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Abstract
Glycosylation is a ubiquitous co- and post-translational modification involved in the sorting, folding, and trafficking of proteins
in biological systems; in humans, >50% of gene products are glycosylated with the cellular machinery of glycosylation
compromising ~2% of the genome. Perturbations in glycosylation have been implicated in a variety of diseases including
neurodegenerative diseases and certain types of cancer. However, understanding the relationship between a glycan and its
biological role is often difficult due to the numerous glycan isomers that exist. To address this challenge, nanoflow liquid
chromatography, ion mobility spectrometry, and mass spectrometry (nLC-IMS-MS) were combined with the Individuality
Normalization when Labeling with the Isotopic Glycan Hydrazide Tags (INLIGHT™) strategy to study a series of glycan
standards and those enzymatically released from the glycoproteins horseradish peroxidase, fetuin, and pooled human plasma.
The combination of IMS and the natural (NAT) and stable-isotope label (SIL) in the INLIGHT™ strategy provided additional
confidence for each glycan identification due to the mobility aligned NAT- and SIL-labeled glycans and further capabilities for
isomer examinations. Additionally, molecular trend lines based on the IMS and MS dimensions were investigated for the
INLIGHT™ derivatized glycans, facilitating rapid identification of putative glycans in complex biological samples.
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Introduction

Glycosylation, or the affixing of carbohydrate moieties to
proteins, is a co- and post-translational modification
linked to host-pathogen interactions [1], immune system
response [2], and protein folding, sorting, and stability

within eukaryotic systems [3, 4]. While glycans can be
either N- or O-linked, to date, N-linked are the most com-
monly studied due to their specific locations and con-
served core structure [5]. For example, N-linked glycans
are commonly affixed to the sequon N-X-S/T, where N is
asparagine, S/T is either serine or threonine, and X is any
amino acid except for proline. Since up to 70% of pro-
teins are estimated to contain this sequon, N-linked gly-
cosylation is thought to be highly prevalent in eukaryotic
systems [6]. Their common core structure allows them to
be targeted and readily cleaved using the enzyme peptide
N-glycosidase F (PNGase F), making their study easier
than that of O-linked glycans which have a variable struc-
ture [7]. However, N-linked glycans follow a non-
template-driven synthesis, resulting in a highly heteroge-
neous class of molecules [7]. The manner in which the
individual monosaccharides in N-linked glycans are
linked to one another is also variable, either through α
or β linkages, contributing to the enormous complexity
of this molecular class. As glycosylation has been
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implicated in the onset and progression of multiple dis-
eases and even COVID-19 [8–11], studies are needed to
better define the precise structures of both N- and O-
linked glycans and ultimately relate them to function.

Efforts towards elucidating the relationship between glycan
structure and function have primarily been hampered by the lack
of analytical tools capable of characterizing the glycosidic link-
ages and individual monosaccharides. Mass spectrometry (MS)
has become a preferred method for the analysis of glycans, as it
requires a small quantity of sample, is readily coupled with chro-
matographic separation, and yields structural information using
different fragmentation strategies. However, fragmentation infor-
mation alone is often insufficient for complete characterization of
glycan structure given the large number of isomeric monosac-
charides and diversity of glycosidic linkages [12]. Thus, it is
often through a combination of liquid chromatography (LC) sep-
arations, MS fragmentation data, and knowledge of biosynthetic
pathways that glycan structures are predicted [13]. Analysis of
glycans using LC is challenging as they are exceedingly hydro-
philic molecules which precludes LC separation with reversed-
phase LC (RPLC) without derivatization. Therefore, hydrophilic
interaction liquid chromatography (HILIC) and porous graphitic
carbon (PGC) are popular options for glycan LC separations [14,
15].

