 multicharged
ions. The major anions of Rb, and the pattern of the isotopic
distribution of 23 multicharged anions are shown in Figure 3b
and Figure 4, respectively.

As summarized in Table 1 and Figure 5, dozens of anions,
numerous doubly charged anions, and a handful of triply
charged anions were detected in the full mass spectra of each
ginsenoside. More specifically, singly-charged anions included
deprotonated ions [M-H] , adduct ions [M+Adduct]”
([M+Cl1]", [M+HCOO], and [M+2HCOO+Na] ), non-
covalent multimer ions [nM-H] ([2M-H] and [3M-H]),
and their anionic attachments [nM+Adduct] ([2M+Cl],
[2M+HCOO], [2M+2HCOO+Na] , [3M+Cl], and
[3M+HCOO]"). The doubly charged anions detected in this

study could be divided into two subclasses: (i) I-type
doubly charged anions [M-2H]*~ and [M+Adduct]*", including
[M-2H]*", [M-H+HCOOJ*" and [M+2HCOO]*", [M-H+CI]*",
[M+2CI1]*", and [M+HCOO+CI]*", were formed from one
ginsenoside molecule, with isotopic patterns monotonically
decreasing from left to right with an isotopic variation of
0.5 Da (Figure 4a—f) and (ii) II-type doubly charged anions
[nM-2H]*" and [nM-H+Adduct]*” composed of multiple
ginsenoside molecules including [2M-2H]*", [3M-2H]*",
[4M-2H]*, [SM-2H]*", [6M-2H]*", [TM-2H]*", [2M-H+CI]*",
[3M-H+CI]*", [4M-H+CI1)*", [SM-H+CI]*", [6M-H+CI]*,
[7M-H+C1]>", [2M-H+HCOO]*", [3M-H+HCOO]*",
[4AM-H+HCOOJ*", [SM-H+HCOO]*", [6M-H+HCOO]*",
[7M-H+HCOO]?>", [2M-H+2HCOO+Na]*", [3M-
H+2HCOO+Na]?", [4M-H+2HCOO+Na]?*", [5M-
H+2HCOO+Na]*", [6M-H+2HCOO+Na]*", and [7M-
H+2HCOO+Na]*". The isotope shapes of these ginsenoside
patterns were Gaussian with an isotopic variation of 0.5 Da
(Figure 4g—u). When [M-H]™ and [2M-2H]*", [2M-H]™ and
[4M-2H]*", and [3M-H] and [6M-2H]*" coexisted, their mon-
oisotopic peaks had the same m/z values, resulting in three sets of
superimposed isotope peaks that were jagged from left to right:
that is, a high and low scattered arrangement of isotopic
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Figure 3. Total ion chromatogram of mixture of 14 ginsenoside standards (a) and mass spectrum of Rb; (b). A total of 30 anions
were attributable to Rb; and 19 major anions were marked
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Figure 4. The isotopic distribution of 23 multicharged anions of Rb+. The isotope shape of these anions were Gaussian distribution
or half Gaussian distribution with isotopic variation of 0.5 Da. Particularly, when [M-H]~ and [2M-2H?~, [2M-H]™ and [4M-2H]*", and
[BM-H]~ and [6BM-2HJ?~ coexisted, a high and low scattered arrangement of isotopes distribution were shown
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Figure 5. Comparison of the number of anions detected in 14 ginsenosides. Abundant doubly charged anions and a handful of
triply charged anions with common singly charged ions were observed in the mass spectra of each ginsenoside

5 ppm (Tables A.1~14). To summarize, we have verified that
multicharged ions co-eluting with ginsenosides were generated
during ionization of corresponding ginsenosides.

Effect of Solution Concentration on the Anions
of Ginsenoside

Ding et al. have reported that the appearance of dimer ions
[2M-+H]" and [2M-H] was concentration-dependent, suggest-
ing a non-covalent association [28]. To study the effect of the
concentration on the formation mechanism for multicharged
multimer anions (including [nM-2H]*~ and [nM-3H]*"), sev-
eral ginsenoside mixtures of different concentrations were
prepared.

