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Abstract. Modern mass spectrometry methods
provide a huge benefit to saponin structural char-
acterization, especially when combined with
collision-induced dissociation experiments to ob-
tain a partial description of the saponin (ion) struc-
ture. However, the complete description of the
structures of these ubiquitous secondary metab-
olites remain challenging, especially since iso-
meric saponins presenting small differences are
often present in a single extract. As a typical

example, the horse chestnut triterpene glycosides, the so-called escins, comprise isomeric saponins containing
subtle differences such as cis-trans ethylenic configuration (stereoisomers) of a side chain or distinct positions of
an acetyl group (regioisomers) on the aglycone. In the present paper, the coupling of liquid chromatography and
ion mobility mass spectrometry has been used to distinguish regioisomeric and stereoisomeric saponins. Ion
mobility arrival time distributions (ATDs) were recorded for the stereoisomeric and regioisomeric saponin ions
demonstrating that isomeric saponins can be partially separated using ion mobility on a commercially available
traveling wave ion mobility (TWIMS) mass spectrometer. Small differences in the ATD can only be monitored
when the isomeric saponins are separated with liquid chromatography prior to the IM-MS analysis. However, gas
phase separation between stereoisomeric and regioisomeric saponin ions can be successfully realized, without
any LC separation, on a cyclic ion mobility-enabled quadrupole time-of-flight (Q-cIM-oaToF) mass spectrometer.
The main outcome of the present paper is that the structural analysis of regioisomeric and stereoisomeric natural
compounds that represents a real challenge can take huge advantages of ion mobility experiments but only if
increased ion mobility resolution is attainable.
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Introduction

Saponins are amphiphilic molecules of pharmaceutical in-
terest and most of their biological activities (i.e., cytotoxic,

hemolytic, fungicide…) are associated with their
membranolytic properties [1–3]. These molecules are second-
ary metabolites present in numerous plants [4–6] and in some
marine animals, such as sea cucumbers [7–9] and starfishes
[10–12]. Structurally, all saponins correspond to the combina-
tion of a hydrophilic glycone, consisting of one (or more) sugar
chain, linked to a hydrophobic triterpenoidic or steroidic agly-
cone, named the sapogenin [13, 14]. Saponin congeners can be
roughly classified according to the number of saccharidic chains
appended to the aglycone moiety. Monodesmosidic saponins are
characterized by the condensation of a single oligosaccharide onto
the aglycone, whereas polydesmosidic structures are defined
when several oligosaccharide chains are grafted onto the agly-
cone. Due to their huge structural diversity, the structural charac-
terization of saponins remains challenging and the development of
efficient analytical methods is a perpetual task. Structure elucida-
tion of saponins by mass spectrometry (MS) has been widely
reported in the recent literature and the application of state-of-the-
art MSmethods, such as LC-MS(MS) andMALDI-MS(MS), has
helped in resolving complex mixtures of saponins from natural
extracts [6, 7, 9, 11, 15, 16]. Recently, ion mobility spectrometry
(IMS) [17, 18] was introduced into the toolbox for MS-based
saponin characterization [19]. Structural characterization using
IMS relies on the comparison of the measured collisional cross
sections (CCSexp) with theoretical values (CCSth) calculated using
dedicated software, such as Mobcal, for candidate structures
generated by molecular dynamics (MD) simulations [17, 18]. A
broad structural selection of saponin molecules, in terms of the
number of saccharide units and their topology, including
monodesmosidic and bidesmosidic saponins, has been sampled.
The [M+H]+, [M+Na]+, and [M+K]+ saponin ions have been
analyzed by IMS in order to obtain experimental CCS and to
perform MD simulations to generate candidate ion structures [19,
20]. From these studies, the IMS/MD combination, while power-
ful, cannot be considered as a universal or stand-alone method for
saponin characterization [19, 20]. As a striking example, even for
chromatography-resolved (i.e., liquid chromatography) saponin
isomers, the differences observed in CCS are too small to carry
straightforward structural information [20]. Based on molecular
dynamics simulation, the ionization of the saponin molecules was
shown to induce the folding of the saponin molecule around the
charge site, concealing small structure differences within a com-
pact global 3D ion structure [20]. However, as an encouraging
result, different saponin ions can present distinct experimental
CCSs [19]. This is especially remarkable when the distinction
between monodesmosidic and bidesmosidic saponins is consid-
ered. Indeed, the [M+Na]+ bidesmosidic ions always appear
significantlymore compact than their [M+H]+ homologues (about
10% CCS reduction) whereas, for the monodesmosidic mole-
cules, the CCS are almost identical for the [M+H]+ and
[M+Na]+ ions [19].