The hydrophilicity of glycans also complicates MS analyses
when using an electrospray ionization (ESI) source, as ESI is
inherently biased towards hydrophobic analytes [16, 17]. To
overcome this challenge, several types of derivatization chemis-
try have been employed to increase the overall hydrophobicity of
N-linked glycans and improve their detection in both MS and
spectroscopic methods. One of the more commonly employed
derivatization approaches is permethylation. In permethylation,
the hydroxyl, amino, and carboxylic acid groups located on the
glycan structure are chemically modified to their corresponding
methyl-ether [18–20]. This significantly increases the non-polar
surface area (NPSA) of the molecule, resulting in an increase in
hydrophobicity that facilitates RPLC and increases ESI abun-
dances. Alternatively, the use of derivatization reagents with a
reductive amination mechanism, such as 2-aminobenzoic acid
(2-AA) and 2-aminobenzamide (2-AB), also enhances N-linked
glycans using both MS and spectroscopic means [21]. Oxime
formation by means of aminooxy reagents, such as Tandem
Mass Tags (TMT)™[22], or derivatization methods that use
hydrozone formation [23, 24] have also become an attractive
option for labeling glycans. While all derivation strategies en-
hance the number of glycans observed byMS, the unpredictabil-
ity of inefficient derivatization complicates the identifications in
complex biological samples and hinders quantification. Most of
these methods also require time-consuming clean-up steps, de-
creasing throughput.

The Individuality Normalization when Labeling with
Isotopic Glycan Hydrizide Tags (INLIGHT™) strategy is a
derivatization method previously used to examine N-linked

glycans in complex biological samples [25]. In this strategy,
N-linked glycans enzymatically released from glycoproteins
by PNGase F are derivatized using hydrazide chemistry at the
reducing GlcNAc residue with either natural (NAT) or stable-
isotope (13C6) label (SIL) 4-phenethylbenzohydrazide
(P2GPN) reagent [23, 25, 26]. This reagent has 95% derivati-
zation efficiency and also increases the glycan’s nonpolar sur-
face area (NPSA) [23]. The use of both a NAT and 13C6

incorporated SIL in INLIGHTTM enables the relative quanti-
fication of N-linked glycans in complex biological samples as
the NAT and SIL INLIGHT™ tags have an exact mass dif-
ference of 6.0201 Da [25]. Additionally, the use of 13C6 pre-
vents overlapping isotopic distributions, which may skew
quantitative assessments [23–25] and allows for LC co-
elution of the NAT and SIL glycans [17, 24, 25, 27].
Furthermore, this derivatization method does not require sig-
nificant sample clean-up and has been demonstrated to work
well within a filter-aided N-glycan sample (FANGS) prepara-
tion strategy [26].

Due to its ability to distinguish isomeric molecules, ion
mobility spectrometry-mass spectrometry (IMS-MS) has pre-
viously been explored to investigate the structure and function
of glycans in biological systems [28, 29]. The IMS-MS inves-
tigations have shown discrimination of glycan and glycopep-
tide epimers [30] in samples ranging from simple systems
such as standards and glycans enzymatically released from
glycoproteins [31] to complex applications in patients with
liver cancer and cirrhosis [32]. These studies and the ability
of IMS-MS to resolve native isomeric glycans have expanded
our knowledge of glycan structural diversity [33–35]. IMS-
MS has also been applied to the analysis of derivatized N-
linked glycans [31, 36, 37]. Specifically, the study of
permethylated glycans and glycopeptides by Glaskin et al.
resulted in a CCS database for permethylated N-linked gly-
cans from several commonly used glycoprotein standards, in-
cluding bovine fetuin and α-1-acid glycoprotein [36].

Herein, we present the first application of drift tube IMS
(DTIMS)-MS to N-linked glycans derivatized using the
INLIGHT™ strategy. The collision cross-section (CCS)
values determined with DTIMS relate directly to the size of
the molecule and enabled a deeper characterization of the
glycans in addition to their LC retention times, m/z values,
and fragmentation patterns [38, 39]. Furthermore, since the
incorporation of 13C does not significantly alter the shape of
the glycans, rapid identification and relative quantification of
putative glycans in complex biological samples are possible
by both their distinctive isotopic distribution and the drift time
alignment of the NAT and SIL derivatized glycans. In this
work, nLC-IMS-MS was combined with the INLIGHT™
strategy to assess a series of glycan standards and those enzy-
matically released from the glycoproteins horseradish peroxi-
dase, fetuin, and pooled human plasma and the identification,
quantification, and trends are reported.
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Materials and methods