As summarized in Tables A.15~28, ginsenoside concentra-
tion affected the formation of certain anions. Using Rb; to
illustrate our results, as plotted in Figure 6a, common quasi-
molecular ions of ginsenosides including [M-H] , [M+Cl],
and [M+HCOO] were detected at the lowest concentration
of Rb; (0.013 uM); the formation of these anions was not
affected by the ginsenoside concentration. In addition, signal
intensities of [M-H] , [M+Cl] ", and [M+HCOO] were linear
at low concentrations (6.44 uM), and tended to saturate as
concentration increased (Figure 6b). Moreover, the intensity
of [M+CI] and [M+HCOO] decreased slightly at the highest
concentration (128.86 uM). A logarithmic scale describes the
behavior at low concentrations (Figure 6c¢).

As mentioned above, formation of the non-covalent dimer
anion [2M-H] depended on concentration; ions such as
[2M-H] were detected only at relatively high ginsenoside con-
centrations. [2M-H] was not observed at relatively low concen-
trations, but could be detected once the concentration reached a
minimum level (Figure 6a). [3M-H] ions had a similar tendency,
but required a higher concentration to form than [2M-H] . An-
ionic adducts of [2M-H] and [3M-H] were also detected with

the increasing concentration. Similarly, formation of [nM-2H]*",
[nM-3H]*", and their anionic adducts was also concentration-
dependent. As shown in Figure 6a, these multimer anions of
Rb; were observed when ginsenoside concentration increased
by at least 20 times. Higher concentrations were required to
form multicharged multimers, implying that the association of
[nM-2H]*" and [nM-3H]’~ types is non-covalent.

Formation of Ginsenoside Anions and Relationship
between Anions and Molecular Structures
of Ginsenosides

As shown in Table 1, [M-H] , [M+CI] , [M+HCOO] , and
[M+2HCOO+Na] anions were observed in the ESI-MS spec-
tra of all ginsenosides selected in this study except for Ro
([Ro+HCOO] was not detected). Notably, [M+HCOO] an-
ion base peaks were observed in the full mass spectra of the
majority of ginsenosides including ginsenosides Re, Rf, Rg;,
Rg,, Rgs, F>, Rhy, CK, Fty, Ry, and F;;, whereas deprotonated
anions [M-H]™ were predominant in the mass spectra of Rby,
Rbs, and Ro.

Gasification and ionization of compounds are accomplished
simultaneously during negative mode electrospray ionization,
meaning that samples are directly brought into the gas phase
from the solution phase by deprotonation or attachment of
small anions. Thus, the ionization of samples does not depend
on their volatility, but rather on their ability to bind charges
[29]. The signal intensity of the dominant ion (base peak)
should be higher than the others. For instance, Ro has an acidic
proton in the glucuronide and can be ionized by losing the
proton. In our experiment, Ro was deprotonated to form the
[Ro-H] anion at m/z 955.49 as the dominant ionization (100),
with other subordinate ionizations such as [Ro+CI]| at m/z
991.47 (4.51), [Ro+2HCOO+Na] at m/z 1069.48 (6.00), and
[2Ro-H] at m/z 1911.98 (5.63), whereas [Ro+tHCOO] was
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Figure 6. Formation concentration of Rb; anions (a) and effect of the solution concentration on [M-H]~, [M+ClI]”,and [M+HCOQOO]" of
Rb; (b, ). (@) The formation of [M-H]~, [M+ClI]", and [M+HCOQ]~ was not affected by the ginsenoside concentration, so formation
concentration of other anions were based on this concentration as a base level. All formation concentration of mentioned
multicharged anions was at least 20 times higher than the base level. Logarithmic scale chart was adopted because of the wide
range of concentration. (b) The ion intensity of [M-H]~, [M+CI]~, and [M+HCOQO]™ was a linear pattern in the low concentration region.
However, it tended to be saturated with the increase of solution concentration. Moreover, the intensity might decrease slightly at the
highest concentration. (¢) Logarithmic scale chart could clearly describe details at low concentration area than the original curve

not detected. Except for Ro, the ginsenosides used in this study
were all neutral saponins that do not readily produce [M-H] in
the negative ion mode, but can form adducts with various ions
on their saccharide groups. For example, anion attachment of
formate results from the mobile phase used in the analysis.
Sodium and chloride (from glassware, storage bottles, or ana-
lytical grade solvents) can form adducts as well. Our results
indicated that ionization of neutral ginsenosides Re, Rf, Rg;,
Rg,, Rgs, Fa, Rh,, CK, Ft;, Ry, and Fq; occurred by formic
acidification ([M+HCOQ] ") rather than by deprotonation
([M-H] "), whereas for Rb; and Rb; both deprotonation and
formic acidification occurred.

