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ABSTRACT: The analysis of glycans presents a significant
challenge that arises from their isomeric heterogeneity. While
high-resolution ion mobility spectrometry (IMS) has shown the
ability to resolve subtly different glycan isomers, their unambiguous
assignment remains difficult. Here, we demonstrate an infrared
(IR) spectroscopic approach for identifying isomers in a glycan
mixture. To display the feasibility of this approach, we have
constructed a small database of cryogenic spectra of five lacto-N-
fucopentaose (LNFP) and six disaccharide isomers and demon-
strated that in the cases where they cannot be separated by IMS,
we can use a cryogenic IR spectrum to identify the isomeric
components of a mixture.

■ INTRODUCTION

Oligosaccharides, or glycans, play a fundamental role in a
multitude of biological processes. For example, in the form of
glycoproteins or glycolipids at the cell surface, they are
involved in cell-to-cell communication and immune re-
sponse.1,2 As free glycans in human milk, they influence the
development of gut microbiota in infants.3,4 A first step in
elucidating the function of a particular glycan is to identify its
primary structure, including the stereochemistry of the
glycosidic linkages. However, the inherent isomeric complexity
of this class of molecules presents a formidable analytical
challenge.5,6

A variety of techniques have been employed for the
structural determination of isomeric glycans. While the speed
and sensitivity of mass spectrometry (MS) make it ideal for
most forms of biomolecular analysis, it is impossible for single-
stage MS alone to distinguish between isomers. Tandem MS,
most frequently using collision-induced dissociation (CID),
can identify many isomeric glycans by their fragmentation
patterns,7−11 however, it often has difficulty in distinguishing
between the most subtly different isomeric forms. These
limitations can be partially overcome by the addition of an
orthogonal technique, such as ion mobility spectrometry
(IMS), which separates gas-phase ions based on their
collisional cross section (CCS).12−15 Recent developments in
IMS methods, such as trapped ion mobility spectrometry
(TIMS),16 cyclic IMS (cIMS),17 and structures for lossless ion
manipulation (SLIM),18,19 offer significantly higher resolution
than standard drift-tube IMS in many cases, enabling the
separation of glycan isomers.20−23 While combining high-
resolution IMS with tandem MS helps reduce the problem, the

highly complex mobility profiles often leave isomer identi-
fication ambiguous.24

Another orthogonal technique that has been combined with
MS to identify glycans is infrared (IR) spectroscopy.25−30 We
have recently coupled cryogenic IR spectroscopy with IMS-MS
and demonstrated how spectroscopic fingerprints can be used
for glycan identification.14,26,31−34 This approach is particularly
robust since a vibrational spectrum is a highly structure-specific
property of the molecule itself that is relatively insensitive to
experimental conditions. Any slight variations in the molecular
structure will affect the vibrational mode frequencies, which
can easily be detected.33,34

This study aims to demonstrate that cryogenic IR spectra
can be used in a database approach for the unambiguous
identification of glycan isomers in a mixture. Database
approaches are used for identifying glycans on the basis of
tandem MS16,35−38 as well as collision cross sections
determined by ion mobility.39 In our approach, we create a
spectroscopic database using high-resolution ion mobility to
separate isomers and then measure an IR spectrum of the
isomerically pure species. For the initial creation of the IR
reference database, high ion mobility resolving power is
necessary, but once these spectra are measured, any separation
technique (liquid chromatography (LC), IMS, etc.) can be
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used in conjunction with IR spectroscopy for identification and
quantification of the isomeric composition. Even components
that are not fully separated by ion mobility or liquid
chromatography can be identified by decomposition of the
cryogenic IR spectra of the overlapping isomers, as long as the
corresponding isomerically pure reference spectra have been
added to the database.
To illustrate the feasibility of this approach, we use a set of

five isomeric human milk oligosaccharides (HMOs), lacto-N-
fucopentaoses (LNFPs), shown in Figure 1, from which we
construct a small database of cryogenic IR spectra. We then
use this database to determine the presence of these glycans in
mixtures.