In this work, the ability of IMS to discriminate
regioisomeric and stereoisomeric saponins will be evaluated.
Specifically, the saponins contained in horse chestnut (HC)
seeds have been selected and analyzed. HC saponins are a
mixture of triterpenoid saponins, the well-known α- and β-
escins [21–25]. These molecules, especially the β-escins, are
widely used in Chinese medicine to cure numerous diseases.
Previous studies have already highlighted the potential of sa-
ponins as anti-inflammatory, antiseptic, antipyretic agents or to
be effective against digestive disorders [25, 26]. As presented
in Scheme 1, these molecules are based on a protoescigenin
(sapogenin) substituted in C-3, C-21, C-22, and C-28 by dif-
ferent side chains. The glycone moiety, attached in C-3 on the
aglycone, is invariably a branched trisaccharide that always
integrates a conserved glucuronic acid-glucose sequence,
whereas the third monosaccharide residue is variable (glucose,
xylose, or galactose) [23, 24]. As presented in Scheme 1 and
Tables 1 and SI1, the escin family comprises several molecules
that are structurally distinguished also based on the nature of
the side chains in C-21 (R1), C-22 (R2), and C-28 (R3). In C-21,
among the different side chains, tiglic acid (Tig) and angelic
acid (Ang) residues are of prime interest for the present study
since they are only differentiated based on the cis-trans config-
uration of the C=C bond. For instance, escin 1a and escin 1b are
stereoisomeric saponins distinguished based on the terminolo-
gy a/b, with a/b corresponding to Tig/Ang (Scheme 2). In
addition, escin congeners are also classified into two series of
α and β isomers [21] defined by the presence of an acetyl group
at C-22 or C-28, respectively (Scheme 2). β-Escins, the major
active component in extracts of HC, are primarily composed of
escin 1a and escin 1b [23], while α-escin are mainly composed
of isoescin 1a and isoescin 1b [23]. Then, escin 1a and isoescin
1a are regioisomeric saponins, as are escin 1b and isoescin 1b

Scheme 1. Molecular structures of the escin molecules. Tig,
Ang, and Ac stand for tiglic acid, angelic acid, and acetic acid,
respectively (see Table 1 for more details)
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and the prefix iso is used in nomenclature to distinguish
regioisomers (Scheme 2).

In the present study, all the saponins extracted from the HC
seeds will be submitted to LC-IMS experiments and their arrival
time distributions (ATDs)will be recordedwith andwithout liquid
chromatography separation to evaluate whether IMS can discrim-
inate stereoisomeric or regioisomeric saponins.

Experimental
Chemicals, Plant Sampling, and Saponin
Extractions

Chemicals For saponin extractions and mass spectrometry
analyses, technical grade methanol, hexane, dichloromethane,
chloroform, and isobutanol, as well as HPLC grade water,
acetonitrile, and methanol, were purchased from CHEM-LAB
NV (Somme-Leuze, Belgium). N,N-Dimethylaniline (DMA)
and 2,5-dihydroxybenzoic acid (DHB) were provided by
Sigma-Aldrich (Diegem, Belgium).