[M-2H]* type anions were observed in the mass spectra of
Rb;, Rbs, Re, Ro, and R;. Since these ginsenosides contain a
variety of aglycon types (including PPD, PPT, and oleanolic),
this factor does not determine whether this type of doubly
charged anions can be formed or not. Notably, these
ginsenosides all are trisaccharide/tetrasaccharide bidesmosidic
saponins. More specifically, at least one of the two sugar
moieties attached to aglycone is a disaccharide. For instance,
although F, and Rg; were bidesmosidic saponins with two
glucose residues (Glc) at C3/C6 and C20, [M-2H]*" type
anions were not detected in the mass spectra of either F, or

Rg;. Doubly charged ions [M-2H]*", [M-H+AcO]*", and
[M+2Ac0]27 in the ESI mass spectra of Rb;, Rb,, Rc, Rd,
and Re were first reported by Miao et al. [23]. Ng and co-
workers [16] also detected them in the full mass spectra of Rb,,
Re, Rd, Re, and Rg;, and noticed that the ion intensity ratio for
Rg; was smaller than for other ginsenosides. They concluded
that formation of [M+2AcO]*~ was influenced by the chain
length of glycosyl groups, and the two negative charges in [M-
H+AcO]* and [M+2AcO]*" might be located on separate
glycosyl groups in order to minimize Columbic repulsion.
Notably, we discovered and first reported that [M-H+CI]*",
[M+2CIJ*, and [M+HCOO+CIJ* were typically formed by
some bidesmosidic ginsenosides in addition to [M-2H]*,
[M-H+HCOOT*", and [M+2HCOO]*" anions. We noted that
[M-H+HCOO]?" was produced by all bidesmosidic
ginsenosides with at least one disaccharide moiety attached to
aglycones, including Rb;, Rbs, Re, Ro, and R;. [M+2HCOOT*
and [M+HCOO+CI]*>" were produced by each of these
ginsenosides except for Ro. Moreover, the [M-H+CI]* ion
was detected in the mass spectrum of Rb;, Rbs, and Ro, whereas
[M-2HJ* and [M+2CIJ*” were only observed in the mass spec-
trum of Rb; and Rb;. We attribute these results to the diverse
ionization sites in this species of ginsenosides. For instance, Ro
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had a very acidic proton in the glucuronide at C3, which was
ionized easily by losing the proton to form [Ro-H] . Therefore,
HCOO and CI" could bond to Ro through the hydroxyl radical
of Glc located at C20, giving rise to [Ro-H+HCOOJ* and
[Ro-H+CI]*, respectively. [Ro+2HCOOJ*", [Ro+2CIJ*", and
[Ro+HCOO+CIJ*~ were not observed, due to the shortage of
reaction sites. Remarkably, [M-2H]*~ was not produced with
Ro, but was observed in the mass spectra of Rb; and Rb; each of
which contains two disaccharide moieties on their aglycones. As
mentioned previously, deprotonation was the predominant
ionization for the disaccharide moiety of ginsenosides
including Rb; and Rbj and, in general, the ion intensity ratio,
Iiven) Apvsnicoor » of ginsenosides with a disaccharide moiety
was higher than that of monosaccharide group(s). This suggests
that the chain length of the saccharide moiety is one key factor in
the deprotonation of ginsenosides. In summary, [M-2H]* -type
anions including [M-2H]*", [M-H+HCOOJ*", [M+2HCOO]*,
[M-H+CI>, [M+2CI*", and [M+HCOO-+CIJ*~ were produced
by tetrasaccharide bidesmosidic ginsenosides including Rb,
and Rbs, while [M-H+HCOO]*", [M+2HCOO]*", and
[M+HCOO+CIJ*” were formed by tetrasaccharide bidesmosidic
neutral ginsenosides including Re and R;.

Under our experimental conditions, doubly charged
multimer anions [2M-2H]*" and [3M-2H]*" were only simul-
taneously observed in the full mass spectra of bidesmosidic
ginsenosides Rby, Rbs, Re, F», Rg;, Ro, and Ry, respectively.
In addition, [4M-2H]*" ions also were detected in the mass
spectra of Ft;, a trisaccharide monodesmosidic ginsenoside.
[SM-2H]* ions were detected in the mass spectra of Rgs,
Rh,, and the eight previously mentioned ginsenosides, respec-
tively. Moreover, [6M-2H]*" and [7TM-2H]*~ were produced
by Rf, Rg;, Rgy, Rgs, Rhy, F, Fyy, and Ft; (the weak intensity
of [3Rh,-2H]*" required magnification to be viewed). Doubly
charged multimer anions of [nM-2H]*" type did not appear in
the mass spectrum of CK. [nM-H+Adduct]*~ ions were ob-
served in the full mass spectra of certain ginsenosides. The
patterns for these anions are similar to those of [nM-2H]*.