■ EXPERIMENTAL METHODS
Sample Preparation. Human milk oligosaccharides

(HMOs), LNFP I, II, III, and V, were acquired from
Carbosynth Ltd., and LNFP VI was purchased from Dextra
Laboratories Ltd. An HMO mixture that includes 60% penta-
and hexasaccharides was purchased from Carbosynth Ltd. and
made into a 0.1 mg/mL solution. All samples were prepared in
a 50:50 mixture of water/methanol and used without further
purification.
Instrumentation. The experiments were performed on a

home-built instrument,26,40 shown schematically in Figure 2,

which incorporates structures for lossless ion manipulation
(SLIM)18,41 for ion mobility separation and a cryogenic planar
ion trap with a time-of-flight (TOF) mass spectrometer for IR
spectroscopy.37

Briefly, oligosaccharide solutions with concentrations of 10−
25 μM are introduced into the instrument through a heated
stainless-steel capillary (170 °C) using a nanoelectrospray
(nESI) source. Initially, the ions are guided through a set of ion
funnels and accumulated in an ion funnel trap (IFT). Short
intense ion packets (≈130 μs wide) are then released from the
IFT and guided to the SLIM-IMS region filled with helium at 3
mbar, where molecules are separated according to their drift
time.
Our SLIM-IMS device, which we described in detail

previously,26,37,40 was designed following the work of Smith
and co-workers.18,41 It comprises a pair of mirrored 15 × 15
cm2 printed circuit boards (see Figure 2), featuring a 1.5 m
single-cycle serpentine path for ion mobility separation and a
set of six individually accessible traps for storage of ions with
selected mobility. Long path lengths are achieved by allowing
the ions to cycle through the serpentine path multiple
times.26,42

Following separation, mobility-selected ions are guided
through differential pumping stages and a quadrupole mass
filter toward the cryogenic planar ion trap maintained at 40 K,
where they are cooled through collisions with a He/N2 (90:10)
gas mixture and tagged by weakly binding one or two nitrogen
molecules. At these low temperatures, different ions will have
different tagging efficiencies, which we measure. The cold
tagged ions are subsequently irradiated with a 50 ms slice from
a continuous-wave mid-IR laser (IPG Photonics) and mass
analyzed using the TOF mass spectrometer. Upon absorption
of an IR photon, energy is redistributed among the vibrational
modes of the ion, leading to dissociation of the nitrogen tag(s).
We obtain an IR fingerprint spectrum of the tagged species by
measuring the ratio between tagged and [tagged + untagged]
ions at each laser wavenumber step. The power across the
entire IR frequency range is maintained at 0.2 W. A typical
spectrum takes 5 min to record. To acquire an arrival time
distribution (ATD) of ions following SLIM-IMS separation, a

Figure 1. SNFG representation of the studied human milk
oligosaccharides.

Figure 2. Schematic of the experimental setup.
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channeltron detector is used after m/z selection by the
quadruple mass filter.
Infrared spectral decomposition was performed using

MATLAB. We used the fminsearch function to iteratively
minimize the root-mean-square deviation (RMSD) between
the spectrum of a mixture and a synthetic spectrum
constructed from all normalized reference spectra. This
spectral decomposition process yields an isomer ratio that
corresponds to the best fit of the measured spectrum. The
resulting isomer ratios are then linearly corrected by the
relative tagging efficiencies at 40 K of all isomers to give a more
accurate representation of the mixture composition.

