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ABSTRACT: The structural complexity of glycans makes their characterization challenging, not only because of the presence of
various isomeric forms of the precursor molecule but also because the fragments can themselves be isomeric. We have recently
developed an IMS-CID-IMS approach using structures for lossless ion manipulations (SLIM) combined with cryogenic infrared
(IR) spectroscopy for glycan analysis. It allows mobility separation and collision-induced dissociation of a precursor glycan followed
by mobility separation and IR spectroscopy of the fragments. While this approach holds great promise for glycan analysis, we often
encounter fragments for which we have no standards to identify their spectroscopic fingerprint. In this work, we perform proof-of-
principle experiments employing a multistage SLIM-based IMS-CID technique to generate second-generation fragments, followed
by their mobility separation and spectroscopic interrogation. This approach provides detailed structural information about the first-
generation fragments, including their anomeric form, which in turn can be used to identify the precursor glycan.

■ INTRODUCTION
Glycans adorn the surfaces of virtually all cells and serve
numerous biological functions, including cell-to-cell recog-
nition, protein folding, and immune response.1,2 Despite their
importance, their inherent isomeric complexity makes their
characterization extremely challenging using mass spectrome-
try (MS) alone. Tandem mass spectrometry (MSn) can reveal
information about linkage position and branching, but
differentiation between all isomeric forms, especially the
anomericity of the glycosidic linkages, remains challenging.3−7

Using MSn in conjunction with different separation
techniques, such as liquid chromatography (LC) and capillary
electrophoresis (CE), can be a powerful means to identify
glycan isomers.8−14 Nevertheless, these methods often require
derivatization steps and lengthy run times. Ion mobility
spectrometry (IMS), which can separate gas-phase ions on a
millisecond time scale based on their average collisional cross-
section, has shown great promise for distinguishing glycan
isomers,15,16 particularly when combined with MSn.16−28 While
this combination has proven to be effective, isomeric glycans

frequently produce isomeric fragments, which require addi-
tional IMS separation. There is a need for instruments that can
perform IMSn experiments in which ions can be fragmented
between consecutive IMS rounds. Toward this end, Li et al.
developed a tandem IMS instrument to study a mixture of
pentasaccharides and revealed isomeric heterogeneity of its
fragments.29 Clemmer and co-workers developed an IMS-IMS
analogue to MS-MS that allows mobility separation of ions
prior to collisional activation inside a drift tube followed by
mobility-separation of fragment ions in a second IMS region
with the possibility of additional collisional activation before
MS analysis.30 They applied it to distinguish a set of glycan
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isomers that differ by linkage anomericity, position, or both.31

Giles et al. have developed a high-resolution traveling wave-
based cyclic IMS (cIMS) instrument in which mobility
separated ions can undergo a series of selection, collision-
induced dissociation (CID), and separation steps several times
before MS detection,32 and this platform has been used for
structural characterization of isomeric glycans.33−36

Over the past few years, it has become clear that gas-phase
IR spectroscopy, particularly at cryogenic temperatures, can
distinguish isomeric glycans with the subtlest of structural
differences.37 We have recently demonstrated that a combina-
tion of high-resolution IMS based on structures for lossless ion
manipulations (SLIM)38,39 with cryogenic IR spectroscopy can
be used for unambiguous identification of glycan isomers via
their IR fingerprint.40−45 We have also developed a SLIM-
based IMS-CID-IMS-IR approach, which allows fragments of
mobility-separated precursor ions to undergo further isomer
separation before spectroscopic interrogation,46 and applied it
to identify positional isomers and anomers of glycans.47−49 We
illustrated how this approach can be used to expand an IR
fingerprint database without heavy reliance on isomerically
pure glycan standards. While this spectroscopic database
approach holds great potential, we still encounter fragments
for which the IR fingerprints are not contained in the database.
To solve this problem, we have developed a SLIM-based