The above experimental results demonstrate that formation
of Il-type doubly charged anions have certain regularities.
Firstly, [2M-2H]*~ and [3M-2H]* can be generated simulta-
neously by ginsenosides containing two sugar chains (glycosyl
groups at two sites of aglycon), whatever the saccharide com-
position of the saponins. These ginsenosides include
tetrasaccharide bidesmosidic ginsenosides (Rb; and Rby), tri-
saccharide bidesmosidic ginsenosides (Re, Ro, and
notoginsenoside R;), and disaccharide bidesmosidic
ginsenosides (Rg; and F;). Thus, monodesmosidic and/or
bidesmosidic ginsenosides can be rapidly identified by using
mass spectra to identify joint diagnostic anions [2M-2H]*
and [3M-2H]>". Secondly, more molecules (M) of
monodesmosidic ginsenosides are required to form [nM-2H]*~
anions compared to those in the bidesmosidic group, regardless
of the number of saccharides comprising the ginsenosides. For
example, although comprised of three sugars (Gle-Gle-Xyl), Ft;
cannot produce [2M-2H]* and [3M-2H]*" due to the single
sugar chain. In fact, at least four molecules were required to

form [nM-2H]*~ for Ft,. Thirdly, ginsenosides with sugar moi-
eties attached to the hydroxyl at C-3 form [nM-2H]*~ anions
more readily than those with sugar moieties at C-6, and
ginsenosides with a single sugar moiety attached to the C-20
hydroxyl might not produce the [nM-2H]*~ anions. The follow-
ing examples of several groups of isomers illustrated these
conclusions preferably.

Rh, and CK, PPD isomers of monodesmosidic
ginsenosides, are rare [30]. Rh, has shown beneficial pharma-
cology such as anti-tumor and anti-fatigue effects [31], but is
found only in small quantities in red ginseng and wild ginseng.
CK is a main degradation product of natural PPD-type
ginsenosides (such as Rb;, Rb,, and Rc) produced by human
intestinal bacteria. It is the major form of ginsenoside absorbed
by the body and can be transformed from ginsenoside by food
micro-organisms in vitro, with multifarious bioactivities in-
cluding anti-inflammation, liver protection, and bone marrow
depression reduction. Rh, and CK are characterized by the
position of their glucose moieties. Rh, is a ginsenoside with a
glucose moiety attached to the B-OH at C-3, while CK has a
glucose moiety on the p-OH at C-20. [3M-2H]*, [SM-2H]*,
[6M-2H]*", and [7M-2H]* were observed in the mass spectra
of Rh,, but no [nM-2H]* anions were found in the mass
spectra of CK. Therefore, Rh, and CK can be quickly and
effectively distinguished with full mass spectrum analysis at a
mass range of m/z less than 3000 using multicharged multimer
anions as diagnostic anions.

Rgy, Rf, and F are disaccharide isomers, sharing the same
molecular formula (C4H7,034). Of all ginsenosides, Rg; is
one of the most important, having a variety of pharmacological
activities such as irritant effects on the central nervous system,
memory enhancement, and anti-fatigue. Rf and F; are two
powerful marker compounds for the identification of PG and
PQ, because Fy; is only found in PQ, whereas Rf is present in
PG and absent in PQ [32]. Rg; and Rf are both PPT-type
ginsenosides, and Fy; is an ocotillol type. Rg; is linked to the
a-OH at C-6 and C-20 with Glc, respectively. Rf and
pseudoginsenoside F;; are linked to the a-OH at C-6 with
Gle-Gle and Gle-Rha, respectively. [2M-2H]*", [3M-2H]*,
and [4M-2H]*" were only observed in the mass spectra of
Rg;, a bidesmosidic ginsenoside, while monodesmosidic
ginsenosides Rf and F;; did not produce these ions. Rf and
Fy; (linked to the a-OH at C-6 with disaccharide) produced
[6M-2H]*~ and [7M-2H]*~ despite different compositions in
their sugar moieties. Notably, there were significant differences
in the ion intensity ratio, I[OM_ZH]Zf/I[MJ,HCOO]* and Ijnvpy /
Iivincooy » between Rf (0.59, 34.65) and Fy; (0.04, 5.41)
which could differentiate these two isomeric ginsenosides.