Materials Maltoheptaose (≥ 60%, HPLC), 7 glycan standards
((GlcNAc)2Man5, (Neu5Ac-Gal-GlcNAc)3Man3(GlcNAc)2,
(Gal-GlcNAc)2Man3(GlcNAc)2, (GlcNAc)2Man9, (Neu5Ac-
Gal-GlcNAc)2Man3(Fuc)(GlcNAc)2, GalGlcNAc2Man3
GlcNAc2glycan, and (GlcNAc)2Man3(Fuc)(GlcNAc)2 gly-
can), and 2 glycoprotein standards (horseradish peroxidase
and fe tu in) , as wel l as ammonium bicarbonate ,
iodoacetamide, and dithiothreitol (DTT), were purchased
from Sigma Aldrich (St. Louis, MO). Human plasma (K2
EDTA, male and female) used in this study was obtained from
Golden West Biologicals (Temecula, CA). INLIGHT™
P2GPN reagents (NAT and SIL) were purchased from
Cambridge Isotope Laboratories (Tewksbury, MA). PNGase
F was purchased from Bulldog Bio (Portsmouth, NH).
Methanol, water, acetic acid, formic acid, and acetonitrile
(Optima LC-MS grade) were purchased from Fisher
Scientific (Hampton, NH). All reagents were used as received,
unless otherwise specified.

Preparation of biological glycoprotein standards The glyco-
protein standards, horseradish peroxidase and bovine
fetuin, and human plasma samples were prepared using
a modified FANGS procedure, as described previously
[26, 40, 41]. Briefly, 250 μg of glycoprotein was added
to a 10-kDa molecular weight cut-off filter. Glycoproteins
were denatured using 2 μL of DTT diluted in 200 μL of
100 mM ammonium bicarbonate solution (digest buffer),
vortexed briefly, and allowed to incubate at 56 °C for 30
min. Following incubation, the proteins were alkylated
through the addition of 50 μL of 1 M iodoacetamide then
incubated for 60 min at 37 °C. The denatured and
alkylated proteins were concentrated on the filter using
centrifugation for 40 min at 14,000 × g at 20 °C. The
samples were subsequently washed in triplicate by first
adding 100 μL of digest buffer to the filter, and then
concentrated on the filter by centrifuging for 20 min.
Prior to enzymatic separation of glycans from glycopro-
teins, the filters containing the washed glycoprotein sam-
ples were transferred to new, clean vials to prevent con-
tamination during the collection of the cleaved glycans.
Two microliters of PNGase F (1000 units) were added to
each filter and subsequently diluted in 98 μL of digest
buffer. Samples were mixed by aspirating on the filter,
then incubated at 37 °C for 18 h. Following incubation,
the released glycans were collected by centrifuging for
20 min at 14,000 × g. Samples were then washed in trip-
licate by adding 100 μL digest buffer followed by centri-
fugation at 14,000 × g for 20 min at 20 °C. After the
washes were completed, the samples were incubated at −
80 °C until completely frozen, then subsequently dried to
completion in a vacuum concentrator at 55 °C.

Enzymatically released glycans were stored at − 20 °C
until subsequent derivatization.