multistage IMS-CID technique combined with cryogenic IR
spectroscopy. Using this approach, we can generate second-
generation fragments from mobility-selected first-generation
fragments, separate them once again by their mobility, and
then measure their IR fingerprint. These mobility-selected
second-generation fragments are then identified by comparing
their IR fingerprints to reference spectra from our spectro-
scopic database. This allows us to identify the first-generation
fragments that are not contained in the database, which in turn
facilitates reconstruction of the precursor structure. After
performing this procedure, our spectroscopic database can be
expanded by adding the IR fingerprints of both the first-
generation fragments and the precursor structures. This
procedure only has to be done once per unknown species,
since in subsequent analyses they can be detected directly by
their IR fingerprint.
We demonstrate the proof-of-principle of this novel

approach using human milk oligosaccharides (HMOs) as
examples. While the structures of HMOs used in this work can
be determined using tandem mass spectrometry, they serve as
a good illustration of how this approach works.

■ EXPERIMENTAL METHODS
Experiments were performed on a newly developed, home-
built instrument, described in detail elsewhere,50 which couples
traveling-wave ion mobility spectrometry (TW-IMS) using
SLIM38,39 with CID and messenger-tagging spectroscopy.
Briefly, ions generated by nanoelectrospray ionization (nESI)
are guided by a dual-stage ion funnel assembly into an ion
mobility module. In the SLIM-IMS device, the TW potentials
are generated between electrodes on two parallel printed
circuit boards to propel the ions through N2 drift gas
maintained at a pressure of 2.2 mbar. Upon entering the
SLIM module, the ions are accumulated in a 2 m long storage
section51 and then released as packets into the separation
section. Our SLIM device features a single-pass path length of
10 m, achieving a resolving power of ∼200, with the possibility
to cycle the ions through the separation device multiple times

to achieve higher resolution.50 The mobility-separated ions are
then guided through differentially pumped stages into a
cryogenic, planar trap maintained at a temperature of 45 K.
Collisions with the cold buffer gas (He/N2, 80/20 mixture)
lead to cooling and subsequent attachment of N2, which serves
as a “messenger tag” to detect IR absorption.52,53 The
vibrational spectrum is obtained by irradiating the N2-tagged
ions with a continuous-wave mid-IR laser (IPG Photonics)
operated at 0.5−1 W output power with a line width of ∼1
cm−1. When the laser wavenumber is in resonance with a
vibrational band of the tagged ion, absorption of an infrared
photon causes the N2 tag to boil off, which is detected by a
commercial time-of-flight mass spectrometer (Tofwerk). We
obtain the IR spectrum of the species by plotting the ratio of
the tagged ion signal to the sum of the tagged and untagged
ion signal as a function of laser wavenumber. All ions were
studied in their singly sodiated charge state.
IMS3−IR Experiments. Our SLIM module features on-

board traps that can be used for performing CID.46 We make
use of two metallic grids placed at the entrance of the trap and
separated by a distance of 0.8 mm to achieve a homogeneous
electric field of up to 3300 V/cm for efficient CID.47,48,50 The
(IMS)3 experiments consist of several steps. First, the
precursor ions are separated by their mobility on the 10 m
serpentine SLIM track. Then, ions of a certain mobility are
diverted into the CID trap, which is held at a lower potential
bias than the separation region. They are accelerated as they
pass through the grids placed at the trap entrance and undergo
fragmentation upon energetic collisions with the drift gas. The
bias potential of the trap is then raised to the level of the
separation region to allow both the precursor and first-
generation fragment ions to exit the trap. The isomeric first-
generation fragments are made to undergo additional
separation cycle(s) on the SLIM device, during which time
they are diverted once again into the on-board CID trap and
fragmented further. The resulting second-generation fragments
are then released from the trap and either exit the SLIM device
directly or first undergo additional mobility-separation before
being directed to the cryogenic ion trap, where we record their
IR spectrum.
Materials. The glycans lacto-N-difucohexaose II (LNDFH

II), lacto-N-tetraose (LNT), Lewis-a trisaccharide, and 3-
fucosyllactose (3-FL) were purchased from Dextra Laborato-
ries (UK). All glycans were used without further purification.
The samples were prepared in a 50/50 solution of water/
methanol to yield a concentration of 5−15 μM. All solvents
used were HPLC grade. The experiments were performed
using N2 as both a drift gas for ion mobility and a collision gas
for CID.