■ RESULTS AND DISCUSSION

Sodiated LNFP Isomers. Our initial studies focused on
the isomers LNFP I, II, III, V, and VI in their singly sodiated
charge state (m/z = 876.3 Th). A pure sample of each species
was first analyzed to obtain a set of IR reference spectra
(Figure S1, Supporting Information), which serve as
identifying fingerprints. In the measured 3250−3700 cm−1

spectral region, which covers the free and hydrogen-bonded
OH and NH stretch vibrations, each isomer shows a unique
spectrum that is easily distinguishable from the others. The

arrival time distribution of each isomer sample exhibits a single
major peak, although the line shapes suggest additional
unresolved features in most cases (Figure S2). This is likely
due to the overlap of the reducing-end anomers, which are in
equilibrium in solution before being electrosprayed but do not
interconvert in the gas phase.43 In many cases, we can resolve
these anomers and assign them, for example, by comparing
with spectra of O-methylated species, which are locked in a
particular configuration.34 Since we do not resolve the
individual reducing-end anomers in this case, all reference
spectra acquired for the [M + Na]+ charge state correspond to
a mixture of these species.
Having measured the reference spectra, we then prepared an

equimolar mixture containing all five isomers, introduced them
into our instrument, and used SLIM-IMS to separate them.
Figure 3a shows the ATD of the mixture after 7 cycles on the
SLIM separation track (∼10.5 m drift length), which exhibits
three major peaks. Figure 3b,c displays the IR spectra in colors
corresponding to each of these arrival time peaks. Comparison
of these spectra to our database (Figure S1) allowed us to
attribute the second and third peaks in the ATD of Figure 3a
to LNFP V and I (Figure 3b), respectively, and the first peak to
an overlap of LNFP II, III, and VI (Figure 3c,d).

Figure 3. (a) Arrival time distribution of the mixture including LNFP I, II, III, V, and VI ([M + Na]+ charge state) obtained after 7 SLIM cycles,
≈10.5 m drift length; (b) messenger tagging IR depletion spectra corresponding to individual peaks 2 (green) and 3 (blue) shown in panel (a)
compared with the reference spectra identifying each (gray); (c) messenger tagging IR depletion spectra of the species found in peak 1 (red) shown
in panel (a) compared with the best fit synthetic spectrum identifying the isomers present (gray); and (d) bar plot showing percentages of LNFP
isomers in the best fit synthetic spectrum of panel (c).
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LNFP Isomers in the [M + H + K]+2 Charge State. To
address the issue of overlapping isomers in the ATD of the
sodiated species, we also investigated the protonated−
potassiated doubly charged species of the LNFP isomers (m/
z = 446.6 Th). As before, we acquired a reference IR spectrum
for each pure isomer (Figure S3), which serves as an
identifying fingerprint. Unlike the sodiated species, some of
the LNFP isomers in the [M + H + K]2+ charge state clearly
display two major peaks in their ATD (Figure S2b), most
probably originating from the two reducing-end anom-
ers,17,20,34 which further complicates complete IMS separation
of all isomers in the mixture. Examples of anomer-specific
spectra are shown in Figures S4 and S5; these were also added
to our small database.
Figure 4 shows the arrival time distribution of the mixture of

all five LNFP isomers in the [M + H + K]2+ charge state after

eight separation cycles (12 m), where the identity of individual
drift peaks is assigned based on their drift times (Figure S2b).
Even though LNFP II, III, and VI show partial separation, the
overlap between other isomers is observed due to multiple drift
peaks appearing for the individual compounds in the [M + H +
K]2+ charge state. Thus, we cannot completely separate and
identify all isomers of LNFPs present in this mixture using IMS
alone, even when using both the singly sodiated and
potassiated−protonated charge states. If we were to cycle the
ions further to increase the resolution and separate the

individual peaks, the ions would begin to overlap in the 1.5 m
mobility separation region of our SLIM device.

Isomer Identification Using Spectral Decomposition.
A vibrational spectrum is an intrinsic property of a molecule,
and given its sensitivity to the precise molecular structure, it
provides a unique identifying fingerprint. If a reference
spectrum of each of the constituents of a mixture is known,
such as in the database for LNFP isomers presented in this
work, it should be possible to identify the individual
components in the IR spectrum of the mixture. In this case,
high-resolution ion mobility serves to reduce the number of
components in the composite spectrum, thus decreasing the
complexity of the spectral decomposition.
To test our ability to identify species that we cannot fully

