N

N

Ion mobility mass spectrometry enables the
discrimination of positional isomers and the detection of
conformers from cyclic oligosaccharides-metals
supramolecular complexes
Véronique Bonnet, Gilles Clodic, Christian Sonnendecker, Wolfgang

Zimmermann, Cédric Przybylski

» To cite this version:

Véronique Bonnet, Gilles Clodic, Christian Sonnendecker, Wolfgang Zimmermann, Cédric Przybylski.
Ton mobility mass spectrometry enables the discrimination of positional isomers and the detection of
conformers from cyclic oligosaccharides-metals supramolecular complexes. Carbohydrate Polymers,
2023, 320, pp.121205. 10.1016/j.carbpol.2023.121205 . hal-04188988

HAL Id: hal-04188988
https://hal.science/hal-04188988
Submitted on 27 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.science/hal-04188988
https://hal.archives-ouvertes.fr

10

11

12

13

14

15

16

Ion mobility mass spectrometry enables the discrimination of
positional isomers and the detection of conformers from cyclic

oligosaccharides-metals supramolecular complexes

Véronique Bonnet?, Gilles Clodic,” Christian Sonnendecker,® Wolfgang Zimmermann,©and Cédric

Przybylski*de

@ Laboratoire de Glycochimie, des Antimicrobiens et des Agroressources, Université de Picardie

Jules Verne, 80039 Amiens, France.

b Sorbonne Université, Mass Spectrometry Sciences Sorbonne University, MS3U Platform, UFR

926, UFR 927, Paris, France.
¢ Institute of Analytical Chemistry, Leipzig University, 04103 Leipzig, Germany.

d Sorbonne Université, CNRS, Institut Parisien de Chimie Moléculaire, IPCM, 4 Place Jussieu,

75005 Paris, France.

€ Université Paris-Saclay, Univ Evry, CNRS, LAMBE, Evry-Courcouronnes, 91000, France.

Email: cedric.przybylski@univ-evry.fr



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

ABSTRACT

Cyclic oligosaccharides are well known to interact with various metals, able to form supra-
molecular complexes with distinct sizes and shapes. However, the presence of various isomers in
a sample, including positional isomers and conformers, can significantly impact molecular recog-
nition, encapsulation ability and chemical reactivity. Therefore, it is crucial to have tools for deep
samples probing and correlation establishments. The emerging ion mobility mass spectrometry
(IM-MS) has the advantages to be rapid and sensitive, but is still in its infancy for the investigation
of supramolecular assemblies. In the herein study, it was demonstrated that IM-MS is suitable to
discriminate several isomers of cyclodextrins (CD)-metals complexes, used as cyclic oligosaccha-
ride models. In this sense, we investigated branched 6-O-o-glucosyl- or 6-O-o-maltosyl-B-cy-
clodextrins (G1-B-CD and G,-B-CD) and their purely cyclic isomers: CD8 (y-CD) and CD9 (8-CD). The
corresponding collision cross section (CCS) values were deducted for the main positive singly and
doubly charged species. Experimental CCS values were matched with models obtained from mo-
lecular modelling. The high mobility resolving power and resolution enabled discrimination of
positional isomers, identification of various conformers and accurate relative content estimation.
These results represent a milestone in the identification of carbohydrate conformers that cannot

be easily reached by other approaches.

Keywords: Cyclic oligosaccharides; Cyclodextrins; Conformers; Isomers; Supramolecular

assembly; lon-mobility.
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1. INTRODUCTION

With cellulose, starch is among the most abundant polysaccharides present in the nature
(Tester et al., 2004). Various bacterial enzymes such as a-amylase and cyclodextrin glycosyltrans-
ferase (CGTases), are able to degrade starch to produce lower size molecules i.e. oligosaccharides.
Indeed, the aforementioned enzymes own unique capacity to catalyse the formation of o(1—4)
malto-oligosaccharides as linear (maltodextrins), but also circular ones (cyclodextrins; CDs). CDs
are formed by the enzymatic conversion of polysaccharide by CGTases through intramolecular
transglycosylation reaction, leading mainly to CDs with 6 (c-CD), 7 (3-CD), or 8 (y-CD) o(1—4)
linked D-glucopyranose units (Glc) as final products. In spite of these last ones, which are com-
mercially available and have been extensively investigated,(Szejtli, 1998) it was reported that CDs
with higher degree of polymerization (DP) (until >100) can be also obtained. Nonetheless, larger
CDs (DP 29) are rapidly degraded by the enzyme in a reverse reaction to linear glucans which are
subsequently converted to o, B- and y-CD, leading to a negligible yield of the larger ones (Son-
nendecker, Melzer, et al., 2019; Sonnendecker, Thiirmann, et al., 2019; Terada et al., 1997; Te-
rada Yoshinobu et al., 2001; M. Zheng et al., 2002). However, elegant approaches dealing with
the templated enzymatic synthesis to promote some CD sizes have been very recently described
(Erichsen et al., 2023; Samuelsen et al., 2022; Yang et al., 2021). Furthermore, incomplete depol-
ymerisation/cyclization processes can also lead to branched o-glycosylated-(1—6)CD (Ao et al.,
2007; D. French et al., 1965; Taniguchi & Honnda, 2009; Terada et al., 1997). The main interest of
CDs is based on their structure/properties relationship where they exhibit a doughnut shape with

a hydrophobic cavity able to reversibly encapsulate several organic molecules (Kfoury et al., 2018;

3
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Song et al., 2009), and disclose peripherally hydrophilic features that form an intra- and inter-
hydrogen bonding network (Loftsson et al., 2005). Such properties drive the particularly attractive
roles of CDs in several fields like food, pharmaceutical and cosmetic industries (Singh et al., 2002).