Table 1. LC-IMS-MS (Waters Synapt G2-Si) Analysis of the Horse Chestnut Saponin Extract: AccurateMassMeasurements (Mass Error), Retention Time (RT) and
Arrival Times (tA). The Collisional Cross Sections (CCS) of [M+Na]+ Ions Are Determined Using the Calibration Procedure from Reference [27]

Composition m/z [M+Na+] R1 R2 R3 R4 R5 RT (min) tA [M+Na+] CCS [M+Na+]

Escin 1a C55H86O24 1153.5407 (1.8) –Tig –Ac –H –OH –Glc 6.9 9.83 308
Escin 1b –Ang –Ac –H –OH –Glc 7.13 9.75 306
Isoescin 1a –Tig –H –Ac –OH –Glc 7.25 9.97 311
Isoescin 1b –Ang –H –Ac –OH –Glc 7.44 9.83 308
Escin 2a C54H84O23 1123.5301 (0.9) –Tig –Ac –H –OH –Xyl 6.86 9.35 298
Escin 2b –Ang –Ac –H –OH –Xyl 7.1 9.28 296
Isoescin 2a –Tig –H –Ac –OH –Xyl 7.26 9.49 301
Isoescin 2b –Ang –H –Ac –OH –Xyl 7.44 9.35 298
Escin 3a C55H86O23 1137.5458 (1.4) –Tig –Ac –H –H –Gal 7.25 9.9 309
Escin 3b –Ang –Ac –H –H –Gal 7.49 9.83 308
Escin 4 C52H82O24 1113.5094 (1.3) –Ac –Ac –H –OH –Glc 4.77 9.14 294
Isoescin 4 –Ac –H –Ac –OH –Glc/Gal 5.26 9.14 294
Escin 5 C54H86O24 1141.5407 (2.2) –A –Ac –H –OH –Glc 6.54 9.7 305
Escin 6 C55H88O24 1155.5411 (4.1) –B –Ac –H –OH –Glc 7.44 9.83 308
Escin 7 C51H80O23 1083.4988 (2.3) –Ac –Ac –H –OH –Xyl 4.72 8.73 285
Isoescin 7 –Ac –H –Ac –OH –Xyl 5.24 8.66 283
Escin 8 C53H84O23 1111.53 (0.3) –A –Ac –H –OH –Xyl 6.53 9.42 299
Escin 9 C52H82O23 1097.5145 (0.5) –Ac –Ac –H –H –Glc/Gal 5.22 9.14 294

Scheme 2. Nature of the isomeric relations between escin 1a, escin 1b, isoescin 1a, and isoescin 1b
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Sampling HC tree seeds (Aesculus hippocastanum) were
picked up by hand in September 2017 in Mons, Belgium
(50° 27′ 32.4″ N, 3° 57′ 38.5″ E). The seeds were first
summarily ground with a hammer and were oven-dried at
50 °C overnight. The dried fragments were powdered
with an IKA crusher and immediately submitted to the
extraction procedure.

Saponin Extraction The powder underwent an extraction
method adapted from a previously published procedure, Van
Dyck et al. [16]. The weighed powder is stirred in methanol
during 24 h at room temperature followed by filtration. The
extract is diluted to 70%methanol with water mQ. The solution
is partitioned (v/v) successively against n-hexane, dichloro-
methane, and chloroform. Finally, the hydromethanolic solu-
tion is evaporated at low pressure in a double boiler at 46 °C
using a rotary evaporator. The dry extract is diluted in water to
undergo a last partitioning against isobutanol (v/v). The
butanolic phase is washed twice with water to remove salts
and impurities. This organic solution contains the saponins.

Liquid Chromatography and Ion Mobility Mass Spectrometry
Analyses Ion mobility measurements were performed using a
hybrid quadrupole (Q)—traveling wave ion mobility
(TWIMS)—time-of-flight (ToF) mass spectrometer (SYNAPT
G2-Si, Waters, UK). The ion mobility separation stage of the
instrument is constituted by the so-called tri-wave setup that is
composed of three successive T-wave devices, described as the
trap cell, the IMS cell, and the transfer cell, in which the
TWIMS velocity and amplitude are user-tuneable. The trap
and transfer cells are filled with argon whereas the IMS cell
is filled with nitrogen. A small rf-only cell filled with helium is
fitted between the trap and the IMS cells. Collision energy can
be applied to the trap cell and to the transfer cell to fragment
ions before and after the ion mobility separation. The typical
IMS parameters are as follows: wave height 40 V, wave
velocity 400 m s−1, nitrogen IMS flow 110 mL min−1, helium
cell gas flow 180 mL min−1, trap CE 4 V, transfer CE 2 V, and
trap bias 30 V. TWIMS data were analyzed using Waters
MassLynx SCN 901 software. ATDs were extracted using
Waters MassLynx by selecting the most abundant isotope for
each ion composition to avoid unspecific selection. Arrival
times (tA) are then determined at the maximum of the ATD
and are converted into collisional cross section (CCS) values in
helium by means of the polymer calibration described in ref.
[27] using commercial PEG samples with average molecular
weights of 600, 1000, and 2000.