■ RESULTS AND DISCUSSION
Fragmentation of Mobility-Selected First-Generation

Fragments. The first-generation fragment from LNDFH II at
m/z 876 can be generated by the loss of fucose at the reducing
end, producing Y1β, or the nonreducing end, yielding Y3α’’ (see
Figure 1c for nomenclature). These fragments have the same
composition but differ in the position of the remaining fucose.
The ATD of the m/z 876 fragment after two separation cycles
is displayed in Figure 1a (stage IMS2), which exhibits three
drift peaks. To acquire further structural information, these
first-generation fragments were mobility-selected, retrapped,
and fragmented once again. The resulting mass spectra (Figure
1b) from the first ATD peak (red) and the second and third
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peaks together (blue) reveal a major difference in the
appearance of the m/z 552 and 511 fragments. These
differences indicate the presence of structural isomers of m/z
876, which could be characterized using these diagnostic
fragments. The structure of the m/z 730 fragment, which
results from the loss of two fucose residues from the precursor
glycan, is common to all drift peaks and corresponds to the
commercially available standard known as LNT.
These first results demonstrate the ability of our SLIM

device to perform tandem IMS experiments. As described
below, the IR fingerprints of the m/z 552, m/z 511, and
mobility-selected m/z 730 s-generation fragments can provide
detailed structural information about the first-generation m/z
876 fragment, including its anomericity.
Identification of Isomeric First-Generation Frag-

ments Using IR Fingerprints of Second-Generation
Fragments. While different methods have been used for
identification of structural isomers of HMOs,26,55−57 we use IR
fingerprints of the structurally diagnostic CID fragments. The
second-generation m/z 511 fragment of LNDFH II has the
same structure as 3-FL, which is commercially available. Since
there are no other isomeric fragments with m/z 511 generated
from LNDFHII, we recorded its IR spectrum without further
mobility separation. Figure 2 compares the vibrational
spectrum (blue) of the m/z 511 fragment with that of a 3-
FL standard (gray). The good agreement in both the position
and intensities of all vibrational bands confirms that the m/z
511 fragment is indeed 3-fucosyllactose. Given this, the m/z
876 first-generation fragment contained in peaks 2 and 3 of the
arrival time distribution (blue shaded in left panel of Figure 2)
must correspond to Y3α’’ produced from LNDFH II.
Assuming the dissociation of a single covalent bond under

the CID conditions applied, the second-generation m/z 552

fragment, C2α, would have the same structure as that of a
glycan standard known as the trisaccharide Lewis-a. Figure 2
shows the comparison of the IR fingerprint spectrum of the m/
z 552 fragment (red) with that of a commercial Lewis-a
standard (gray). While the spectra have strong similarities, the
match is not perfect−the spectrum of Lewis-a displays
additional bands at 3458, 3477, 3563, and 3645 cm−1. It is
important to note that assuming the anomericity of the C-
fragment is retained upon CID, as we and others have shown
to be the case,46,58−60 the C2α fragment spectrum displayed in
Figure 2 (red) would correspond to only the β anomer of the
Lewis-a trisaccharide standard. Since the Lewis-a standard is a
mixture of both α and β reducing-end anomers, the additional
peaks in its IR spectrum compared to that of the C2α fragment
are likely to come from the α reducing-end anomer. Data
confirming this conclusion is presented in the Supporting
Information.
Having spectroscopically identified the structure of the m/z

552 fragment, we can determine that the first drift peak in the
ATD of the m/z 876 fragment to Y1β produced from LNDFH
II, where the fucose at the reducing end is lost (see Figure 1c).
Identification of the Anomericity of First-Generation