The efficiency of supramolecular host-guest complexes is tightly dependent on the struc-
ture of the host molecule, though if presence of CDs with (bio)chemical modifications can be
easily discriminated, the differentiation of isomeric forms of unmodified CDs can be a more chal-
lenging task. In this sense, the first bottleneck is to achieve an acceptable separation to unambig-
uously identify each species. Liquid chromatography (LC) was employed to achieve this, yielding
contrasting outcomes. Hence, some partial separation was reached for positional isomers of di-
glucosyl-B-CD ((G1)2-B-CD), maltotriosyl-B-CD (G3-B-CD) (Koizumi et al., 1991; Okada et al., 1994),
or also heterogeneous doubly branched o-p-galactosyl-/o-D-glucosyl-0i-CD (Koizumi et al., 1986).
On the other hand, complete separation was achieved in one run for positional isomers of di-o.-
D-glucosyl-y-CD ((G1)2-y-CD) (Koizumi et al., 1986; Tanimoto et al., 1995), as well as with a mixture
of B-CD, a-CD, G1-B-CD, G2-B-CD and (G2)>-B-CD (Yamamoto et al., 1989), or with two distinct
columns for a-, B- or y-CD and their maltosyl grafted derivatives (Shiraishi et al., 1989). H or 13C
NMR was also successfully applied to characterize a-CDs and 6-0O-¢-glucopyranosyl- to 6-O-a-
maltoheptaosyl-0i-CD (G1-0i-CD to G7-0-CD) (Ishizuka et al., 2004), as well as for doubly and triply
branched glucosyl-CDs ((G1)2/(G1)s-y-CD) (Koizumi et al., 1986, 1990, 1991; Tanimoto et al., 1995),
maltosyl-CD (Abe et al., 1988; Okada et al., 1994), or longer branched glucosyl chains.(Hizukuri et
al., 1989) While mass spectrometry (MS) is commonly used for the characterization of cyclodex-

trins (CDs), there are relatively few studies that have focused on the analysis of their glycosyl
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derivatives. Fast Atom Bombardment MS was applied for masses verification of glucosyl- to
maltopentaosyl-o-CD (Hizukuri et al., 1989) or also various isomers of doubly branched B-CD (Abe
et al., 1988; Koizumi et al., 1986, 1991). MS spectrum of G,-B-CD (Yamamoto et al., 1989), was
also obtained by Secondary lonization MS (SIMS), while electrospray coupled to quadrupole-
time-of-flight (ESI-QTOF) instrument was successfully used for MS/MS of G;-B-CD (Xia et al.,
2017). Yamagaki et al. reported the possibility to associate the relative intensities of fragment
ions issued from the post-source decay (PSD) in MALDI-TOF MS with the chemical structures of
three CD isomers, namely y-CD, G»-0.-CD and (G1)2-0-CD (Yamagaki et al., 1996). The correlation
seems to be caused by the difference in the number of cleavage sites at the glycosidic bond. It
was found that the intensity of the PSD ion resulting from one cleavage is higher than that result-
ing from two cleavages at this linkage. It can be hypothesized that energy is more widely dissi-
pated in the latter case. The same authors have also given evidence that measurements at a re-
duced acceleration voltage were advantageous to distinguish easily between the otherwise very
similar PSD fragment spectra of G1-B-CD and (G1),-0-CD (Yamagaki & Nakanishi, 1999). More re-
cently, it has been demonstrated that two isomers of larger CD i.e. CD10 and G1-CD9 can be dis-
tinguished by a characteristic loss of 120.04 mass units. That corresponds to %2X; cross ring cleav-
age of a grafted non-reducing end (1—6) glucosyl unit, and obtained from higher energy collision
dissociation (HCD) MS/MS step (Sonnendecker, Thiirmann, et al., 2019). However, none of these
aforementioned approaches allows both a direct discrimination of such CD isomers and a sub-

milligram sample consumption.
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During the last decade, a promising approach named ion mobility-MS (IM-MS) has been
more widely introduced and could overcome previously described limitations. IM-MS is a 2D
method, that is suitable to resolve glycan isomers (Bansal et al., 2020; Clowers et al., 2005; Ga-
bryelski & Froese, 2003; Gaye et al., 2015; Harvey et al., 2018; Hofmann et al., 2015; Huang &
Dodds, 2013; Li et al., 2013; Nagy et al., 2018; Przybylski & Bonnet, 2021; Pu et al., 2016; Rashid
et al., 2014; Xie et al., 2021; X. Zheng et al., 2017). During IM-MS, the ions are separated not only
according to their m/z, but also as function of their size and shape in the gas phase, which is
portrayed by collision cross section (CCS) values in a given gas. IM-MS has been successfully ap-
plied to the characterization of a large variety of linear and branched saccharidic isomers using
various technological setups such as field asymmetric ion mobility spectrometry (FAIMS) (Gab-
ryelski & Froese, 2003), traveling wave ion mobility (TWIM) (Harvey et al., 2018; Hofmann et al.,
2015; Huang & Dodds, 2013; Rashid et al., 2014), drift tube ion mobility spectrometry (DTIMS)
(Clowers et al., 2005; Gaye et al., 2015; Li et al., 2013; X. Zheng et al., 2017), improved serpentine
ion pathway like structures for lossless ion manipulation (SLIM) (Bansal et al., 2020; Nagy et al.,
2018), or also trapped ion mobility spectrometry (TIMS) (Przybylski & Bonnet, 2021; Pu et al.,
2016; Xie et al., 2021). Since the first report in 1997 by Clemmer and Liu of the first drift time for
o, B- and y-CD and their fragments, only a few studies focusing on IM-MS of CD have been re-
ported (Liu & Clemmer, 1997). a-, B- and y-CD were analyzed by ESI-/MALDI-DTIMS (Fenn &
McLean, 2011; Klein et al., 2018; S. Lee et al., 1997). More recently, ESI-TWIMS was successfully
applied to study mono- to trimeric B-CD (Berland et al., 2014), as well as complexes involving a-

and B-CD with either o-, m- or p-coumaric acids (Kralj et al., 2009), amino-B-CD/labile sesamins
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(Sugahara et al., 2015), a- or B-CD with piperine or curcumin (Nag et al., 2018), whereas such
analysis with same CDs based complexes and amino acids were also reported (Chen et al., 2018;
S.-S. Lee et al., 2018). Ding and colleagues have demonstrated the potential to use TIMS for en-
antiomeric distinction of b/L amino acids by forming complexes with CDs and Mg?* (Yang et al.,
2022). Smith and colleagues have elegantly developed a coupling of TW-SLIM utilizing serpentine
ultra-long path with extended routing (SUPER) for analysis of a-CD with bile acids in negative and
positive modes (Chouinard et al., 2018). Yamagaki and colleagues showed, using TWIM-MS, that
the drift times of y-CD, G2-0-CD and (G1)2-0.-CD, and their product ions with the same masses
were almost the same in collision-induced dissociation (CID) MS/MS (Yamagaki & Sato, 2009). In
contrast, the IM peak widths were suggested to serve as 'trend line' to discriminate between the
three isomers. Indeed, the IM peak widths were sensitive to structural differences of the isomeric
product ions. For example, the product ions [M-Glc,+H]* (n=0~6) of y-CD exhibited a linear cor-
relation with their masses, whereas the product ions with larger and/or longer chains had broader
peak widths (Yamagaki & Sato, 2009). Nevertheless, the aforementioned MS approaches only give
partial and indirect information. Very recently, we successfully demonstrated the usefulness of
ESI-TIMS-TOF to differentiate isomers of supramolecular complexes with tubular shape based on
CDs with alkali metals (Przybylski & Bonnet, 2022). Moreover, with the same instrumentation
Chakraborty et al. have fruitfully probed the isomerism of CD based oligomers with Cu?*

