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Cyclodextrins (CDs) are macrocyclic oligosaccharides that have the ability to form host—guest inclusion
complexes due to their amphiphilic properties, thereby allowing for an increase in the solubility and
bioavailability of encapsulated small molecules, such as food constituents and active pharmaceutical
ingredients (APIs). While solution-phase properties of CD inclusion complexes have been extensively
studied, less is known about the prevailing coordination environment of metal-CD complexes in the
absence of bulk solvent. Here, we investigate the gas-phase structural implications of alkali-metal
complexation with the three naturally occurring cyclodextrins («CD, BCD, and yCD) and a suite of linear
maltodextrins using structurally-selective ion mobility-mass spectrometry (IM-MS) analysis. For the
maltodextrins, the IM-MS analysis revealed an expected linear relationship between the number of
monosaccharide units and the measured collision cross section (CCS), however, the CDs exhibited
complex size-mass behavior, notably with BCD adopting nearly the same CCS values as the larger yCD,
irrespective of the charge carrier. CCS measurements in helium drift gas were obtained on a drift tube
IM instrument and used to align to computational modeling outputs which were interpreted for
atomistic-level information including bond distances and coordination geometries. Predicted structures
for [CD + Na]* indicate the unusual gas-phase structural behavior of CDs is a consequence of different
charge location preferences for aCD and yCD versus BCD. Taken together, this work provides a
structural context for the underlying metal—host interactions that serve as scaffolds for higher-order CD

rsc.li/pccp

Introduction

CDs are a class of macrocyclic oligosaccharide rings character-
ized by a hydrophilic outer surface and a hydrophobic interior
cavity. The amphipathic character of CDs is due to the combi-
natory effect of the hydroxyl groups crowning each opening of
the CD, which approximates the shape of a tapered cylinder
(a conical frustum), with the hydrogens and glycosidic oxygens
lining the cavity."™ Cyclodextrins are classified based on the
number of glucopyranoside units comprising their ring, where
a-, B-, and vy-cyclodextrin consist of six, seven, and eight
glucopyranoside units, respectively. Maltodextrins are the lin-
ear oligomeric counterparts of CDs and can adopt a wider range
of subunit lengths, as shorter chain oligosaccharides are gen-
erally unable to cyclize due to steric hindrance, whereas larger
cyclic structures exhibit low stability due to high rates of
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complexation and supramolecular assemblies.

hydrolysis (Fig. 1)." CDs are widely used in many industrial
applications due to their unique chemistries, readily forming
inclusion complexes with organic guest ligands, including
clinically relevant exogenous compounds. Because dextrins
are comprised of glucose sub-units linked with o-1,4 glycosidic
bonds which are readily-hydrolyzed by human enzymes, cyclo-
and maltodextrins and their decomposition products are gen-
erally recognized as safe (GRAS) by the FDA and listed in the US
Pharmacopeia.” For these reasons, CDs are widely incorporated
as excipients in pharmaceuticals to improve the bioavailability
of APIs with poor water solubility.”” Frequently, metal species
are used to complement CD-API formulations, as the incorpora-
tion of a metal cation can further improve solubility.®”

While many studies have demonstrated the use of MS and
IM-MS techniques in the characterization of CDs and CD
inclusion complexes, far fewer have used such data to elucidate
the specific interactions of CDs with metals.®** As noted by
Norkus, CD structure, and therefore functionality, is influenced
by interactions with metal ions, and since the efficiency of
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Fig. 1 Structures for o-cyclodextrin (aCD), B-cyclodextrin (BCD), v-
cyclodextrin (yCD), the backbone structure of the linear maltodextrin species
analyzed with 4 to 10 glucopyranoside units (n = 1 to 7), and an overview of
the alkali-metal cations used for complexation. The diameter of the second-
ary opening of the cyclodextrins is outlined above the side view structure. The
ionic diameters of the alkali-metal cations are displayed below their repre-
sentations to illustrate the relative length-scales of the different species.