INLIGHT™ derivatization Prior to derivatization, glycan stan-
dards and maltoheptaose were reconstituted in LC-MS-grade
water. Ten to 50 μg of each glycan standard or 50 μg of
maltoheptaose were placed in a vacuum concentrator until
completely dry. The enzymatically released glycans, 50 μg
maltoheptaose, and 10–50 μg of the N-linked glycan stan-
dards were derivatized with natural (NAT)- and stable-
isotope-labeled (SIL) INLIGHT™ reagents using a slight
modification of a protocol that has been described previously
[17]. The INLIGHT™ reagents were solubilized in 1 mL of
LC-MS-grade methanol and vortexed for 10 min to ensure
complete solubilization of the derivatization reagent, ensuring
a final concentration of 1 mg/mL. Given the fundamental na-
ture of these studies, both the NAT and SIL INLIGHT™
reagent were added to each sample in a 1:1 ratio at a concen-
tration of 0.1 μg/μL prior to incubation to reduce analytical
variability. The samples were then diluted in a solution of
45:55 (v:v) acetic acid:methanol. After briefly vortexing and
centrifuging (ca. 5 s), the samples were allowed to incubate at
37 °C for 1.75 h. The derivatization reaction was quenched by
drying the samples to completion in a vacuum concentrator at
55 °C. Derivatized glycans were stored at − 20 °C until anal-
ysis. The derivatized glycans were reconstituted in 50 μL of
mobile phase A immediately prior to analysis.

nLC-IMS-MS analysis of INLIGHT™ derivatized glycans The
nanoflow liquid chromatography (nLC) measurements were
conducted using a Thermo Fisher Scientific EASY nLC 1200
(Waltham, MA) coupled with an Agilent 6560 IMS-QTOF
(Santa Clara, CA). The RPLC separation of the derivatized
glycans was performed using a Thermo Fisher Scientific
(West Palm Beach, FL) Acclaim PepMap C18 analytical col-
umn (75 μm × 25 cm, 3 μm, 100 Å) preceded by a Thermo
Scientific (West Palm Beach, FL) Acclaim PepMap C18 trap
column (100 μm × 2 cm; 5 μm, 100 Å). Mobile phase A was
comprised of 98% water, 2% acetonitrile, and 0.1% formic
acid. Mobile phase B was comprised of 80% acetonitrile,
20% water, and 0.1% formic acid. The gradient used for
RPLC began with 5% B, then increased to 35% over 2 min,
then steadily ramped to 70% B over 40 min, sharply increased
to 95% B over 1 min, held at 95% B for 6 min, then decreased
over 1 min to 5% B at 300 nL/min. This mobile phase com-
position was held for 10 min, giving a total gradient length of
60 min per sample. Five microliters of sample was injected for
each glycan analysis.

IMS-MS analysis of INLIGHT™ derivatized glycansDTIMS-MS
measurements were conducted using an Agilent 6560 IMS-
QTOF (Santa Clara, CA) instrument thoroughly characterized
in previous publications [42, 43]. Briefly, ionization was
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performed using the Agilent nanoESI source in positive ioni-
zation mode with a capillary voltage of 2100 V. DTIMS mea-
surements were collected under a uniform electric field of 17.3
V/cm with nitrogen buffer gas at a constant pressure of 3.95
Torr. DTIMS data was acquired in a 4-bit multiplexing mode,
with a trap fill time of 3.9 ms and release time of 100 μs. Mass
analysis was conducted over an m/z range of 100–3200 m/z.
Additional instrumental parameters are included in the
Supplementary information (ESM Tables S1–S3).

Calculation of CCS values of INLIGHT™ derivatized glycans
Multiplexed data files were de-multiplexed using the PNNL
Pre-Processor (publically available from https://omics.pnl.
gov/software/pnnl-preprocessor), then imported into Agilent
MassHunter IM-MS Browser (version 10.0). CCS values for
the INLIGHT™ derivatized glycans were calculated using the
single-field method, as described previously [43]. Briefly, a
mixture of compounds with known m/z values and well-
characterized CCS values (Agilent tune mix) were analyzed
under conditions identical to that used for the analysis of
derivatized glycans. The measured drift times of these com-
pounds were used to make a calibration curve converting drift
time to CCS using a linear regression derived from theMason-
Schamp equation (Eq. 1) [43].

tA ¼ β
z

mi

mβ þ mi

� �1=2

CCSþ tfix ð1Þ

The CCS for the glycans were then calculated using the
resulting linear regression and the measured drift times of
the derivatized glycans.