(Chakraborty et al., 2023).
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In the present work, we hypothesize that high-resolution IM-MS such as ESI-TIMS-TOF can
be suitable to discriminate CD isomers as well as to be compatible with the timescale of intercon-
version to unveil and quantify potential conformers. The ability of such high-resolution instru-
ment to differentiate studied models of cyclic oligosaccharides according to their metal adduct,

size, structure and shape feature was also investigated.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials

v-Cyclodextrin was kindly supplied by Wacker Chimie S.A.S (Lyon, France). 6-O-a-Maltosyl-B-cy-
clodextrin (G,-B-CD), LiCl, NaCl, KCl, RbCl and CsCl alkali salts were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France). 6-0-a-D-Glucosyl-B-cyclodextrin (Gi1--CD), was provided from
ABCR Chemie. According to previously described procedures, large ring CD9 (6-CD) was produced
by action on starch of a specifically genetically engineered CGTase followed by LC purification
steps as described elsewhere (Sonnendecker et al., 2017; Sonnendecker, Melzer, et al., 2019;
Sonnendecker, Thirmann, et al., 2019). Methanol of MS grade used for sample preparation was
purchased from VWR (West Chester, PA, USA). Water was of ultrapure quality.

2.2 Solvents

Methanol used for sample preparation was of MS grade and was purchased from VWR (West

Chester, PA, USA). Water was of ultrapure quality (18.2 MQ).

2.3 Samples
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Stock solutions were made at 1 mM in water. Then, the solution was diluted to 1 uM in metha-

nol/water (1:1 v/v) with 0.3 uM of one given salt or a mixture of them for further analysis.

2.4 TimsTOF™ experiments.

An ESI-TIMS-TOF™ instrument (Bruker Daltonics, Bremen, Germany) operating with oTOF control
v5.0 software was used. The source temperature was held at 200°C, and the drying and nebuliz-
ing gas (N2) operated at a flow rate of 3 L. min'* and at a pressure of 0.3 bar, respectively. The
instrument was calibrated using Tuning Mix G24221 (Agilent Technologies, Les Ulis, France). Ap-
plied voltages were +4 kV and -0.5 kV for capillary and endplate offset, respectively. The acquisi-
tion was achieved in the m/z 300-4000 range with a centre at m/z 500. TIMS separation depends

on the gas flow velocity (vy), elution voltage (Veiytion), ramp time (t,qmp), base voltage (V)
and the electric field (E) The reduced mobility, K, can be calculated as follows (Eq. 1):

v A
Ko ="4=—"—— (Eq.1)

(Vetution—Vout)
The mobility calibration constant A was determined using known reduced mobilities of tuning
mix components. The resolving power (R) and resolution (r) are defined as R = (1/K,)/w and
r= 118 X [(1/Ky), — (1/Ky)1]/(w; + wy,), where w is the full peak width at half maximum.
To improve separation efficiency, the scan rate (Sr= AVi4p/tramp ) Was tuned by imeX™ tech-
nology. For this, t,qmyp is automatically set as function of manually adjusted AV, N2 was used
as buffer gas at funnel temperature (T = 305 K) with v, set by the pressure difference of 1.69

mbar. A potential of 350 Vpp was applied to radially confine the trapped ion cloud. The measured
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inverse reduced mobilities were converted into collision cross sections (CCS) using the Mason-
Schamp equation (Eqg. 2):

(18m)1/2 q [1 112 1

16 G2 % |m T ml X8 %% (Eq. 2)

0=

where g is the ion charge, kg is the Boltzmann constant, N is the gas number density, m; is the
ion mass, and my is the gas molecular mass. TIMS-MS spectra and mobilograms were analysed

using Compass Data Analysis 5.1 (Bruker, Germany).

2.6 ESI-TIMS-MS analysis of the cyclo-oligosaccharides

Throughout this study, all cyclodextrins were analysed in the positive ion mode as singly or dou-
bly charged ions with or without salt doping. All samples were continuously infused at 3 pL.min"
! via a 250 mL syringe. All experiments were performed in quintuplicate and were reproducible

across the replica measurements.

2.7 Theoretical collision cross section calculations

All initial geometry relaxations were performed using the Merck molecular force field (MMFF94)
implemented in Avogadro (v1.95.1). Geometry optimization was finalized using density func-
tional theory (DFT) calculations with NWChem (v7.0). Theoretical CCS calculations were carried
out in IMoS (v.1.10) (Larriba & Hogan, 2013) using the average of ten processes by Elastic/Diffuse
Hard Sphere Scattering (EHSS/DHSS) or Trajectory method Diffuse Hard Sphere Scattering (DTHSS

with 4-inf potential) (Wei et al., 2019).

10



198 3. RESULTS AND DISCUSSION
199  Cyclodextrins like most of the neutral carbohydrates exhibit a strong affinity for metals, especially
200 alkali and (post-)transition ones (Przybylski et al., 2015; Dossmann et al., 2021). Such attachment
201  is advantageously used to detect the cyclodextrin as a wide variety of ionic complexes with vari-
202  able stoichiometries which can be summarized as [nCD+mX]*, where n is the number of cyclodex-
203  trins, m and X is the number and the studied metal, respectively, and z the number of charge.
204  Due toits highly softness, ESI is the most suitable ionization method to transfer intact assemblies
205  from solution to gas phase for MS analysis. ESI mass spectra showed numerous ions, as for exam-
206  ple for G,-B-CD dopped with salts mixture (Fig. 1) or y-CD, G1--CD and y-CD (Fig. S1).
Intons. N oge " Teoatdd fesian | 7801584 s
100 MK |
[M+H+K]> [MtNaJ*  1497.4375
7492244 o= TMe2CsP [M+K+RDJ* 1481.4535
801 e s 8621440 .- 791.1748 !
w T e
[M+HNal? ™ - ‘—M+2Rb " 8151708 - :

ol il u\J'ﬁ o gk bl iy . L\\“ n.l\ 0 | . .
207 600 1000 1200 1400 1600 1800 m/z
208  Fig. 1. ESI-MS spectra of G,-3-CD (1 uM) with mixture of LiCl, NaCl, KCl, RbCl, and CsCl salts (each at 0.3 uM).
209

11
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3.1 Delineate the influence of usual metals and charge states as discrimination features
3.1.1 Singly charged species

The charge states as well as the number and type of metals can strongly affect the result-
ing assemblies in terms of size and conformation. TIMS analysis revealed that a clear differentia-
tion between G1--CD/y-CD and G,-[3-CD/3-CD couples can be obtained by the addition of a single
lithium, sodium, potassium, or cesium ion (Fig. 2-5). The high resolution of TIMS also provides
the advantage to estimate the relative content of a given sample by the integration of each ion

mobility peak.