F», Rg,, and Rgj; are another group of isomeric compounds
containing two sugars. Rg; and F, are both PPD-type
ginsenosides. The former has Glc-Gle attached to the B-OH at
C-3 and the latter has Glc linked to the B-OH at C-3 and C-20.
Rg, is a PPT-type ginsenoside with Gle-Glc linked to the a-OH
at C-6 in the aglycon. The formation of [nM-2H]*" anions
differed among them. Except for Rg, and Rg;, [2M-2H]*,
[3M-2H]*", and [4M-2H]*~ were only observed in the mass
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spectra of F,, the bidesmosidic ginsenoside. In addition to F,,
[SM-2H]* could also be observed in the mass spectra of Rg,
the PPD-type ginsenoside. However, six Rg, molecules were
required to form of this doubly charged anion because of the
aglycone PPT.

In conclusion, the number and substitution positions of the
sugar moieties are key factors influencing the formation of the
[nM-2H]*" anions. Essentially, the hydroxyl groups of
ginsenosides as reactive groups on glycosyl are the decisive
factor for the formation of these type anions of ginsenosides.
[SM-3H]*" and [7M-3H]>" ions were observed in the mass
spectra of Rb; and Rbs. In addition, [7M-3H]*" ions were also
observed in the mass spectra of ginsenoside Re, Rg;, Ro, and
R;. Similar to [I-type doubly charged ions, when fewer agly-
cons comprise the ginsenosides, more molecules are required
to form triply charged ions.

CID of Ginsenosides Anions in the Negative lon
Mode

Tandem mass spectrometry analysis (MS/MS) of ginsenosides
was an effective method to elucidate and characterize the
structures of these triterpene saponins and was used for com-
bination analysis of ions formed in the electrospray ionization
source by CID. CID is capable of dissociating weak bonds,
particularly those associated with non-covalent binding. In a
typical experiment, ginsenoside sugar units were successively
or simultaneously lost from the deprotonated precursors
[M-H] by CID. The neutral loss of 162, 146, 132, and
176 Da mass units was attributed to the elimination of Glc,
Rha, Ara (or Xyl), and Glur A residues, respectively. In addi-
tion, the product ions with m/z 459.38, 475.38, and 455.35
were diagnostic daughter ions corresponding to PPD, PPT, and
oleanane, respectively. Moreover, characteristic ions distribut-
ed in the low mass region (m/z <300) were produced from the
cleavage of sugar residues, providing more structural informa-
tion about the saccharide moiety. The fragmentation behavior
of ginsenosides was studied by changing CID voltage among a
wide range from 5 to 80 V. In general, larger ginsenoside
molecules required greater CID voltage to product fragment
ions.

Aimed to deduce the regular fragmentation pathways
of [nM-2H]*", precursors [3M-2H]*", [SM-2H]*", and/or
[7TM-2H]*" of ginsenosides which could be generated were
subjected to a series of CID experiments with energies ranging
from 5 to 80 V (monoisotopic peaks of [M-H] /[2M-2H]*",
[2M-H] /[4M-2H]*", [3M-H] /[6M-2H]*" had the same m/z
values, which made the results complex and confused). As
mentioned before, [2F,-2H]* and [3F,-2H]*" could be simul-
taneously observed just only in the mass spectra of
bidesmosidic ginsenosides, while [4F,-2H]*", [5F,-2H]*",
[6F,-2H]*", and [7F,-2H]*" could be partially or wholly pro-
duced by both monodesmosidic and bidesmosidic
ginsenosides. Notably, we discovered that the product ion mass
spectra of monodesmosidic and bidesmosidic ginsenosides
were also significantly different. Ginsenoside F, was taken as