For the high-resolution de-multiplexing (HRdm) study,
each data file was de-multiplexed using the PNNL Pre-
Processor as described above and previously detailed by
May et al. [44]. Following initial de-multiplexing, feature
finding was performed using the IM-MS Browser (parameters
shown in ESM Figure S1). The resulting feature list was saved
as a .csv within the same folder as the raw, multiplexed file
and the de-multiplex file. Each was imported into the Agilent
HRdm 1.0 software and processed using the medium process-
ing mode available with a peak saturation threshold of 0.4.

Results and discussion

INLIGHT™ derivatized N-linked glycans drift time
align

To assess the nLC-IMS-MS workflow for the analysis of
N-linked glycans derivatized using the INLIGHT™ strategy,
initially several N-linked glycan standards ((GlcNAc)2Man5,
(NeuNAc-Ga l -G lcNAc)3Man3 (GlcNAc) 2 , (Ga l -
GlcNAc)2Man3(GlcNAc)2, (GlcNAc)2Man9, (NeuNAc-Gal-

GlcNAc)2Man3(Fuc)(GlcNAc)2, GalGlcNAc2Man3
GlcNAc2glycan, and (GlcNAc)2Man3(Fuc)(GlcNAc)2 gly-
can) and maltoheptaose were studied. While maltoheptaose
is not an N-linked glycan, this oligosaccharide is a reducing
sugar and as a result is able to undergo the hydrazide chemis-
try necessary to affix the INLIGHT™ reagent [24]. Both the
N-linked glycan standards and maltoheptaose were
derivatized using a 1:1 mixture of the NAT and SIL reagents,
then resuspended inMPA prior to analysis with nLC-IMS-MS
[17]. As previously mentioned, glycans derivatized using the
INLIGHT™ strategy display two distinctive isotopic distribu-
tions which is imparted by the use of both a NAT and 13C6 SIL
label, facilitating rapid data analysis and relative quantitation
of labeled glycans. In this study, both the NAT and SIL forms
of maltoheptaose and the N-linked glycan standards were de-
tected (Fig. 1), and their resulting CCS values evaluated (see
ESM Tables S4–S5 CCS). Maltoheptaose and its other related
oligosaccharides were primarily observed as singly charged,
protonated ions for both the NAT- and SIL-labeled oligosac-
charides (Fig. 1a). The nested spectra of maltoheptaose in Fig.
1a illustrate both the drift time-aligned NAT- and SIL-labeled
f o r m s . A l l o f t h e I N L I GHT™ d e r i v a t i z e d
maltooligosaccharides were observed to have a single IMS
peak in their drift spectra, with the exception of maltohexaose,
which was observed to have two different IMS isomers or
conformers (see ESM Figure S2). While the exact annotation
of the two IMS peaks observed for the derivatized
maltohexaose is unknown, it is possible that they are due to
the flexibility of the joined glycans or differences in linkage
connectivity, although it remains unclear as to why this was
only observed with the hexamer. Additionally, it was ob-
served that both the NAT and SIL tags had two conformers
(data not shown). In order to assess the impact of this on LC-
IMS-MS assessments of derivatized N-linked glycans,
derivatized N-linked glycan standards were also assessed.
Nested spectra for a representative N-linked glycan standard
are shown in Fig. 1b. The INLIGHT™ derivatized N-linked
glycans were observed primarily as doubly charged, proton-
ated ions as shown by Fig. 1b, which illustrates the typical
[NAT+2H+]2+ and [SIL+2H+]2+ isotopic distributions for the
N-linked glycan standard (GlcNAc)2Man3(Fuc)(GlcNAc)2.
The monoisotopic peaks for the NAT- and SIL-labeled
NGA2F were also observed to be 3.0101 m/z different, or a
mass difference of 6.0202 Da, consistent with an INLIGHT™
derivatized glycan pair. It was observed that the drift spectra
associated with this derivatized glycan pair primarily
consisted of a single peak, with the maximum drift time cor-
responding to a CCS of 418.3 Å2. A small shoulder at approx-
imately 31 ms was also observed, which was less than 10% of
the observed abundance of the main drift time distribution of
this derivatized glycan. The source of this shoulder could not
be discerned given our current instrumentation, but could be
due to the presence of epimeric carbons at the reducing end,
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the conformation of the INLIGHT™ reagent, or impurities
within the glycan standard. The nested spectra shown in Fig.
1 also demonstrate that the NAT and SIL derivatized N-linked
glycans have the same observed drift time, and thus,
INLIGHT™ derivatized pairs are drift time-aligned.
Consequently, the incorporation of a small number of 13C6