Case of Gi-[CD/¥#CD couple. [G1-B-CD+Li]* revealed three well resolved peaks with a
prominent one at 323.4 A2 and two others exhibiting lower intensity at 315.1 A2 and 343.6 A2
(relative content: 71/21/8, respectively) (Fig. 2A top and Table S1). Moreover, the high resolution
(r) and resolving power (R) give clear evidences that the G;-3-CD sample can potentially contain
a small part of y-CD, showing a unique peak at 315.1 A2 (Fig. 2A bottom and Table S1). Keeping in
mind that only a single mobility peak was observed for singly lithiated o-, - and y-CD,(Przybylski
& Bonnet, 2022) the detection of two or more peaks can be rationally ascribed to distinct posi-
tional and/or conformational isomers i.e. stereoisomers and/or conformers, respectively. The
adduct with sodium led to three mobility peaks for Gi-B-CD at 318.6, 322.3, and 313.3 A2
(47/30/23), respectively (Fig. 2B, top), while a single one at 313.5 A2 was observed for y-CD (Fig.
2B, bottom). The higher peak resolution obtained with sodium confirmed the presence of a few
amounts of y-CD into the G1-B-CD sample, as previously observed for lithium addition. The intro-

duction of potassium led to four unresolved peaks at 319.3, 316.9, 323.7, and 328.6 A2
12
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(37/27/19/9) as well as a resolved one at 355.3 A? (8) for G1-B-CD (Fig. 2C, top), and a couple of
CCS at 328.7/318.6 A% (64/36) for y-CD were detected (Fig. 2C, bottom). Using rubidium showed
a unique peak at 322.1 for G1-B-CD (Fig. 2D, top) and 324.0 A2 for y-CD (Fig. 2D, bottom). The
lower R value obtained for G1-B-CD in the case of rubidium can be attributed to a larger full width
at half maximum, suggesting that the peak may contain both Gi1-B-CD and y-CD species. None-
theless, this impairs to serve as a suitable metal for straightforward discrimination. With cesium,
which is the larger cation tested in this work, three quite well resolved peaks were detected for
G1-B-CD at 322.1, 327.6 and, 333.2 A? (59/22/19) (Fig. 2E, top), while a unique one at 333.3 A2
occurred for y-CD (Fig. 2E, bottom). Conversely, protonated G1-3-CD led to a unique mobility peak
corresponding to a CCS of 316.8 A2, whereas at least two unresolved peaks, with the most intense
at 324.1 A2 and a lower one at 317.2 A2 were detected for v-CD (Fig. S1). Based on the standard
deviation values (Table S1), the latter peak could be putatively ascribed to Gi-B-CD, which ap-

pears as a minor trace in the y-CD sample.

Case of Go-}-CD/6-CD couple. Concerning singly lithiated species of both G»-B-CD and &-
CD, two distinct couples of peaks were detected at 348.3 A2/322.4 A? (Fig. 3A, top) and 353.3
A2/332.2 A? (Fig. 3A, bottom). For such couples, the relative content is 99/1 for the former and
82/18 for the latter. Conversely, regarding G»--CD/3-CD couple no trace of G»-B-CD was de-
tected in the 0-CD sample. Similarly to lithium adduct, following the complexation with sodium,
two couple of peaks were clearly observed both for G,-B-CD and 8-CD at 347.5/319.6 A2 (23/77)

(Fig. 3B, top) and 354.0/337.2 A2 (48/52) (Fig. 3B, bottom), respectively.

However, in the case of G,-3-CD, no return to the baseline occurred between the two peaks,
14
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indicating a non-equilibrium state and the possible presence of intermediary species. Such phe-
nomenon, also observed to in a less extent for [G,-B-CD+Li]* is similar to an exponential bridge
smoothly merging two peaks already described in capillary electrophoresis.(Cherney et al., 2011)
Regarding [G,-B-CD+K]*, three unresolved peaks could be deducted at =327.8, 337.4, and 340.5
A2 (22/34/44) (Fig. 3C, top), while for [5-CD+K]*, three well resolved ones at 354.9, 348.3 and
339.1 A2 (24/27/49) are distinguished (Fig. 3C, bottom). The mobilogram of [G,-B-CD+Rb]* re-
vealed a clear peak at 331.8 A2 and an only partially resolved distribution with a dumbbell shape
centred around 339.3 A (Fig. 3D, top), while [§-CD+Rb]* exhibited two close but resolved peaks
at 349.3 (93 %) and 342.1 A% (7 %) (Fig. 3D, bottom). Unfortunately, the mobility range of [G2-B-
CD+Rb]*is too broad, encompassing the values obtained for 6-CD and preventing a clear conclu-
sion regarding the presence or absence of 3-CD trace in the G,-3-CD sample. [G,-3-CD+Cs]*
and [8-CD+Cs]* species with CCS couple of 333.3/338.0 A2 (67/33) (Fig. 3E, top) and 350.4/343.4
A% (17/83) (Fig. 3E, bottom), respectively, showed similar behaviour to their corresponding ru-

bidium adduct counterparts.

Regarding both protonated G,-B-CD and 8-CD, a single peak was observed at 345.2 A2and 350.0
A2, respectively (Fig. S1). As other neutral polyols, CDs present a weak affinity for protons, leading
to quite low abundance and sometimes to more of one peak. This is due to the proton mobility
and the absence of a unique and stable attachment site (Przybylski et al., 2015; Przybylski & Bon-
net, 2022), demonstrating that singly protonated state is not a straightforward reference herein.