an example to illustrate the CID fragmentation behavior
of bidesmosidic ginsenosides. Product ion mass spectra of
[3F,-2H]* at m/z 1175.74 are shown in Figure 7. Using a
collision energy of 5 V, we observed the [3F,-2H]*~ precursor
ion as well as a weak intensity daughter ion at m/z 783.49,
corresponding to [2F,-2H]* . Increasing the collision energy
from 5 to 15 V resulted in a larger ion intensity ratio,
I[2F2_2H]27/I[3F2_2H]27, and the appearance of [2F,-H] . With
collision energies up to 30 V, weak signals of daughter ions
at m/z 621.44 and 459.37 (corresponding to [F,-H-Glc] and
[F»-H-Glc-Gle], respectively) were produced by loss of Glc
units successively or simultaneously. Since a dissociation volt-
age of 30 V was sufficient to break covalent bonds in F;, lower
energies are required to cleave weaker non-covalent bonds.
Notably, a doubly charged product ion at m/z 702.46 was
observed with a collision energy of 30 V; this may correspond
to [2F,-2H-Glc]*". The [3F,-2H]* precursor was significantly
degraded into [2F,-2H]* and/or other product ions with colli-
sion energies in the range of 35-80 V. Based on isotopic
distribution and ratio, [2F,-2H]*" coexisted with [F,-H]  and
the intensity of [F,-H-Glc] ", [F»-H-Gle-Glc] ', and other frag-
ment ions formed from the cleavage of sugar residues distrib-
uted in the low mass region gradually increased with energies
between 40 and 55 V. When the dissociation energy increased
to 60 V, the [2F,-2H]* " ion completely disappeared while only
[F»-H], [F>-H-Glc] , [F»-H-Glc-Glc] ', and glycosyl fragmen-
tation ions were observed in the product ion mass spectra of
[3F,-2H]*". The fragmentation pathways of [SF»-2H]*" and
[7F,-2H]*" were similar to that of [3F,-2H]*"; hence, only
one spectrum of those two anions was selected as an auxiliary
example, respectively (Figure 8). The precursor ion [SF,-2H]*
at m/z 1960.24 produced a series of successive losses of F,
molecules corresponding to [4F,-2H]*", [3F,-2H]*, [2F,-2H]*,
[2F,-H] ", and [F,-H] before losing covalently bonded
saccharide moieties (Figure 8a). The product ions [6F,-2H]*",
[SF»-2HT, [4F,-2H]*, [3F»,-2H]*, [2F,-2H]*, [2F,-H] ", and
[Fo-H] were observed in the product ion mass spectra of
[7F2-2H]2_ at m/z 2744.71 shown in Figure 8b.

Rg3 is one isomer of F,, containing one sugar chain. The
fragmentation pathways of it are clearly distinguishable from
that of F,. The spectra under three collision energies (10, 30,
and 50 V) are shown to compare monodesmosidic [SRg;-2H]*~
and bidesmosidic [5F,-2H]*" in Figure 9. At 10 V collision
energy, both [3Rg;-H] and [2Rg;-H] were observed in the
product ion mass spectrum of [SRg;-2H]* ™ at m/z 1960.21. The
precursor ion [5Rgs;-2H]*~ was predominant and [Rgs;-H] ™ was
absent (Figure 9a). At 30 V collision energy, the daughter ion
[2Rgs-H]  intensified and [Rg;-H] appeared, while the inten-
sity of [5SRgs-2H]*" and [3Rgs-H]  decreased, as shown in
Figure 9b. This indicates that [Rgz-H] can be attributed to
dissociation of [3Rgsz-H] and/or [2Rg;-H] with increasing
energy. As the energy increased to 50 V, [Rgs-H] became
the base peak in the mass spectrum. Intensity of [2Rgz;-H]™
reduced approximately onefold compared to 30 V, and
[3Rgz-H] completely disappeared (Figure 9c). These results
illustrated that [2Rg;-H] and [3Rgs-H] were likely to be
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Figure9. Product ion mass spectra of [5SRgs-2H]?~ and [5Ft;-2H]?~. The precursor ion [5Rgs-2H]?~ at m/z 1960.21 was predominant
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with a CID of 30 eV (c). [Ft;-H]~ dramatically increased while [5Ft;-2H]?~ and [3Ft;-H]~ disappeared (d)

constituent units of [SRgs-2H]*". Similarly, daughter ions
[3Rgs-H] , [2Rgs-H] , and [Rgsz-H] were observed in the
product ion mass spectra of [7Rgz-2H]*~ with collision ener-
gies insufficient to cause loss of the sugar group. Since the m/z
value of [4Rgs-H]| and other singly charged multimer ions
with higher degree of polymerization were beyond the m/z
range, we could not determine whether more polymer ions
were involved in the formation of [7Rg;-2H]*".