1.8A

host-guest complex formation is contingent on the structure of
the host molecule, understanding the interaction of CDs in the
presence of metal ions is important, especially considering
the electrolytic composition of biological systems."® Studying
the conformational behavior of CDs necessitates the use of
structurally-selective analytical strategies. Whereas MS offers a
highly-sensitive and rapid gas-phase discrimination of ions
based on mass-to-charge (m/z), mass measurements alone
cannot provide specific information concerning gas-phase
conformations.'®™'® However, due to compatible analytical
timescales, IM can provide structural insights into the gas-
phase behavior of host molecules such as CDs and is often
complimented with theoretical modeling.’®>' Computational
investigations can provide predicted gas-phase conformations
for host-guest inclusion complexes, including alkali-metal CD
complexes to interpret the results obtained in IM-MS
experiments.*” Previous ab initio investigations of CD com-
plexes have suggested that metal cations preferentially orient
toward the smaller (primary) opening of the CD, favoring the
stability afforded by coordinating to the primary hydroxyl
groups with reduced steric effects.>*** This orientation has
become the canonical interpretation of metal-CD complexa-
tion, serving as the structural basis for informing subsequent
analyses of host-guest incorporation of APIs.>® However,
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because initial metal-CD structures hold such an important
role in selectivity and guest incorporation, it is imperative to
validate the alignment of computational structures with experi-
mental observations.

In this study, we investigate the structural effects of non-
covalent alkali-metal coordination to both cyclodextrins and a suite
of linear analogs by utilizing a structurally informative MS workflow
that integrates highly-accurate drift tube IM measurements with
computational modeling. This work investigates the three naturally
occurring cyclodextrins—aCD, BCD, and yCD—alongside linear
maltodextrins ranging from four to ten glucose units in length,
thereby providing a comprehensive analysis of both cyclic and
short-chain, linear oligosaccharide systems. Five alkali-metal
cations were used to evaluate the impact of ion size, charge density,
and coordination preferences on the gas-phase structures of the
resulting host-guest complexes. By systematically characterizing
the CCS values of these complexes and correlating empirical data
with theoretical modeling results, we seek to identify generalizable
trends in alkali-metal coordination and to elucidate how these
interactions influence the anhydrous structures of metal-dextrin
complexes. These findings aim to provide fundamental insights
into the non-covalent chemistry of gas-phase carbohydrate com-
plexes and inform the understanding of solution phase host-guest
systems for applications ranging from pharmaceutical excipients
and food additives to supramolecular assemblies.

Experimental methods
Standards and chemicals

Acetate salts of alkali metals (lithium, sodium, potassium,
rubidium, and cesium) as well as high purity (Optima Grade)
methanol and water were obtained from Fisher Scientific.
Seven linear maltodextrins (maltotetraose, M4; maltopentaose,
M5; maltohexaose, M6; maltoheptaose, M7; maltooctaose, M8;
maltononaose, M9; and maltodecaose, M10) as well as the three
unmodified cyclodextrins (2CD, BCD, yCD) were sourced from
MilliporeSigma. All chemicals were used as received.

Sample preparation

All dextrin analyses were performed on mixed cation samples.
Initially, 0.01 M stock solutions of each dextrin and alkali
acetate salt were prepared in water. An equimolar solution of
the five alkali acetates was then prepared in 3:2 methanol:
water to achieve a total metal cation concentration of 0.01 M.
This equimolar mixture of the cations was then combined with
the different dextrin stock solutions in a 1:1 ratio of cation:
dextrin. Finally, sample solutions were serially diluted to a final
concentration of 10 uM in 3:2 methanol:water for IM-MS
analysis.