Singly charged species with lithium and sodium allow us to unambiguously differentiate each
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content of the two isomeric couples Gi1-B-CD/y-CD and G»-3-CD/3-CD, as well as the identification
of trace amounts of a specific structural isomer in other samples or the discovery of new con-
formers. Nevertheless, with larger alkali metals like potassium, rubidium and cesium, more con-
trasted results were obtained. Indeed, with such metals, analysis of G1-3-CD and G,-B-CD led to
a large unresolved peak distribution. The occurrence of various conformations, which may or may
not be consecutive to the unique attachment sites of metal-based cations, could explain this ob-
servation. To verify such an assumption, doubly charged species with either the two same cations

or different ones were investigated.
3.1.2 Homocationic doubly charged species

While the use of two cations generally led to higher CCS values, it was often accompanied by a

decrease in R and r, which ranged from minor to substantial (Fig. 4-5, Table S2).

Case of G1-3-CD/¥CD couple. Ternary complexes involving two lithium, led to a well re-
solved couple peaks at CCS of 348.9/338.1 A2 for G;1-B-CD (Fig. 4A, top), while a single peak with
a CCS equal to 379.9 A2 occurred for Y-CD (Fig. 4A, bottom). Regarding doubly sodiated species,
three partially resolved peaks occurred for G1-B-CD including two with high intensity at 365.3 (57
%) and 354.0 A% (40 %) and a very low one at 346.0 A% (3 %) (Fig. 4B, top), while a prominent one
at 364.9 A2 (98 %) with a slight shouldering at 354.5 A2 (2 %) takes place for y-CD (Fig. 4B, bottom).
As compared to singly potassied Gi-B-CD, the corresponding doubly charged species including
two potassium, yielded clearer mobilogram traces, where three quite resolved peaks were ob-
served at 359.3/371.6/350.0 A2(59/29/12) (Fig. 5C, top). [y-CD+2K]?* exhibited a couple of main

peaks at 366.4/349.8 A2 (45/41) and a less abundant one at 358.2 A (15 %) (Fig. 5C,
17
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bottom). Similarly, at the difference of the corresponding singly charged species, the introduction
of two rubidium with G1-B-CD yielded two well resolved peaks with a CCS value of 365.3 A2 (86
%) and 358.2 A% (14 %) (Fig. 4D, top), while a unique one is present at 358.2 A? for y-CD (Fig. 4D,
bottom). With two cesium, a quite close behaviour to two rubidium complexes was observed. In
detail, two large and partially resolved peaks at 374.1 and 360.4 A% (71/29) occurred for [G1-B-
CD+2Cs)?* (Fig. 4E, top), while only a narrow peak at 359.4 A2 was present for [y-CD+2Cs]?* (Fig.4E,
bottom). Careful examination of CCS values both for singly and doubly charged ions with a given

cation unambiguously confirmed the presence of y-CD in the G1-B-CD sample.

Case of Go-}-CD/6-CD couple. As observed for their singly lithiated counterpart, complex-
ation of G,--CD with two lithium led to two well resolved peaks at 383.1/358.1 A2 (54/46) for
G2-B-CD (Fig. 5A, top), while unresolved ones were obtained at 371.3/385.2 A2 (83/17) for 8-CD
(Fig. 5A, bottom). The same trend was observed for [G,-B-CD+2Na]?* where a couple of distant
peaks were clearly observed with major/minor abundance at 358.7/384.4 A2(95/5) (Figure 5B,
top). For 8-CD, a main and large peak at 374.4 A% (78 %) and two lower unresolved ones at
386.8/390.3 A2(11/11) were detected (Fig. 5B, bottom). Moreover, contrary to their correspond-
ing singly charged species, a complete return to the baseline occurred between the two peaks
from [G2-B-CD+2Li]?* and [G»-B-CD+2Na)?*. That suggests the existence of two well distinct and
stabilized structures. As quoted out for G1-3-CD/y-CD couple, simultaneous complexation of two
potassium tends to simplify the mobilogram traces. Indeed, three quite resolved peaks at
363.4/372.8/383.3 A2 (Fig. 5C, top) were present for [G,-B-CD+2K]?*, while [8-CD+2K]?* led to a

major peak at 378.7 A2 (65 %) and two others ones with both lower abundance and weak
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resolution at 384.8 (19 %) and 391.2 A? (17 %) (Fig. 5C, bottom). Regarding [G>-B-CD+2Rb]?*, a
single peak was detected at 363.0 A2 (Fig. 5D, top), while for 8-CD a largely prominent one at
371.4 A% (96 %), and a very minor one at 403.8 A2 (4 %) (Fig. 5D, bottom) were found. The same
conclusion can be drawn from the doubly cesiated species, where only one peak was detected at
367.5 A? for [G,-B-CD+2Cs]?* (Fig. 5E, top), and a couple of peaks at 372.1/424.1 A? (85/15) for
[0-CD+2Cs]?* (Fig. 5E, bottom). The results on the doubly charged G,-3-CD/3-CD couple, con-

firmed that there is no clear evidence of the presence of 3-CD in the G,-B-CD sample.
3.1.3 Heterocationic doubly charged species

Considering heterocationic doubly charged species, i.e. complexes involving one cy-
clodextrin with two different cations (Table S2), some observations can be done: i) None ion as-
cribed to [CD+Li+X] 2* or [CD+H+Y]?* (where X = H, Rb or Cs and Y = Li, Rb or Cs), was detected for
the four analysed samples, ii) all obtained CCS values are not necessarily included between those
of their corresponding homocationic doubly charged analogues ([CD+X+Y]** compared to
[CD+2X]?* and [CD+2Y]**, where X and Y are two different cations), iii) the number of detected
CCS can be different of their corresponding homocationic doubly charged counterparts (Table S2
and Figs. S3-54). The observed results can be explained by the high mobility and weak proton
affinity of CDs, as well as by the conformational changes induced by the attachment of lithium,
rubidium, and cesium ions to the CDs. Additionally, the nonlinear variations in CCS values be-
tween homo- and heterocationic doubly charged series with similar cations could be due to in-
creased rigidity or flexibility of both the main rim and any branched o/(1—6) glucose/maltose.

This would be possibly driven by a first attachment of a given cation, before a second occurred.
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Anyway, several distinct cases can be observed. For example, doubly sodiated G,-3-CD resulted
in two different conformations each featuring a sodium stabilized by the primary rim. The second
sodium was located either adjacent to the primary rim and the branched maltose or at the non-

reducing end of this last one at 358.7 (95 %) and 384.4 A2(5 %), respectively (Fig. 6A).