within the SIL does not significantly change the glycan struc-
ture and results in drift time alignment for our measurements
with a resolving power of ~ 60 at the 1+ charge state and

slightly higher for the increasing charge states. As such, the
pairwise drift time alignment and characteristic INLIGHT™
isotopic distributions can be used in the nLC-IMS-MS
workflow to identify glycans in complex biological samples.

To assess the complementary nature of the INLIGHT™
strategy and the glycoprotein nLC-IMS-MS workflow, N-
linked glycans from horseradish peroxidase and bovine fetuin
were enzymatically cleaved using PNGase F, derivatized with
INLIGHT™, and analyzed with nLC-IMS-MS. Since the

Fig. 1 The IMS-MS nested spec-
tra for INLIGHT™ derivatized a
maltoheptaose and b the N-linked
glycan
(GlcNAc)2Man3(Fuc)(GlcNAc)2
standard, demonstrating isotopic
distributions for both singly and
doubly charged INLIGHT™
derivatized oligosaccharides.
Glycans derivatized using the
INLIGHT™ strategy are labeled
using both a natural (NAT) and
13C6 (denoted by asterisks) incor-
porated stable isotope label (SIL)
reagent, and combined in a 1:1
ratio. This yields two distinctive
isotopic distributions for each
glycan. The incorporation of 13C
into the SIL also does not suffi-
ciently change the structure of the
molecule, resulting in drift time
alignment of INLIGHT™
derivatized
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glycosylation of these two glycoproteins has been investigated
thoroughly [45–47], they are ideal candidates as the resulting
list of glycans previously identified could be curated and the
corresponding INLIGHT™ derivatized NAT and SIL pairs
determined. For our criteria, glycans were only considered
identified if (1) both the NAT and SIL monoisotopic peaks
were observed within the mass measurement error of the in-
strument (< 10 ppm); (2) the ratios of the NAT:SIL peaks were
approximately 1:1; and (3) the NAT and SIL glycans were
drift time-aligned as shown in Fig. 1. Using these criteria, four
N-linked glycans were identified in horseradish peroxidase
and twelve with bovine fetuin; CCS values were calculated
for each (see ESM, Tables S6–S7).

The utility of IMS for removing noise and cleaning up
MS spectra when interfaced within a standard LC-MS
workflow has been previously demonstrated in both the
fields of proteomics and glycomics [48–56]. In particular
to glycomics, IMS filtering has been applied to the anal-
ysis of both native [54] and derivatized [56] glycans, and
has even facilitated the analysis of glycans in complex
matrices without additional sample clean-up [54, 57].
The IMS dimension was also found to be extremely help-
ful in removing noise from other ions in the present study.
An example of this for INLIGHT™ derivatized N-linked
glycans in complex samples is shown in Fig. 2a, which
illustrates a portion of the nested spectra in which the
protonated, singly charged NAT and SIL pair for
(Man)3(GlcNAc)2 was anticipated from horseradish per-
oxidase but several interfering signals occurred within
the same m/z space. Drift time filtering using only the
area for the aligned pairs, however, removed the interfer-
ing signals and a clean distribution was observed as
shown in Fig. 2b. The ability of IMS to parse these over-
lapping distributions into their individual components is
extremely useful for complex samples and studies where
relative quantitation is desired.