Cyclic Ion Mobility Mass Spectrometry Analyses Further
studies were performed on a cyclic ion mobility (cIM) enabled
quadrupole time-of-flight (Q-cIM-oaToF) mass spectrometer
(Waters, UK) [28, 29]. This system has a similar geometry to
the SYNAPT G2-Si, with a trap cell proceeding the cIM
device, followed by a transfer cell and an oaToF operating at

resolutions of up to 100,000 FWHM (full width at half
maximum).

The cIM device has multiple benefits: the circular path
minimizes instrument footprint while providing a longer,
higher mobility resolution separation path; a multi-pass capa-
bility provides significantly higher resolution (> 500 CCS/
ΔCCS) over a reduced (selected) mobility range; the device
can be enabled for mobility separation or by-passed if not
required and, the multifunctional ion entry/exit array can selec-
tively eject species within a range of mobilities, providing
additional functionality. The cIM device consists of a 100-cm
path length RF ion guide comprising over 600 electrodes
aroundwhich T-waves circulate to provide mobility separation.

To control the cIM device, cyclic sequence methods were
created to allow time resolved manipulation of the ions—these
methods included steps such as “inject,” “separate,” “eject to
store,” “re-inject from store,” and “eject and acquire”—by
varying the sequence and the associated time for each step
complex ion manipulation experiments can be designed. Three
sequences were created for this investigation:

1. Quad isolation of m/z 1153 [M+Na]+ ion, trap CE 40 V (to
reduce dimer intensity), and 15 passes of the cIM device
prior to ToF separation

2. Quad isolation of m/z 1153 [M+Na]+ ion, trap CE 80 V (to
generate m/z 653 fragment ion) and 10 passes of the cIM
device prior to ToF separation

3. Quad isolation of m/z 1153 [M+Na]+ ion, trap CE 80 V (to
generate m/z 653 fragment ion), and 10 passes of the cIM
device followed by transfer CE 40 V (to generate mobility
aligned second-generation fragment ions) prior to ToF
separation

The ionmobility resolution scales with the square root of the
number of passes of the cIM device, 15 passes corresponds to a
resolution of ~ 250 CCS/ΔCCS, and 10 passes equates to ~ 200
CCS/ΔCCS.

The typical IMS parameters were as follows: wave height
45 V, wave velocity 375 m s−1, nitrogen IMS flow 25 mL min
−1, helium cell gas flow 120 mL min−1, trap CE 40 V, and
transfer CE 0 V. Nitrogen was used for collision and IMS gas.
Data were analyzed using a development version of Waters
MassLynx software. ATDs are extracted using Waters
Driftscope mobility visualisation software and MassLynx by
selecting the most abundant isotope for each ion composition to
avoid unspecific selection.

Results and Discussion
The HC saponin extract is first analyzed by a global method for
saponin characterization by combining MALDI-ToF, LC-MS,
and collision-induced dissociation experiments (CID/MSMS)
[20] to (i) determine the m/z ratios of saponin ions (and the
elemental compositions of the corresponding saponins by
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accurate mass measurements) from the MALDI-ToF experi-
ments, (ii) evaluate the presence of isomers by LC-MS by
monitoring the retention times, and (iii) establish the primary
structures of saponin ions upon CID by identifying structure-
specific fragmentation pathways. As detailed in the Supple-
mentary Information, based on these MALDI and LC-MSMS
experiments, nine different saponin compositions are observed
for a total of 18 saponin molecules (see Table SI 1). Interest-
ingly, compared to the literature, we succeeded in detecting two
new elemental compositions and six new saponins.