A

¢

400
395-
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—~ 3851
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[G,-B-CD+2Na]?* [G,-B-CD+Na+Cs]* [G,-B-CD+2Cs]?* [5-CD+2Na]2* [5-CD+Na+Cs]?* [5-CD+2Cs]?*

Fig. 6. Evolution of CCS and ascribed theoretical conformations of doubly charged species [CD+2Na]*",
[CD+Na+Cs]** and [CD+2Cs]*" for A) G,-B-CD (violet square) and B) 8-CD (green circle). The number in brackets
indicates the relative content of each supposed conformation.

The formation of a supramolecular complex comprising a sodium and a cesium resulted in the
emergence of two distinct conformations. It involves a first cation stabilized by the primary rim
and a second one by the grafted maltose backbone leading to the corresponding couples Cs/Na
at 362.5 A2(99 %) and Na/Cs at 397 A2 (1 %), respectively. Regarding [G,-B-CD+2Cs]%*, a unique
peak was observed at 367.5 A2. Such CCS value was ascribed to a single but a lesser stable con-
formation than previous ones, emphasizing some limits in accommodation of both CD rim and
branched maltose, portraying the difficulty to successfully form and detect complex involving
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two cesium ions. Conversely, the presence of two both flipped linkages and twisted rings in the
8-CD confers a high degree of conformational flexibility, enabling the observation of three distinct
peaks corresponding to doubly sodiated forms at 374.4 A2 (78 %), 376.8 A2 (11 %) and, 390.3 A2
(11%), respectively (Fig. 6B). Following the previous order, the three potential conformers can be
basically described as functions of the position of the two sodium with respect to 8-CD such as:
centre-centre, top-top, and top-bottom, respectively. The substitution of one sodium by a larger
ion such as cesium ([6-CD+Na+Cs]?*), still led to a structural rearrangement entailing only two
peaks at 372.7 A2 (66 %; centre-centre) and 410.6 A2 (34 %; top-top). It can be quoted out that
the most abundant peak (centre-centre) matches very well with a more compact structuration
than for the three observed [8-CD+2Na]?* ions. This output suggests that the CCS of the supra-
molecular complexis not solely determined by the size of the cation, but also by the CD’s capacity
to accommodate optimal template. This assumption is supported by the results from the doubly
cesiated ions, where a major peak (85 %) exhibits a slightly smaller CCS at 372.1 A2 (centre-centre)
than the heterocationic sodiated/cesiated analogues. On the other hand, a lower intense peak
at 424.1 A2 (15 %; top-top) was also detected. Hence, the aforementioned hypothesis which can
explain the difference in the number of detected CCS based peaks between hetero- and homo-
cationic doubly charged species, can also be valid for the comparison between some homoca-
tionic doubly charged species, and their singly charged analogues. For example, with the smaller
alkali metal studied herein, the singly lithiated G,-B-CD showed a main peak at 348.3 A2 (99 %)
and a minor peak with a more compact structure at 322.4 A2(1 %) (Fig. 7A). Structurally, lithium

is stabilized in both cases by three contact points with oxygen from the primary rim. The only

23



518

519

520

521

522

523

524

525

526

527
528
529
530

531

532

533

534

535

536

537

538

539

540

541

slight difference between the two peaks is that in the minor peak lithium is more centred at the
top of the deformed cavity and additionally stabilized by the primary oxygen from the bending

of the maltose chain.
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Fig. 7. Evolution of CCS and ascribed theoretical conformations of G»-B-CD (violet square) as singly and doubly
species with A) lithium and B) cesium. Number in brackets indicates the relative content of each supposed confor-
mation.

A more contrasted picture from the bending of the maltose chain was obtained with [G,-B-
CD+2Li]%, with two peaks highlighting a balanced content at 358.1 A2 (46 %) and 383.1 A2(54 %).
In the first case, one lithium is centred at the top of the deformed cavity and the second at the
linkage between the CD core and orthogonal orientated maltose. In the second case, a similar
structuration occurred, but with lesser inwardly curved maltose. In any case, lithium is stabilized
by three proximal oxygens of the rim, as well as an additional oxygen located opposite to the
linkage between CD core and maltose. Considering the largest metal, i.e. cesium, [G2-B-CD+Cs]*
ion yielded two distinct CCS at 333.3 A2(67 %) and 338.0 A2(33 %), while [G,-B-CD+2Cs]?* exhib-
ited a unique peak at 367.5 A2 (Fig. 7B). For singly charged ions, cesium was centred in the more

or less deformed cavity linked to a bent maltose chain, while for doubly charged ions, one cesium

24



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

is located at the top of the deformed cavity and the second cesium is stabilized by a maltose

chain that is both twisted and bent.

3.2 Differentiation of isomers according to metalation
3.2.1 Discrimination of structural isomers

Considering complexes with the following stoichiometry CD:number of metals, previous
studies have shown that, as either the larger the size of the CDs (from o, B- to y-CD (Przybylski
& Bonnet, 2022), or the higher the methylation degree on B-CD (Przybylski et al., 2015), the
higher the proportion of 1:2 complexes relative to 1:1 complexes increased. This is consistent
with the results observed in the current study, which indicate that the proportion of 1:2 com-
plexes relative to 1:1 complexes increases continuously from y-CD to 8-CD and from G1-B-CD to
G»-B-CD, as evidenced by the sum of the relative intensities observed by MS for all alkali metal
cation-based CDs. Nonetheless, contrasted results were obtained regarding the trends for the
isomeric couples i.e. G1-B-CD/y-CD and G,-B-CD/d-CD (Table S1-S2). For the former couples, lith-
ium, sodium and cesium are suitable to unambiguously discriminate any singly charged structural
isomers. Of particular interest, high-resolution r (1.4-1.7, Table S1) analysis revealed the presence
of a small proportion of y-CD in the G1-B-CD sample. Conversely, potassium and rubidium did not
give a satisfactory resolution to differentiate the two structural isomers and, consequently are
not appropriate for such purpose. Due to overlapping peaks, it was not possible to unambigu-
ously identify the first CCS of G1-B-CD from that of y-CD (318.6 A2) when using potassium as the

alkali metal cation (Fig. 2C). With rubidium, the unique peak from G31-B-CD sample resulted in a
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peak width that was too large to allow a clear identification of the dedicated CCS value of y-CD,
as previously mentioned (Fig. 2D). Regarding the latter couple, G,-B-CD/8-CD, only lithium and
sodium produced satisfactory results in differentiating the two peaks from G,-B-CD or 8-CD, with
r values of 1.3-1.8 and 1.4-3.8, respectively (Fig. 3). Due to a large number of unresolved peaks,
potassium, rubidium and cesium can only be used to partially highlight differences between G»-
B-CD and 6-CD. Indeed, this can be achieved merely by taking into account the lower and higher
CCS, respectively. Therefore, only the following alkali metal cation pairs provide sufficient differ-
entiation between G,-B-CD and &-CD: 327.8/354.9 A? (r: 4), 331.8/349.8 A% (r: 3.7) and

333.3/350.4 A2 (r: 3.3) for potassium, rubidium and cesium, respectively (Fig. 3).