separate by ion mobility, we investigated equimolar mixtures of
those LNFP isomers that overlap most closely in their arrival
time distributions: LNFP I and II in the [M + H + K]2+ charge
state (Figure 4) and LNFP II, III, and VI in the [M + Na]+

charge state (peak 1 in Figure 3a).
Figure 5 shows the optimal synthetic spectrum (red) for the

equimolar mixture of LNFP I and II in the [M + H + K]2+

charge state obtained from the MATLAB decomposition
algorithm, compared to the measured spectrum (gray). Even
though these species almost completely overlap in their ATD
after a 12 m separation drift length, the algorithm correctly
identifies them as major constituents of the mixture (43.9%
LNFP I and 55.5% LNFP II), demonstrating the sensitivity of
the cryogenic IR spectra to the slightest structural differences.
As for the equimolar mixture in the [M + Na]+ charge state

(Figure 3c,d), the decomposition algorithm successfully
identifies the major isomers that overlap in the first peak of
the ATD shown in Figure 3a. However, the percentages we
obtain (26, 23.3, and 48.7%, for LNFP II, III, and VI,
respectively) do not reflect the expected isomer ratios of the
equimolar solution. The reasons for this are discussed below.
To further assess the performance of spectral decom-

position, the reference cryogenic IR spectra of a series of six
isomeric disaccharides (Figure S6) were measured in the [M +
Na]+ charge state (Figure S7). Various mixtures of these
disaccharides were then prepared, and the IR spectrum of each
mixture without IMS separation was measured and analyzed.
The decomposition algorithm successfully identified the
constituent isomer makeup of each spectrum (Figures S8−
S14), with a detection limit of 2.9% (2σ) in the mixtures we
examined. This value was determined by considering all of the
percentages of falsely identified isomers. This method is thus

Figure 4. Arrival time distribution of LNFP I, II, III, V, and VI
mixtures ([M + H + K]2+ charge state) obtained after eight SLIM
cycles (12 m drift length). Each peak is denoted with its isomer
content.

Figure 5. (a) Messenger tagging IR depletion spectra of an equimolar mixture of LNFP I and II in the [M + H + K]2+ charge state (red) compared
with the best fit synthetic spectrum (gray) and (b) bar plot showing percentages corresponding to the best fit synthetic spectrum.
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well suited for solving the problem of overlapping ion mobility
peaks and can give reliable identification of the constituent
isomer makeup in complex mixtures, although as discussed
more fully below, our ability to perform a quantitative analysis
is still limited.
Application to an Unknown Mixture. Having applied

our database approach to mixtures of known concentration, we
proceeded to analyze a sample obtained from Carbosynth Ltd.,
which contains an unknown mixture of HMOs including lacto-
N-fucopentaoses. According to the supplier, the raw material
for this sample was obtained from a panel of subjects and
purified using liquid chromatography. Figure 6a shows the
ATD of sodiated LNFP found in this sample after 7 cycles on
our SLIM board. Visual comparison of this ATD to that in
Figure 3a suggests the presence of at least one of LNFP II, III,
and VI in the first peak, the possibility of LNFP V in the
middle region, and LNFP I in the second, well-resolved peak.
It is important to note that the ATDs shown in Figures 3 and 6
correspond to the same drift length, however, the drift times
differ due to different separation conditions used in each
experiment (different traveling wave pulse voltage and speed).
A small peak appears in the ATD at about 114 ms, which is not
present in Figure 3a. We believe this is an artifact, perhaps
from a solvent cluster since it disappears when the drift gas is
changed from He to N2 (Figure S15).
The cryogenic IR spectrum of the first ATD region was

measured and analyzed using the spectral decomposition
method as described above. Indeed, Figure 6b shows that the
synthetic spectrum using the percentages returned by the
decomposition algorithm (gray trace) is virtually identical to
the measured spectrum (red trace), with its major components

being LNFP II (61.8%) and III (37.5%). The algorithm also
shows a minor contribution of LNFP VI (0.7%), which is
below the limit of detection using this approach. Thus, we
conclude that the first peak in the ATD of Figure 6a contains
primarily LNFP II and III. The IR spectrum of region 2, shown
in Figure 6c, indicates an exact match with LNFP I, thus
confirming its presence. We also found that the spectrum of
the ions arriving between the two main peaks in the ATD
corresponds to that of LNFP V in our database (Figure S16).