Ion mobility-mass spectrometry

Each sample was analyzed through direct infusion (10 pL min ™)
electrospray ionization (SI, Jet Stream, Agilent Technologies,
Santa Clara, CA) coupled to a commercial drift tube IM-
quadrupole time-of-flight MS (6560 IM-QTOF, Agilent).>”®
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The instrument was operated in positive ionization mode and
the QTOF was tuned for a mass range of m/z 50-3200. SI source
conditions implemented a nitrogen drying gas temperature of
325 °C and a gas flow rate of 5 L min ", while the ion transfer
capillary entrance voltage (Vcap) and the focusing nozzle were set
to +3800 V and +2000 V, respectively. All IM measurements were
performed using ultra high purity helium drift gas filtered
through an inline gas purifier (RMSH, Agilent). IM separations
were conducted in a uniform drift field, with a drift tube
pressure of ~4 Torr, an ambient temperature of ~300 K, and
a drift field of 13.4 V em ™" (drift tube entrance +1272 V; drift
tube exit +222 V). IM and QTOF parameters were optimized to
maximize the transmission of the non-covalent dextrin-cation
complexes. Full settings for IM-QTOF instrumentation are pro-
vided in Table S1. Helium drift tube collision cross section
(°TCCSye) values for the dextrin-cation complexes were deter-
mined using the single-field calibration method described by
Stow et al.*® Reproducibility of IM measurements was estab-
lished through interday replicates (n = 6). Reference ®TCCSye
values for the commercial tuning mixture (ESI-L Tuning Mix,
Agilent) used as calibrants were obtained from Morris et al.*°
Measured P"CCSy. values for cyclodextrins and maltodextrins
are presented in Table S2 and S3, respectively.

Computational modeling and theoretical CCS

To provide structural information for the interpretation of
experimentally derived PT'CCSy. values and to estimate
dextrin-cation complex coordination geometry, a previously
established computational modeling protocol described by
Zlibut et al. was utilized.>® This protocol involves both a
computational sampling of molecular conformational space
and a theoretical calculation of CCS values for computationally
generated conformations. Atomic-level structural information,
including bond distances and coordination geometries, is
attained through evaluation of generated structures that exhibit
+3% alignment with experimental CCS values. Briefly, the
computational modeling begins with a Hartree-Fock level
geometry optimization implementing a 6-31G* basis set being
performed on neutral dextrin molecules in Gaussian 16, with
partial charges being derived from ab initio electrostatic
potential calculations also using a 6-31G* basis set. The
restrained electrostatic potential (RESP) program in AMBER
was used to fit partial charges, with energy minimization and
molecular dynamics simulations also taking place in AMBER.
Theoretical CCS measurements were calculated using the pro-
jection approximation (PA) in helium implemented in MOB-
CAL. While more sophisticated CCS prediction algorithms do
exist, prior work from our group has compared PA to other
algorithms, namely trajectory method and the projected super-
position approximation, and results comparing helium-derived
CCS values were found to be qualitatively similar. Importantly,
PA allows for the generation of a large pool of theoretical
structures (ca. 3000) using rather modest computational
resources, which enables a larger scope of theoretical confor-
mational space to be sampled. We do acknowledge, however,
that more sophisticated CCS prediction algorithms may
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provide increased precision in these structural interpretations.
Full details of the computational modeling workflow are pro-
vided in the SI (Appendix S1).

Results and discussion
CCS measurements using helium buffer gas

Due to comparatively low polarizability and the predominantly
elastic nature of ion-gas collisions, helium is often selected as
the drift gas of choice to compare theoretical and experimental
IM measurements.’’ In contemporary IM studies, the use of
helium is typically replaced by nitrogen due to cost, resistance to
electrical breakdown, and increased accessible resolving
powers.*>?® However, because interpretation of computational
modeling is dependent upon agreement to empirical CCS mea-
surements, helium drift gas was chosen in this study to comple-
ment theoretical CCS conformations generated using the
projection approximation parameterized with helium. While
CCS values for a particular analyte vary as much as 34% depend-
ing on the size and polarizability of the drift gas implemented,
previous investigation of chemically-similar dextrin systems has
found that P'CCSye determined from experiments conducted in
helium correlate closely with measurements performed in nitro-
gen (DTCCSNZ].22‘26’32