Notoginsenoside Ft; is another monodesmosidic
ginsenoside and also produced the [SM-2H]*" anion. When
CID was set to 10 V, there was no fragment ion of precursor
[SM-2H]* " as shown in Figure 9d. In addition to the parent ion
[5Ft;-2HT*, [3Ft;-H] , [2Ft;-H], and a little [Ft,-H]  were
detected in the product ion mass spectrum of [5Ft;-2H]*" at m/z
2290.32 with CID at 30 V (Figure 9¢). In contrast, at 50 V, the
product ion [3Ft;-H] completely disappeared and [Ft;-H]
dramatically increased, which verified that [M-H] was pro-
duced by the dissociation of [3M-H] and/or [2M-H]
(Figure 9f). Therefore, we propose that [SM-2H]*" of
monodesmosidic ginsenosides is formed when the hydroxyl
group of dimer ion ([2M-H] ) interacts with that of tripolymer
ion ([3M-H] through hydrogen bonding during ionization.

In summary, our experimental results demonstrate that [nM-
2H]* anions are non-covalently bonded multimers based on

their concentration-dependent and mass spectrometry cleavage
behavior. In addition, ginsenosides containing one sugar and
two sugar chains display significantly different aggregation of
doubly charged multimer ions anions, which suggests a rea-
sonable explanation for the difference in their formation of
[nM-2H]*". The signal intensity of [SM-3H]>~ and [7M-3H]*~
was too low to conduct the MS/MS experiment. We propose
that [nM-3H]*" anions are non-covalent multimer ions based on
concentration-dependent properties. Furthermore, we think
multiple deprotonating sites provide the possibility to form so
many multicharged anions in the electrospray process. In addi-
tion, the two negative charges in multicharged anions are locat-
ed on separate sugar groups in order to increase degree of charge
dispersion to minimize Coulomb repulsion. All in all, formation
of these multicharged anions in the electrospray process is quite
complex and there may be multiple mechanisms. Both concen-
tration and structure of ginsenosides should affect the formation
of multicharged anions.

Conclusions

Numerous multicharged anions eluted simultaneously with
ginsenosides from ginseng extract by UPLC-QTOF/MS in
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the negative ionization mode. To identify these anions, we
chose 14 ginsenoside reference materials (including multiple
chemical structures of aglycone and sugar moieties) to study
the mass spectrometric behavior of known ginsenosides under
the same experimental conditions as analysis of ginseng ex-
tract. Compared with previous studies, many doubly and triply
charged anions were detected in addition to the common singly
charged ions. These included deprotonated quasi-molecular
ions, adduct ions, and multimer ions found in the expanded
mass range of m/z 50-3000. Multicharged ions co-eluting with
ginsenosides were formed in the ion source: the diverse ioni-
zation behaviors of ginsenosides were responsible for the for-
mation of multiple ions.

We found that all [nM-2H]*" could be formed in the MS of
bidesmosidic ginsenosides, whereas higher concentrations of
monodesmosidic ginsenosides were required to form [nM-2H]*~
anions, in general. [2M-2H]* and [3M-2H]*" are sensitive to the
structural differences of monodesmosidic and bidesmosidic
ginsenosides and therefore can be used to differentiate these two
types using MS data. Moreover, ginsenosides with sugar moieties
attached to the hydroxyl at C-3 form [nM-2H]*~ anions more
readily than those with sugars at C-6, and ginsenosides with the
sugar moiety attached to the hydroxyl at C-20 may not produce
the [nM-2H]* " anions. Using [nM-2H]*", three groups of isomeric
ginsenosides including (1) Rh, and CK; (2) Rg;, Rf, and F;; and
(3) F», Rgy, and Rg; could be effectively differentiated. [M-2H]* -
type anions were characteristically present on bidesmosidic
ginsenosides that have at least three residues. In addition, the
chain length of the saccharide moiety appears to be one key factor
to the deprotonation of ginsenosides. We have shown that [nM-
2HJ*" anions are non-covalently bonded multimers from concen-
tration dependence and low-energy CID data. More importantly,
the association of [nM-2H]*~ was significantly different between
monodesmosidic and bidesmosidic ginsenosides.

This study presents a comprehensive understanding of the
mass spectrometric behavior of ginsenosides, including the
ionization of ginsenosides and association of various anions,
allowing for the characterization of unknown ginsenosides and
isomers.
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