TWIMS Experiments on Ionized HC Saponins

The HC extract is analyzed by LC-IMS-MS on a Waters
SYNAPT G2-Si mass spectrometer and the ATDs of all the
saponin ions, [M+Na]+, are recorded in the positive ion
mode. The saponin molecules presented in Table 1 are de-
tected in the saponin extract and are resolved using liquid
chromatography as shown in Figure 1a for the typical case of
escin 1 isomers. The structural assignment of the LC peaks is
achieved based upon the mass spectrometry data together

with nuclear magnetic spectrometry (NMR) experiments on
isolated saponins (see SI for more details). Table 1 also
gathers the arrival times (tA) of the [M+Na]+ ions. As report-
ed in a previous investigation concerning saponin ion mobil-
ity [20], the tA are quite similar for isomeric ions presenting
only subtle structural differences. For instance, the tA of the
[M+Na]+ ions generated from the four isomeric escin 1
saponins are measured at 9.83, 9.75, 9.97, and 9.83 ms
respectively for escin 1a, escin 1b, isoescin 1a, and isoescin
1b (Table 1 and Figure 1b). The Tig-containing saponins
appear less compact than the Ang-containing counterparts,
9.83 ms vs 9.75 ms (escin 1a vs escin 1b) and 9.97 vs 9.83 ms
(isoescin 1a vs isoescin 1b) for the [M+Na]+ ions. The
regioisomer separation of the [M+Na]+ ions of escin 1a and
escin 1b are characterized by shorter tA than their isoescin 1a
and isoescin 1b regioisomers. However, escin 1a and
isoescin 1b that are both regioisomers and stereoisomers
cannot be separated using ion mobility (Figure 1b and
Table 1). The same discussion holds for the different sets of
isomers as presented in Table 1.

Figure 1. LC-IMS-MS analysis of the horse chestnut saponin extract: (a) extracted ion current (EIC) of the m/z 1153.5 [M+Na]+ ions
and (b) arrival time vs retention time plot for the four escin I isomers (see the experimental section for the LC-MS conditions)
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Ion mobility data are often converted to collisional cross
sections (CCS) to confer a structural dimension to the IMS
data [30]. Indeed, where the ATD/tA clearly depend on the
experimental conditions (gas flow and nature, wave velocity,
and height on a TWIMS setup,…), the CCS data characterize
the gas/ion interaction [30]. The CCS of all the [M+Na]+

saponin ions have been determined and are presented in
Table 1. ATDs are converted into collisional cross section
(CCS) values in helium by means of the polymer calibration
described in ref. [28, 29]. Commercial instruments are usu-
ally used with N2 in the mobility cell, although CCS obtained
in He are preferable for correlation with future theoretical
calculations [18]. Each CCS distribution is characterized by
a CCS resolution—RCCS—that is defined as the CCS/ΔCCS
(FWHM) [31, 32]. As for a typical example, the CCS distri-
butions of the four isomers of escin 1 are plotted in Figure 2.
The CCS distributions are nearly superimposable, and the

presented data can be only resolved due to the liquid chro-
matography step preceding the IM-MS analysis (Figure 1a).
Interestingly, the resolution of the CCS distributions is close
to the expected theoretical IM resolution (~ 40) expected for
the TWIMS setup of the Waters SYNAPT G2-Si mass spec-
trometer [32]. This clearly demonstrates that higher CCS
resolution instruments are required from an analytical point
of view, especially if no LC separation precedes the ion
mobility separation.

Cyclic Ion Mobility Experiments on Ionized Escin
1a, Escin 1b, Isoescin 1a, and Isoescin 1b

The HC extract was then analyzed by direct infusion (no LC
separation) on a cyclic ion mobility system. This cyclic
TWIMS device is characterized by a scalable resolution, rang-
ing from 65 (1 pass) upwards depending on the number of
passes/cycles (between 1 and 15 passes R ~ 65 and 250 as used
in this study). The IMS resolution increases with the square
root of the number of passes (length) [28, 29]. As presented in
Figure 3, the [M+Na]+ ions (m/z 1153.5) of the four escin 1
isomers are not separated by cIM with one pass, whereas, after
15 passes, two major overlapping signals are recorded at 349.4
and 353.6 ms, with some tailing above 360 ms. The ATD
recorded upon direct infusion can be deconvoluted into four
different contributions, as presented in Figure 3b. Doing so, we
theoretically determined the tA at 349.4 ms, 353.6 ms,
357.4 ms, and 360.1 ms, respectively, for the [M+Na]+ ions
of escin 1a, escin 1b, isoescin 1a, and isoescin 1b. This mobility
separation correlates with the tA (Table 1) and the CCS
(Figure 2) measured on the SYNAPT G2-Si using linear
TWIMS, escin 1b ions (9.75 ms, 306 Å2), escin 1a ions,
isoescin 1b ions (9.83 ms, 308 Å2), and isoescin 1a ions
(9.97 ms, 311 Å2). The highest resolution used with the cIM
device allows slight separation of the escin 1a and isoescin 1b
ions that were previously not distinguished during the linear
TWIMS experiments (see Table 1 and Figure 2).