The single-field calibration method implemented in this
work enables broadband spectral conversion of arrival times
to CCS values. In the context of the uniform field drift tube
instrumentation used here, single-field CCS calibration strate-
gies are often contrasted by conventional stepped-field meth-
ods, wherein the drift field is varied to determine ion mobility
from first principles independent of external calibrants. While
both approaches to calculating CCS values are effective under
appropriate conditions, the single-field calibration method was
chosen to mitigate the risk of electrical discharge when using
helium drift gas under higher drift fields of the stepped-field
method.?® Since the single-field approach necessitates the use
of calibrants with well-characterized CCS values and also relies
on empirical regression, the PTCCSye values calculated for the
dextrin-cation complexes were validated against an internal
standard and compared to previously reported experimental
CCS values whenever possible.

The arrival time of the unbound cesium cation (Cs', m/z
132.90) was measured concurrent with the primary complexes
of interest. Implementing the same calibration curves as were
used for the dextrin species, the PTCCSy. value of Cs* was
determined to be 29.05 + 0.01 A% (n = 30), which is within 2% of
the value reported by Ellis et al. of 29.6 A & 3%.** Additionally,
when comparing ""CCSy. values, namely [CD + Na]" and
[BCD + Na], calculated in this study with values measured on
legacy IM platforms, the values are consistent with both the
error associated with reproducibility and expected cross-
instrument variability.>> As such, the "TCCSy, values presented
in this work are considered accurate.

Examining the °"CCSy. values determined in this study
reveals an expected general increase in size as the number of
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Fig. 2 (A) Conformational space projection (CCS vs. m/z) of measured PTCCSy,e values for protonated and alkali-metal adducted cyclic and linear dextrin
species. Error bars are within the size of each data point (n = 6). (B) CCS plots for maltopentaose (M5) as well as the cyclodextrins and their same-length
linear counterparts. Plots are scaled to +5% of the average (AVG) value to facilitate comparisons.

constituent glucose subunits increases (Fig. 2A). Each of the
seven linear dextrins, as well as the three cyclodextrins, were
observed to form complexes with each of the five alkali cations
as well as protonated [M + H]" adducts. Higher order complexes
(e.g., [M + 2X]**, [2M + X[, Fig. S1) are also observed in the IM-
MS spectra which show evidence of broad peak distributions
indicative of the presence of multiple, unresolved conformers,
though these higher-order complexes are not discussed in this
present work. Importantly, there is no evidence for multiple
structural isomers coexisting within the IM peak profiles for
any of the mononuclear carbohydrate-metal complexes,
[M + X]', that are the focus of this study. Specifically, the
mobility distributions of [BCD + K]" and [BCD + Na]" both
benchmark at the expected resolution of this instrument
(helium gas, R, ~40), and thus show no evidence of peak
broadening which would otherwise indicate conformational
diversity.*® Furthermore, high-resolution IM (HRIM) analyses
of [BCD + Na]" on a TWSLIM platform found no evidence of
conformational isomers under high IM resolution analysis
(Rp = 167, Fig. S2). Previous studies of BCD-sodium complexes
using a multi-pass TWSLIM platform also noted only one
primary gas-phase structure.>® As such, the experimental mono-
nuclear BCD data presented in this work is interpreted in the

This journal is © the Owner Societies 2025

context of a single, predominant gas-phase structure existing
within the IM measurements.