At a glance, the mobilograms issued from the simultaneous presence of two identical cat-
ions within the various CD complexes tend to reduce the diversity of possible structures and thus,
clarify the distribution of the CCS based peaks (Fig. 6). This could be attributed to a higher likeli-
hood of certain stabilized structures occurring. Most of herein investigated homocationic doubly
charged ions support an easier differentiation of the two CD couples compared to their singly
charged analogues, as attested by the CCS values. Nonetheless, regarding the deducted mobility
resolution, a more contrasted conclusion can be drawn. Hence, according to a given alkali metal
r values were between 0.7-1.5 and 0.5-3.1 for G1-B-CD/y-CD (Fig. 4) and G»-B-CD/d-CD (Fig. 5),
respectively. Altogether, the aforementioned data have clearly demonstrated that the ability to
efficiently discriminate structural isomers of cyclodextrins must be grasped according to both (i)
the given metal, (ii) the number of adducted metals, and of course, (iii) the considered isomers

couple. Interestingly, we noted that lithium and sodium seem to be most suitable for both G1-p-
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CD/y-CD and G»-B-CD/d-CD couples as well as both singly and homocationic doubly charged spe-
cies. Regarding resolution, G1-B-CD/y-CD with lithium/sodium, ris 1.7/1.4 and 0.9/1.3 for singly
and homocationic doubly charged species, respectively, while for G,-B-CD/d-CD, ris 1.7/1.4 and
0.9/1.3 for singly and homocationic doubly charged species, respectively. In addition, the good
to high resolution r (0.3-6.4) through a given mobilogram, offers, most of the time, the possibility
to estimate the relative content of each species in a given sample. Hence, once the peaks that
may correspond to structural isomers have been identified, it is necessary to determine the iden-
tity of those remaining. In this sense, the hypothesis of the presence of conformational isomers

must be investigated.
3.2.2 Revealing the presence of conformers

If the observation of the profound effect from the charge site on an ion’s gas-phase be-
haviour i.e. distinct protonation site isomers, the well-known protomers, is very well described
for proteins and peptides by ion mobility, the influence of cationization sites on cyclic oligosac-
charide structure remains quite under-investigated. The glucopyranose units within CDs are very
flexible as a consequence of the rotation and rapid proton exchange of the primary and second-
ary hydroxyl groups, and the C5-C6 bond shows a high degree of rotation, which can be also
supported to some extent by the glycosidic bond rotation. These intrinsic characteristics involve
that many conformers can co-exist, especially in equilibrium in an aqueous solution, as investi-
gated by theoretical studies (Gamboa-Carballo et al., 2017; Lipkowitz, 1998). Except for potas-
sium, y-CD exhibits only one peak with all other studied metals suggesting that only one con-

former can be detected. Conversely, considering Gi-B-CD analysis, and excluding peaks that may
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Fig. 8. Side and top views of potential CD/alkali metal structures-based conformers obtained by theoretical ap-
proaches and matching with experimental CCS. The estimated content was given below each structure (%) as well
as the experimental (top, plain) and theoretical (bottom, italic) CCS; values. Color coding: very light violet; lithium
(first row) light to dark violet; sodium, potassium, rubidium and cesium (second and third row), pink; carbon, gray;
oxygen, light red; hydrogen, white.
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be provided by y-CD traces, singly charged ion yields to two or more peaks (Fig. 1). Molecular
modelling computation allowed us to ascribe the experimental CCS values to potential structures.
For example, [G1-B-CD+Li]* yielded to two peaks at 323.4 + 0.6 and 343.6 + 0.5 A2( r: 2.1). The
former is quite in a closed form (Fig. 5, [G1-B-CD+Li]*, 90 %), with grafted glucose unit acting as a
bent lid, trapping lithium between it and side oxygens from the primary rim. The latter appears
to have an open structure (Fig. 5, [G1-B-CD+Li]*, 10 %) where lithium is stabilized at the top centre
of the primary rim. In this last arrangement, the side glucose block is perpendicularly oriented to
the primary rim, and the secondary rim exhibits a concave distortion. Regarding [G,-B-CD+Li]*,
the main form, by far, shows a quite perpendicular orientation of the grafted maltose on one side

of the primary rim and a stabilization of the cation at the opposite side.

In the case of 8-CD, the very high flexibility of the glycosidic backbone allows it to adopt
several conformations. Indeed, 6-CD is the first member of the relatively under-investigated
large-ring cyclodextrins (LRCD) where both glucose flips and linkage kinks occurred (French &
Johnson, 2007; Raffaini & Ganazzoli, 2007; Saenger et al., 1998). Such enhanced degree of free-
dom offers the opportunity for a given cation to be stabilized at the primary rim, at a so-called
pseudo-secondary rim (designed as such due to the contribution of a flipped glucose unit) or also
in the centre of a more compacted structure. For [0-CD+Li]*, the identified structure highlighted
that lithium can be located at the primary rim or at a pseudo- secondary rim, with content equal
to 82 and 18 %, respectively (Fig. 8, [-CD+Li]*). Switching from lithium to sodium still leads to
two distinct conformations both with sodium located at the primary rim. In the first conformation
(Fig. 8, [0-CD+Na]*, 52 %), the cation attachment site at the n and n+1 units resulted from two
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flips towards the exterior of the cavity of glucose at the n-1 and n+2 positions. This induced a kink
of the glycosidic bonds between n-1/n and n+1/n+2 units, allowing a tight coordination of Na*
with two primary oxygens (O::Na: 2.187 and 2.207 A). In the second conformation (Fig. 8, [5-
CD+Nal*, 48 %), the cation was also coordinated at n and n+1 unit, but involved a three-point
interaction. To elaborate further, the coordination of sodium in the second conformation in-
volved the two primary oxygens of n and n+1 (2.175 and 2.313 A), and oxygen from glycosidic
bonds between n and n+1 (2.477 A). This coordination was made possible due to a more pro-
nounced deformation of the cyclodextrin, with glucose at n+2 and n-3 flipping towards the inte-
rior of the cavity. The observed CD enlargement resulting from the more pronounced defor-
mation of the cyclodextrin strongly supports the higher CCS value of the second conformation
compared to the first. With potassium, which presents a higher ionic radius than sodium and
lithium (137 versus 99 and 59 pm, respectively), a greater distance between the cation and ox-
ygens is needed to achieve the most stable non-covalent complex. Three distinct conformations
were delineated. The less abundant involves three O--*K bonds: one secondary oxygen O(1) of
the n units (2.617 A), and two primary ones O(6) from n-2 (2.801 A) and n+3 (2.756 A) which both
own two glucose units tilted by ~ 90° towards the interior of the cavity (Fig. 8, [6-CD+K]*, 24 %).
The second one is only slightly more intense than the first one, and also stabilized by three-points
interaction as O(1) of the n units (2.572 A), and two O(6) from n-1 (2.815 A) and n+3 (2.688 A)
both also exhibiting bent glucose towards the cavity’s centre (Fig. 8, [0-CD+K]*, 27 %). The prom-
inent conformation, exhibiting the highest CCS, was ascribed to an extended boat shape. In such