Fragments Using IR-Fingerprinting of Mobility-Se-
lected Second-Generation Fragments. We now demon-
strate how we can use the second-generation fragment with m/
z 730 to determine the reducing-end anomericity of the m/z
876 fragments. Because we know the structure of LNDFH II,
after the removal of two fucose units, we know that the
structure of the m/z 730 fragment will be the same as that of a
human milk oligosaccharide LNT, which is commercially
available. The ATDs of the m/z 730 fragments generated from
each drift peak of the m/z 876 fragment are displayed in Figure
3a. The ATD of m/z 730 fragments produced from the first
peak of the m/z 876 fragment show two distinct drift peaks,
suggesting the presence of two reducing-end anomers. Those
generated from the second and third peaks yield a single
mobility feature with slightly different arrival times, which
suggests the presence of a single anomer.
While the arrival times suggest that the m/z 730 fragments

generated from the second and third peaks of m/z 876 have
structures identical to those generated from the first peak, this
information alone is not sufficient to determine their reducing-
end anomericity. We therefore recorded cryogenic IR finger-

Figure 1. (a) ATD of singly sodiated LNDFH II after one separation
cycle (stage IMS1) and that of the first-generation fragment (m/z
876) generated from the major peak of LNDFH II after two
separation cycles (stage IMS2). (b) Mass spectrum generated by
fragmentation of different drift peaks (red and blue) in the ATD of
the m/z 876 fragment. (c) The nomenclature of glycan fragments,
following that of Domon and Costello.54

Figure 2. Comparison of cryogenic IR spectra of second-generation
fragments m/z 511 and m/z 552 generated with corresponding
spectra from the database.
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prints of each drift peak of the m/z 730 fragment separately.
Figure 3b shows the comparison of these spectra (displayed in
color) with previously recorded IR fingerprints for the α and β
reducing-end anomers of LNT (displayed in gray)50 (see the
Supporting Information). The IR fingerprints of the first and
second drift peaks of the m/z 730 fragment generated from
first mobility peak of m/z 876 provide a positive match for β
and α reducing-end anomers, respectively. The IR fingerprints
of those generated from the second and third mobility peaks of
the m/z 876 fragment also correspond to the β and α reducing-
end anomers of LNT, respectively.
Since the reducing-end anomericity of Y-fragments does not

change upon CID,48,49 the first peak corresponds to a mixture
of both α and β anomers of the Y1β fragment in the ATD of the
m/z 876 fragment generated from LNDFH II. The second and
third drift peaks belong to the β and α anomers of the Y3α’’
fragment from LNDFH II, respectively. The assignment of the
anomericity of the first-generation fragments was only possible
using the spectroscopic dimension.

■ CONCLUSIONS
In this work, we have demonstrated that (IMS)3-IR experi-
ments allow us to completely elucidate the structure of first-
generation fragment ions by fragmenting them further,
followed by mobility-separation and spectroscopic inter-
rogation of the second-generation fragments. We were able
to not only distinguish between isomeric first-generation
fragments but also identify their anomericity. Since our IR
fingerprint database approach relies on identifying the
fragments by comparing them to a previously recorded
database, this method is particularly useful when we do not
encounter a database match for the first-generation fragments.

The (IMS)3-IR approach serves two purposes; it enables
reconstruction of the unknown precursor glycan structure and
the extension of our IR database with entries of newly
identified structures.
These first results demonstrate application of SLIM-based

(IMS)3 combined with cryogenic IR spectroscopy for glycan
analysis. We envision these results as proof-of-principle for
building a general (IMS)n approach, where mobility-separated
ions can be retrapped, fragmented, and mobility-separated
several times before spectroscopic interrogation until a positive
database match is found. Such an approach should facilitate
rapid structural identification of unknown glycans in their
precise isomeric form.
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730 s-generation fragment after one separation cycle (IMS3)
generated from each drift peak of m/z 876 fragment. (b) Comparison
of the cryogenic IR spectrum of mobility-separated second-generation
m/z 730 fragment from peak 1 (red) and peaks 2 and 3 (blue) of m/z
876 fragment with those of α and β reducing-end anomers of LNT
(gray) from the database.
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