Because the alkali metals were introduced as equimolar
mixtures, the relative abundances observed provide insights
into the preferred cation affinities of these carbohydrates.
Observations are similar for all dextrins, with Na® and K*
adducts exhibiting the highest abundances, whereas the
remaining cations (Li", Rb", and Cs") being present in minor
relative abundances (20% or less). Sodium complexes exhibited
the highest measured abundances for all carbohydrates except
aCD and BCD, where both the sodium and potassium adduct
showed similarly high abundances. Interestingly, protonated
adducts are generally not observed prominently for carbohy-
drates, however here the [M + H]" species is observed in high
abundance for both «CD and yCD, although it should be noted
that no efforts were made to incorporate acid additives or pH
modifiers to these samples. Interday abundance comparisons
and PTCCSy. for each dextrin are summarized in Fig. S3 and S4.

While empirical ""CCSyy. values generally increase with the
ionic radii of the alkali metal cation for CD complexes, several
maltodextrin host-ion pairs exhibit deviations from this corre-
lation. While all maltodextrin-metal complexes of the same
carbohydrate length display a similar %CCS difference of <5%,

Phys. Chem. Chem. Phys., 2025, 27, 19006-19015 | 19009
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complexes incorporating the smallest alkali metal cation,
[M + Li]%, frequently do not represent the most compact ion
form. This non-intuitive size correlation may arise from host-
ion specific interactions such as conformational locking or
variations in binding preferences and hydrogen bonding net-
works that directly influence the resulting gas-phase conforma-
tions. These effects, though subtle, may reflect metal-
dependent intramolecular folding, wherein certain cations are
more conducive for initiating structural compaction despite
possessing larger ionic radii.

The magnitude of these changes in CCS varies in response to
cation binding also appears to correlate with the host size. For
example, when comparing the smallest and largest cations in
this study, aCD and BCD both exhibit only a modest increase of
~1.8% between Li* and Cs', whereas yCD demonstrates a
much larger 8.7% increase. This larger observed difference in
CCS could suggest greater conformational flexibility or variable
coordination behavior in yCD, which is consistent with prior
observations in cyclic ionophores, where ion coordination
geometry and cavity size influence metal binding and structural
compaction.®”

When comparing the same cation across the various mal-
todextrin complexes, a high degree of linearity with respect to
m/z and PTCCSy. trends are observed, with all cation-specific
mobility-mass (CCS-m/z) correlations exhibiting an R> greater
than 0.99. A representative plot displaying the linearity of the
maltodextrin suite for the sodium complex is found in Fig. 3,
with the remaining plots being included in Fig. S5. Conserva-
tion of linearity in individual alkali metal trends correlates to
adduct type rather than number of dextrin units, indicating
that the dominant influence on gas-phase structure for these
linear species is the charge carrier. Thus, the unique charge
distribution and coordination of the different alkali metal
cations are the key drivers of the observed gas-phase conforma-
tions as reflected in their corresponding ®*CCSy. values.

[M + Na]*

280 -
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Fig. 3 Representative regression plot displaying linearity of maltodextrin
analytes complexed with sodium. All cation-specific mobility-mass corre-
lations exhibit an R? greater than 0.99.
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Interestingly, a similar linear trend for analytes with the
same charge carrier is not observed for the cyclodextrins,
suggesting that the contribution of the alkali metal type is
likely masked by the gas-phase structure of the corresponding
CD-metal complex, as might be expected if the cation were
bound within the cavity of the CDs (Fig. S6). The specific CCS
differences observed are likely due to the diminished degrees of
freedom inherently associated with a cyclic structure, with
number of dextrin subunits present within the ring largely
dictating the coordination geometries. This difference becomes
especially evident when comparing the ""CCSy. values of the
three cyclodextrins alongside the maltodextrins containing the
same number of subunits (Fig. 2B). For example, the sizes of
the sodium complexes for M6 compared to o.CD (0.63%) as well
as M8 compared to yCD (1.33%) are all within 2% of one
another. However, the sodium complex of M7 and BCD exhibits
a stark difference of 7.48%. Because M7 falls along the empiri-
cal trendline for the maltodextrin series, this comparatively
large %CCS difference between M7 and BCD is not a conse-
quence of M7, but rather due to the anhydrous structure of fCD
exhibiting a size larger than would be predicted from the linear
dextrin trend. This apparent anomalous increase in size is
observed in all of the metal complexes formed by BCD, includ-
ing [BCD + H]" suggesting this increase in CCS is specific to the
gas-phase structural preference of BCD and not a consequence
of specific cation coordination.