Conformational ordering of INLIGHT™ derivatized
glycans

The compositional differences observed within various
classes of biomolecules, both in the types of subunits
comprising the molecules as well as their preferential ar-
rangement, allow diverse classes of biomolecules to take
on conformations in a relative order where the more siz-
able molecules, such as lipids and peptides, display a
larger conformation for their mass relative to smaller bio-
molecules such as carbohydrates and oligonucleotides
[58–60]. This conformational ordering of biomolecules
has been observed in DTIMS-MS studies, where plots of
m/z vs CCS yield trend lines used to classify molecules
based on their biological role. To investigate the relation-
ship between the m/z of INLIGHT™ derivatized glycans

with their gas-phase conformation, m/z versus CCS plots
were generated for the singly and doubly charged N-
linked glycans from the glycoproteins and N-linked gly-
can s t anda rds , a s we l l a s t he s ing ly cha rged
maltooligosaccharides (Fig. 3). The resulting trend lines
for each series and their associated R2 are shown on Fig.
3. Representative structures from each classification,
along with their associated trend line, can be found in
the ESM (see Figure S3). As can be seen in Fig. 3, the
[M+NAT+H+]+ and [M+SIL+H+]+ maltooligosaccharides
(teal diamonds, y = 0.1168x + 167.32) and the [M+NAT+
H+]+ and [M+SIL+H+]+ derivatized N-linked glycans
(green circles, y = 0.1555x + 139.05) illustrated distinct
t rend l ines , d i f ferent f rom previously repor ted
underivatized oligosaccharides (red squares, y = 0.2238x
+ 100.15) [61]. Given that maltoheptaose and its related
oligosaccharides are linear whereas N-linked glycans
maintain a branched arrangement, the occurrence of two
distinct lines for the N-linked glycans and maltoheptaose
is expected [59]. It was also noted that a majority of the
singly charged [M+NAT+H+]+ and [M+SIL+H+]+ glycans
in this study contained mannose as their terminal mono-
saccharide. The conformational ordering of doubly
charged INLIGHT™ derivatized glycans was also inves-
tigated for the [M+NAT+2H+]2+ and [M+SIL+2H+]2+

both from glycoproteins (orange circles, y = 0.2138x +
235.69) and commercially available N-linked glycan stan-
dards (grey squares, y = 0.1987x + 252.29). As shown in
Fig. 3, the doubly charged derivatized glycans fell on a
separate trend line from the singly charged glycans as
anticipated since DTIMS separates based on size, shape,
and charge [60]. However, in Fig. 3, the two separate
sources (glycoprotein and glycan standards) of [M+
NAT+2H+]2+ and [M+SIL+2H+]2+ N-linked glycans share
the same trend line. The INLIGHT™ derivatized glycans
were also compared to the same charge state and adduct
of permethylated N-linked glycans previously reported in
a CCS database (yellow triangles, y = 0.2514x + 243.64)
[36]. The INLIGHT™ derivatized glycans and their
permethylated counterparts of the same charge state
followed distinct, separate trend lines, allowing the meth-
od of derivatization for the N-linked glycans to be readily
discriminated.

The ability to further classify and subdivide molecular
trend lines into series based on the monosaccharides pres-
ent within the structure has previously been demonstrated
using IMS-MS for both N-linked glycan fragments and
intact glycans [36, 62]. Of particular relevance to this
investigation, Glaskin et al. demonstrated this subclassifi-
cation for permethylated N-linked glycans utilizing
DTIMS-MS [36]. In this work, the permethylated glycans
and glycopeptides obtained from trypsin-digested glyco-
proteins followed distinct molecular trend lines,
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facilitating their analysis in complex biological samples
[36]. They then investigated the ability of those molecular
trend lines to subdivide both the glycopeptides and N-
linked glycans based on the monosaccharides in their
branched structures [36]. To investigate this potential re-
lationship for INLIGHT™ glycans, the glycan standards
and those derived from the glycoproteins horseradish per-
oxidase and bovine fetuin were subdivided based on the
saccharide units located on their non-reducing end
branches including terminal mannose (Fig. 4a), terminal

galactose (Fig. 4b), and terminal sialic acid (Fig. 4c).
Each subclassification was observed to fall along its
own individual tend line (see ESM Figure S4a). It was
observed that the INLIGHT™ glycans having a terminal
mannose displayed a linear relationship between m/z and
their associated CCS in both the 1+ and 2+ charge states
(Fig. 4a), with both m/z and CCS increasing as the num-
ber of mannose within the N-glycan structure increased
(see ESM Figure S4b). Linearity was also observed for
those N-linked glycans containing a terminal galactose