When running LC-cIM-MS experiments (see Figure 4) [28,
29], it is possible tomeasure the tA of the separated escin ions at
about 355 ms (tA from deconvolution in Figure 3b, 353.6 ms),

Figure 2. LC-IMS analysis (Waters Synapt G2-Si) of the horse
chestnut saponin extract: collisional cross section (CCS) distri-
butions for the [M+Na]+ ions of the escin 1 isomers. R corre-
sponds to the CCS resolution calculated by Rccs = CCS /
ΔCCS(50%)

Figure 3. ESI-cIM-MS analysis—direct infusion—of the horse chestnut saponin extract: arrival time distributions (ATD) for the
[M+Na]+ ions of the escin 1 isomers (m/z 1153.5): (a) 1 pass and (b) 15 passes. Note that them/z 1153.5 ions are mass-selected by
the quadrupole analyzer prior the cIM separation. In (b), the deconvolution is performed using Origin 9.0 by imposing the samewidth
for the Gaussian curves
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350 ms (349.4 ms), 358 ms (360.1 ms), and 355 ms (357.4 ms)
for the [M+Na]+ ions of escin 1a, escin 1b, isoescin 1a, and
isoescin 1b, respectively. These experimental data correlate
nicely with the tA determined upon deconvolution in Figure 3.

Observation of the molecular structures presented in
Scheme 2 reveals that the distinction between the escin 1
isomers is contained in the aglycone units. Collision-induced
dissociation experiments were subsequently used to fragment
the m/z 1153.5 [M+Na]+ precursor ions from their
trisaccharidic chains and expose the m/z 653.5 fragment ions
to the cIM separation. The CID spectra of the escin 1 isomers
are presented in Figure 5 (see Figure SI 5 for all the CID
spectra). Besides the dominant CID reaction leading to the
trisaccharidic ions detected at m/z 523, the loss of the oligosac-
charide chain from the collisionally excited m/z 1153 ions
generate the m/z 653.5 ions containing the stereoisomeric/
regioisomeric information (see Scheme 2). The HC extract
solution was then infused in the electrospray source and the
m/z 1153.5 ions mass-selected by the quadrupole analyzer.
These ions were exposed to CID in the trap cell (trap CE at
80 V in nitrogen) to generate the m/z 653.5 fragment ions that
are consecutively subjected to cIM separation with an increas-
ing number of passes (1 pass, 5 passes, and 10 passes). As
presented in Figure 6, after one pass, no isomer separation is
observed. Whereas five passes allow discrimination of three
ion populations, with further passes, four ATD signals are
unambiguously detected with a quasi-baseline separation when
the m/z 653.5 ions undergo a 10-pass separation. In other
words, the four isomeric aglycone ions are discriminated upon
cIM, without any LC separation.

Collisional activation of ions can also be achieved after
ion mobility separation. Inspection of the CID spectra in

Figure 4. LC-cIM-MS analysis (15 passes) of the horse chestnut saponin extract: extracted ion current chromatograms (m/z
1153.5) and arrival time vs retention time plot for the [M+Na]+ ions of the escin 1 isomers (m/z 1153.5). Note that them/z 1153.5 ions
are mass-selected by the quadrupole analyzer prior the cIM separation. Asterisk stands for isobaric contaminations