Structural insight from computational modeling

To investigate this observation further, sodium-coordinated
complexes for M7 and the three cyclodextrins were computa-
tionally modeled. Conformational scatter plots for each of the
four systems were generated by plotting the theoretically-
predicted CCS values of 3000 energy-minimized structures
obtained via projection approximation parameterized in
helium ("™°"PACCSy.), against their calculated relative ener-
gies (Fig. 4). Distribution frequencies for each calculated
dimension (CCS and relative energy) are shown in the adjacent
histograms. Experimental ®"CCSy. values measured for each
complex are overlayed with shaded regions corresponding to
£3%. Predicted structures falling within this +3% window
were considered to be in alignment and were prioritized in
further hierarchical clustering analysis.

By subjecting candidate structures to a clustering analysis
based on the root-mean-square (RMS) distance of atoms from
superimposed structures (Table S4), a representative candidate
structure for the gas-phase conformations of each complex can
be visualized. These average structures were selected based on
their RMS deviation from the mean and provide a visual
reference (Fig. 4) for the molecular geometry of the sodium-
coordinated complexes. The side views provide a lateral per-
spective that distinguishes both secondary and primary hydro-
xyls, while the bottom view represents a perspective of looking
through the primary opening of the conical frustum.

The differences in the relative location of the sodium cation
in [BCD + Na]" are immediately apparent when compared to the
other complexes. Specifically, in [xCD + Na]', [M7 + Na]’, and

This journal is © the Owner Societies 2025
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Fig. 4 Theoretical conformational space plots and representative candidate structures for non-covalent complexation of (A) [@CD + Nal*, (B) [BCD +
Nal*, (C) IM7 + Nal*, and (D) [yCD + Na]*. Histogram distributions of CCS values (bin size = 2.5 A?) and relative energies (bin size = 2.5 kcal mol™) of
theoretical structures are oriented along the corresponding axes. The histogram y-axes correspond to the total number of structures. The measured drift
tube CCS value for each of the complexes is represented by the vertical dotted line, with the shaded regions representing a threshold corresponding to
+3% of the empirically-measured CCS. Visual representations of candidate structure include a side view (smaller, primary hydroxyl ring on bottom) and a
bottom view (looking through the primary opening of the CD). The sodium cation (green sphere) is visually scaled to the same diameter in each

projection.
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[YCD + Na]’, the sodium cation is incorporated in a central
position relative to the carbohydrate subunits and preferen-
tially coordinates with the primary hydroxyls, which is in
agreement with previous investigations of site-specific CD
complexation, especially those involving [¢CD + Na]".>* By
contrast, the sodium cation present in the average structure
of [BCD + Na]' is located along the periphery of the larger,
secondary opening of the cyclodextrin.

In the absence of a cation, the structures adopted by
cyclodextrins are dictated by the capacity of their secondary
hydroxyl groups to interact with and form hydrogen bonds with
adjacent moieties. In BCD, all constituent secondary hydroxyls
are able to hydrogen bond, allowing for the formation of a
symmetrically coordinated ring of hydroxyls along the larger
secondary opening of the conical frustum. However, in the
cases of aCD and yCD, symmetric coordination of hydroxyls are
absent due to the slightly distorted sterics of glucopyranoside
units in the former and the non-coplanar, flexible structure of
the latter." The linear dextrin M7, despite exhibiting an our-
oboric structure, is similarly hindered from adopting an
ordered coordination structure due the steric interference
resulting from its terminal units not being covalently linked
as they are in fCD. The presence of a preorganized network of
intramolecular hydrogen bonds in BCD thus provides a
thermodynamically-favorable environment for initial metal
coordination along the secondary rim of the cyclic structure
in solution, which appears to be preserved in the gas phase."*®
In the other structures, where this chain of hydrogen bonding

[aCD + Na]*
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is either disrupted or incomplete, the more favorable region for
coordination is found to be the center of the smaller, primary
opening, where the metal has the greatest probability of inter-
acting with the largest number of primary hydroxyls.