an arrangement, potassium is situated within a pocket rich in oxygen at the outer edge of the
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primary rim, where two closer O(6)-*-K bonds occur than in the previous structures, originating,
from n (2.492 A) and n+1 (2.616 A) units (Fig. 8, [8-CD+K]*, 49 %). Regarding larger cations like
rubidium (ri = 152 pm), two different conformations can be deducted from CCS values. In the
minor one, two oxygens from the primary rim from n (3.346 pm) and n+1 (3.710 pm) units inter-
act with the cation, while at the exact opposite side of the rim (n+3) glucose is again tilted as for
[0-CD+K]* (Fig. 8, [6-CD+Rb]*, 7 %). The prominent conformation presents an important distortion
of the cavity leading to a quite concave shape. Rubidium was located quite in the bottom centre
of the cavity, by bonding at O(1) of n unit (3.818 A), O(2) of n+4 (4.039 A), and two O(6) from n+3
(3.960 A) and n-1 (4.078 A). The two O(6) involved result again from perpendicularly twisted glu-
copyranose (Fig. 8, [6-CD+Rb]*, 93 %). It must be noted that the examination of CCS values from
[06-CD+Rb]*, shows that a more compact structure occurred for the minor conformation of [8-
CD+Rb]*, than the two less abundant ones from [0-CD+K]*. On the other hand for the major one,
the structure seems to be slightly larger than the aforementioned less abundant [6-CD+K]* ion,
but more tightened than the main [8-CD+K]* complex. Such results strongly suggest a non-negli-
gible effect of rubidium as a compacting agent. As for rubidium, the larger alkali metal studied
here, cesium (ri= 167 pm), led to two discernible conformational states. The minor conformation
showed a boat shape similar to the prominent [6-CD+K]* conformation, but with a smaller CCS
value (343.4 versus 354.9 A2). Cesium is coordinated to two O(6) from the n (3.831 A) and n+1
units (4.024 A) as well as to the hemi-acetal oxygen from n-1 (4.168 A), while the n+3 glucose is
tilted towards the interior of the cavity (Fig. 8, [-CD+Cs]+, 17 %). Regarding the main confor-

mation, the glucose rim adopts a twisted ribbon shape, which is circular in nature, creating a
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clamp-like structure with the cation centred in the middle. The unique landscape of the main
conformation arises from the rich electron density of the cyclodextrin, which enables multiple
interactions. Specifically, the interaction between O(1) and O(2) of the n unit (at 3.997 and 4.317
A, respectively), along with the O(6) of both n-4 and n+4 units (at 4.001 and 4.335 A, respectively),
facilitates the centering of the cation in the middle of the deformed cavity. This interaction is
further favoured by the twisted glucose units at positions n-1 and n+4, which cause the O(6)

groups to orient towards the centre of the cavity.

4. CONCLUSIONS

In this study, we have unambiguously demonstrated that ESI-TIMS-TOF is an effective
method for distinguishing positional isomers of macrocyclic carbohydrates, such as cyclodextrins.
This capability also provides the opportunity to identify and quantify any residual traces of other
isomers, allowing for an estimation of the purity of the investigated sample. However, many pre-
cautions must be taken with the choice of the dedicated metal as well as the selected charge
state, according to target both resolving power and resolution. As for the CCS values, it is apparent
that the CD-metal complexes are not exclusively governed by the size of the cation. Indeed, the
presence of not negligible flexibility of the main rim and grafted chain for G1-3-CD and G»--CD
and more enhanced distortion for y-CD and 8-CD strongly influence the size/shape of the resulting
complexes.

In contrast to the smaller CD with quite syn-relative conformations of the glucopyranoside
units, Y-CD and 8-CD and larger CD show a high propensity to form band flips and kinks leading to

twisted glucose units. These conformers are expected to be in equilibrium in aqueous solution
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(Lipkowitz, 1998). NMR, which is the reference technique to study conformational changes, is a
quite slow spectroscopic technic when compared to the timescale of conformational changes of
CDs (Schneider et al., 1998). Indeed, the magnetic pulses are applied to an enormous number of
molecules, which means that NMR measurements are averaged over time and space. These lim-
itations imply that signals from atoms located at the same position on different glucopyranose
units are not distinguished in an NMR spectrum. For this reason, NMR spectra will always lead to
symmetrical CDs, which makes this technic not suitable for conformers study. In the present in-
vestigation, the use of electrospray coupled with trapped ion mobility mass spectrometry allows
to by-pass the short timescale of interconversion, which can preclude the separation of confor-
mational isomers in most cases. Such a combination allows us to capture a snapshot portraying
the solution. It relies on the sequential “freezing” ability of the molecular state from solution and
high resolution separation according to shape/size, as previously demonstrated for carbohydrates
and CDs (Przybylski & Bonnet, 2021, 2022; Sastre Torafio et al., 2021). It also seems to be reason-
able to assume that the several dozen nanosecond timescales required for potential CD confor-
mational switching is compatible with this observation (Gotsev & Ivanov, 2007). For a given ion,
the matching of CCS values with molecular modelling approaches, permitted to highlight the pres-
ence of several stable conformers. For a more accurate sample characterization, those last results
suggest considering not only the CCS value for a given sample, but also the distribution of the
resulting peaks pattern. Nonetheless, some pending questions remain, what is the behaviour with
higher-valence metals such as transition or noble ones? Is it the type and the location of the cat-

ion that induce the various conformation or the prior most adapted conformations which allow
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the best match attachment of the cation? Also, how many conformers can be distinguished and

identified with other grafting locations, such as CD10 and larger?
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