Figure 5. LC-MSMS analyses of the horse chestnut saponin
extract (Waters Synapt G2-Si): CID spectra of the [M+Na]+ ions
(m/z 1153.5) from (a) escin 1a and (b) isoescin 1a
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Figure 5 reveals a subtle difference between the escin and
the isoescin [M+Na]+ ions. The [M+Na]+ precursor ions
associated with escin 1a (and escin 1b) and isoescin 1a
(and isoescin 1b) lose their oligosaccharide chains to pro-
duce the aglycone ions atm/z 653.5. From these ions, a 100 u
loss (tiglic or angelic acid) is observed for the four isomers
(see Table SI 1), whereas the loss of acetic acid (60 u) is only
observed for the isoescin isomers. From Scheme 3, the 60
and 100 u losses can be associated with McLafferty rear-
rangements involving the breaking of the C–21–O and C–
22–O bonds, respectively. Such a McLafferty rearrangement

is not feasible for the regioisomeric isoescin 1a and 1b ions,
since no γ hydrogen atom is present in agreement with the
absence of the 60 u loss process.

Finally, we performed an experiment based upon the
following sequence of events: direct infusion→ mass selec-
tion of them/z 1153.5 precursor ions→CID in the trap cell to
generate the m/z 653.5 ions→ cIM with 10 passes on all the
ions generated in the trap cell → CID in the transfer cell →
ToF mass measurement and detection. Such a sequence of
experiments is referred as drift time-aligned CID experi-
ments [33]. Whereas Figure 6c presents the ATD of the m/z

Figure 6. (a–c) ESI-cIM-MS analysis—direct infusion—of the horse chestnut saponin extract: arrival time distributions (ATD) for the
m/z 653.5 fragment ions generated by CID in the trap cell (trap CE= 80 V) from the mass-selected [M+Na]+ ions of the escin 1
isomers (m/z 1153.5): observation of the increased cIM separation with the number of passes (1–5-10 passes). (d) ESI-cIM-
CIDtransfer-MS analysis—direct infusion—of the horse chestnut saponin extract: relative abundances of them/z 593.5 fragment ions
generated upon CID in the transfer cell (trap CE= 80 V) from the cIM-separated (10 passes) m/z 653.5 precursor ions

m/z 653

m/z 653

m/z 553

m/z 593

100 u

60 u
Scheme 3. Collision-induced dissociation of the m/z 653 aglycone ions from the [M+Na]+ ions of escin 1a: McLafferty rearrange-
ments leading to the (a) 100 u loss and (b) 60 u loss
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653.5 ions that have been generated in the trap cell from the
m/z 1153.5 ions, we plot in Figure 6d the relative abundances
of the m/z 593.5 ions generated upon CID of the m/z 653.5
ions within the transfer cell. They exhibit the same cIM ATD
signature as the precursor ions since they were generated
downstream of the ion mobility device. From the comparison
between Figure 6c and d, we can conclude that the m/z 653.5
ions characterized by tA at 110.1 and 111.9 ms marginally
expel 60 u confirming thus that they correspond to the
isoescin isomers.

Conclusions
Aesculus hippocastanum, commonly known as the horse chest-
nut tree or conker tree, is a well-known large tree, abundantly
cultivated in streets and parks in temperate countries, especially
inWestern Europe. Its seeds are well known to contain saponin
congeners presenting different compositions and different
structures. The HC saponin extract is particularly challenging
from an analytical point of view since regioisomeric and ste-
reoisomeric saponins are present. In the present paper, it has
been shown that ion mobility experiments together with liquid
chromatography separation can be utilized for the structural
characterization of stereoisomeric and regioisomeric saponins.
Saponins presenting isomeric side chains, such as tiglic and
angelic acid residues, can be distinguished by recording the
ATDs, provided that high-resolution ion mobility separation is
used. This was demonstrated by comparing the capabilities of
theWaters SYNAPTG2-Simass spectrometer equippedwith a
conventional TWIMS device to an experimental cyclic ion
mobility system (cIM) setup. Based on higher ion mobility
resolution due to themulti-pass IMSn experiments and versatile
fragmentation/spectrum clean-up/ion manipulation capabili-
ties, we succeeded in discriminating stereoisomeric and
regioisomeric natural molecules. The present work suggests
that natural product analysis will benefit enormously from
improvements in ion mobility techniques, in particular in-
creased resolution.
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