Previous computational studies on metal-CD complexes
report two general groups of conformations: those that con-
serve the initial truncated cone orientation formed by the
glucopyranoside residues and those that disrupt this
orientation.”” In this present study, introducing an alkali metal
cation to BCD has the effect of disrupting concerted hydrogen
bonding, causing the cyclodextrin to distort, with its primary
hydroxyls no longer directed inward but instead displaying a
more vertical orientation relative to the primary axis of the
cavity. This change in structure in response to metal coordina-
tion, along with the disruption of hydrogen bonding, results in
a measurable increase in the "'CCSy. values adopted in the gas
phase for [BCD + Na]’, likely resulting in the comparatively
large %CCS difference between [BCD + Na]" and its linear
analog, [M7 + Na]". Some additional metal-independent struc-
tural details are also reflected in the representative candidate
structures projected. For example, in the bottom view of
[«CD + Na]’, one of the six subunits is visibly canted, under-
scoring the expectation of distorted sterics associated with
aoCD. In the context of metal-coordination, however, this has
the effect of providing an additional primary hydroxyl capable
of coordinating with the sodium cation. Another example is the
flexing and flattening of the truncated cone structure observed
for [yCD + Na]’, wherein the conical conformation begins to

(B)

[BCD + NaJ*

(D)

Fig. 5 Coordination environment for (A) [aCD + Nal*, (
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[yCD + NaJ*
~

o

W

(B) [BCD + Nal*, (C) [M7 + Nal™, and (
sphere) was evaluated within a radius of 3.5 A from the center. Coordinating oxygens indicated by yellow dashed lines representing bond distances
measured in A.

D) [yCD + Nal*. Coordination sphere of sodium (green
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contort into a more disk-like orientation. The asymmetric
structural motifs found in the even-numbered cyclodextrin
analytes (a«CD and yCD) are more likely to mirror the gas-
phase structures of their linear counterparts, which would also
experience steric differences due to the lack of covalently-
bonded terminal glucopyranosides.

A detailed evaluation of the representative candidate struc-
tures reveals specific differences in the coordination environ-
ment adopted by non-covalent metal-dextrin complexes
(Fig. 5). The extent of sodium cation coordination observed in
each of the four candidate structures was assessed by analyzing
the spatial arrangement and proximity of oxygen atoms within
a 3.5 A radius threshold which was chosen based on reported
bond distances associated with alkali-metal coordination.*
When considering both the total number of interactions and
the identities of participating oxygen species, aCD exhibited the
most limited coordination sphere, with only four oxygen atoms
contributing short-range interactions and each constituent
oxygen belonging to a primary hydroxyl (Fig. 5A). By contrast,
BCD, yCD, and M7 all demonstrated a more populated coordi-
nation environment, with six instances of sodium-oxygen
interactions occurring within a distance of 3.5 A from the
metal. Despite containing the same number of interactions,
however, the specific oxygens involved in coordination varied
widely across the different dextrins. For example, M7 exhibited
coordination with five primary hydroxyls and one secondary,
terminal hydroxyl due to its linear structure (Fig. 5C). The
flattened structure adopted by yCD results in a total of six
interactions within 3.5 A, with an even number (3/3) distributed
between primary and secondary hydroxyls (Fig. 5D). To accom-
modate this higher level of coordination, one glucopyranoside
subunit of yCD rotates relative to the others (Fig. S7). Despite
the torsion required to adopt this configuration, this candidate
structure corresponds to the lowest energy region of the scatter
plot, and thus the energy expenditure to contort the subunit
may be offset by the additional coordination gained from this
configuration.