Issues Related to Quantitation. While we have
demonstrated that spectral decomposition is well suited for
the identification of isomers present in the mixtures, the
precise quantitation of the isomer content in the mixture
solution is complicated by several issues that are intrinsic to
ESI-MS analysis.44,45 These issues include possible differences
in the ionization efficiencies and charge-state distributions of
different isomers, as well as charge competition upon ESI.46

For example, the spectral decomposition of an equimolar
mixture of LNFP I and II, as well as some of the binary
mixtures of disaccharides that we studied, showed nearly equal
ratios between each isomer, whereas in equimolar solutions
with more than two isomers, at least one isomer was
underestimated (Figures S10−S14). It is important to
emphasize that this issue is not related to the spectral
decomposition itself since this method accurately determines
the gas-phase isomer ratios even though they might differ from
the solution ratios due to the aforementioned effects.
To be able to determine the in-solution isomer composition

quantitively, one can perform a derivatization step to tag
glycans with a label, such as ProA or RapiFluor,47 which can
help to mitigate the differences in the ionization efficiency and

Figure 6. (a) Arrival time distribution of LNFPs found in the Carbosynth HMO sample ([M + Na]+ charge state) obtained after 7 SLIM cycles
(∼10.5 m drift length); (b) messenger tagging IR spectra of species found in the ATD region 1 (red), plotted against the best fit synthetic spectra
identifying the isomers present (gray); (c) region 2 spectrum identifying LNFP I; and (d) bar plot showing percentages of LNFP isomers in the
best fit synthetic spectrum of panel (b).
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charge competition of different isomers. We are currently
studying the spectroscopic fingerprints of labeled glycans and
planning to further develop our approach for quantitative
spectroscopic analysis of isomeric glycan mixtures.

■ CONCLUSIONS
In this work, we have demonstrated the principle that a library
of cryogenic IR spectra can be used for identification of
isomeric glycans in mixtures. We emphasize that high-
resolution ion mobility is only necessary for obtaining
isomerically pure IR fingerprints to build the database. Once
the database is available, any moderate resolution IMS device
could be used for partial separation and reduction of the
number of overlapping species for reliable IR spectra
decomposition and isomer identification. It is worth noting
that under moderate separation conditions, it would be almost
impossible to perform isomer identification using ion mobility
alone or even in combination with fragmentation techniques
since this would require unique fragment peaks for each
isomer. In contrast, the linear nature of IR spectra and their
high sensitivity to even minor structural variations between
isomers make identification by spectral decomposition feasible.
The identification process could be accelerated by shortening
the IR scanning range, thereby reducing the IR spectral
acquisition time. In addition, with an extensive database,
machine learning methods could be introduced to identify
unique regions of the isomer spectra, which would further
reduce the scan range and acquisition time. The spectral
measurement process can also be multiplexed, which will allow
the acquisition of spectra of many species (including isomers)
within a single laser scan.48

While our approach correctly identifies glycans from a
mixture, issues remain in relating the relative gas-phase
intensities that we observe to concentrations in solution
prior to electrospray. Ongoing work using labeled glycans,
which should have much more uniform ionization efficiencies,
is currently underway.
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Moléculaire, École Polytechnique Fédérale de Lausanne,
EPFL SB ISIC LCPM, CH-1015 Lausanne, Switzerland;
orcid.org/0000-0002-9235-0774

Vasyl Yatsyna − Laboratoire de Chimie Physique Moléculaire,
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Moléculaire, École Polytechnique Fédérale de Lausanne,
EPFL SB ISIC LCPM, CH-1015 Lausanne, Switzerland

Stephan Warnke − Laboratoire de Chimie Physique
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