In terms of interaction distances, the primary hydroxyls of
vCD are, on average, closer to the sodium cation, and as such
likely exert a stronger influence on the stability and molecular
framework of [yCD + Na]". Finally, for [BCD + Na]’, the
coordination environment of the representative structure is
significantly different than what is predicted for the other three
complexes. Due to the favorability of the stabilized hydrogen
bonding network along the secondary opening, the candidate
[BCD + Na]" configuration is entirely absent of close interac-
tions with any primary hydroxyl oxygens. Instead, the coordi-
nating atoms consist of six constituents, three secondary
hydroxyl and three glycosidic oxygens, of which two are oxygens
involved in the 1-4 covalent bridge between glucose subunits.
The favorable coordination structure which forms along the
wider, secondary opening of BCD is likely one of the driving
forces dictating the strong host-guest interactions that are
characteristic of PCD-based inclusion complexes, and may
provide insight into the potential structural perturbations
impacting the loading and release of exogenous guest
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compounds.”**® A summary of bond distances for sodium
coordination are provided in Table S5, while complete atom
list and coordination environments for «CD, CD, yCD, and M7
can be found in Tables S6, S7, S8, and S9, respectively.

While gas-phase conformations are not expected to be
identical to those present in solution, binding preferences
resulting from structural properties and intrinsic interactions
(namely hydrogen bonding) are able to exist in the gas-phase
uninhibited by solvent effects, meaning that gas-phase analyses
are representative of preferential binding sites and intrinsic
stabilities that serve as the foundation for solution-phase
interactions. Furthermore, previous IM-MS and MS/MS studies
indicate structural similarity between anhydrous, gas-phase
structures and their solution-phase counterparts, thus IM-MS
investigations supported by computational modeling can serve
as a means to investigate native-like conformations.*®**

Conclusions

In this study, we utilize an experimental IM-MS workflow
complemented by computational modeling to garner structural
information that aids in our understanding of CD inclusion
complexes and the specific role of alkali-metal coordination on
promoting CD host-guest complexation. Conformational space
mapping of the mobility-mass correlations observed in the IM-
MS data revealed a highly linear progression of CCS in response
to increasing oligomer size of the linear maltodextrins, but also
a comparatively anomalous structural ordering of the cyclic
dextrins that suggested the CDs adopt unique gas-phase struc-
tures. BCD in particular exhibited a strong deviation to larger
CCS values relative to the mobility-mass correlations observed
in other CDs.

Computational results yielded theoretically generated struc-
tures for the coordination complexes. While the HF/6-31G*
level of theory has known limitations, particularly in capturing
dispersion interactions and precise coordination geometries,
the trends observed here are consistent with previously
reported DFT-calculated structures, with these results provid-
ing a reasonable qualitative model for interpreting gas-phase
IM-MS data. Structural interpretation of the aligned candidate
structures suggested that all of the dextrins tended to adopt
anhydrous structures where the metal ion is positioned sym-
metrically at the center of the coordination complex, except
BCD, which prefers an asymmetric coordination of the sodium
towards the secondary hydroxyls of the CD structure. This
periphery binding of the metal cation in BCD results in a
vacancy that provides a favorable coordination environment
for guest inclusion; thus, the metal-coordinated PCD complex
adopts a rigid anhydrous structure with a corresponding higher
CCS than is observed by the other CDs which may correlate
with BCD’s high affinity for forming small molecule host-guest
complexes.

In the context of pharmaceutical formulation, these results
imply that the choice of counterions, excipients, and API can
induce specific structural perturbations that could impact drug
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loading or release. As IM-MS instrumentation and molecular
modeling strategies continue to progress, further examination
of metal-CD systems with expansion to multi-charged and non-
alkali metal cations and anions, as well as functionalized CDs,
will remain integral to the informed application of CD host-
guest inclusion complexes.
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