Fig. 2 IMS allows for the
isolation of overlapping isotopic
distributions, enabling the
differentiation of glycans from
other interfering signals. The
IMS-MS nested spectra observed
in a display overlapping isotopic
distributions from multiple ions
which obscure the confident
identification of the INLIGHT™
derivatized glycan pair. b shows
the nested spectra where the mass
spectrum has been filtered by drift
time, yielding a clean isotopic
distribution for the NAT- and
SIL-labeled N-linked glycan
(Man)3(GlcNAc)2 in horseradish
peroxidase
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(Fig. 4b) and was similarly found to be related to increas-
ing numbers of galactose monosaccharides present (see
ESM Figure S4c), but the linear relationship for those
with terminal sialic acid was not as strong as the other
classes (Fig. 4c). This was in part because many of the N-

linked glycans observed within this subclass had multiple
CCS values for the same m/z potentially indicating either
the presence of isomeric species or the occurrence of mul-
tiple glycan conformers. Further investigations are needed
to determine whether this is a function of structural

Fig. 3 CCS versusm/z trend lines
for underivatized
oligosaccharides (1+, red squares)
[61], INLIGHT™ derivatized
maltooligosaccharides (1+, teal
diamonds), and both INLIGHT™
derivatizedN-linked glycans from
glycan standards (2+, grey
squares) and those enzymatically
released from the glycoprotein
standards horseradish peroxidase
and bovine fetuin (1+, green
circles and 2+, orange circles).
The 2+ charge state trend lines
were compared with those
observed for the permethylatedN-
linked glycan CCS database
previously published by Glaskin
et al. and shown in with yellow
triangles [36]

Fig. 4 CCS versus m/z plots for
INLIGHT™ derivatized N-linked
glycans from both glycan
standards and enzymatically
released from the glycoproteins
horseradish peroxidase and
bovine fetuin using PNGase F.
N-linked glycans were grouped
based on the terminal
monosaccharides mannose (a),
galactose (b), and sialic acid (c).
Additionally, a trend line for
glycans observed to be
fucosylated was also noted (d)
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differences within the glycans or actual changes in con-
formation. Additionally, all glycans that contained the
monosaccharide fucose, regardless of the terminal mono-
saccharide unit, were observed to have a linear relation-
ship between their m/z and corresponding CCS (Fig. 4d).
We are currently investigating this trend as a way to an-
alytically assign terminal monosaccharides.

nLC-IMS-MS N-linked glycan conformational
landscape

Since IMS measurements occur on the millisecond time-
scale, they nest well within that of both LC separations
(m inu t e s ) and t ime -o f - f l i gh t MS as s e s smen t s
(microseconds) [63]. Furthermore, IMS allows for the

Fig. 5 The extracted ion chromatogram of the NAT-labeled N-linked
glycan (Fuc)1(Gal)2(GlcNAc)4(Man)3 released from bovine fetuin (a)
exhibited only one elution window. The inset shows the IMS drift time
distribution associated with them/zwithin the RTwindow highlighted by
the green box. In contrast, an extracted ion chromatogram of the NAT-
labeled N-linked glycan (Gal)3(GlcNAc)5(Man)3(Neu5Ac)2 released
from bovine fetuin (b) illustrating multiple RT elution windows for the

single m/z value. Examination of the drift time distribution within the
labeled retention windows indicate multiple isomers are present in the
different retention windows observed. The potential changes in glycan
structure and conformation may explain the multiple retention windows
observed for this single m/z but demonstrates the need for a deeper un-
derstanding of glycan structure and ultimately their function
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evaluation of co-eluting isomers that may not readily sep-
arate using LC analyses. In the present study, the majority
of the glycans detected primarily eluted in a narrow elu-
tion window, as shown by the extracted ion chromato-
gram (EIC) for the NAT derivatized N-linked glycan
(Gal)2(GlcNAc)4(Man)3 from bovine fetuin (Fig. 5a).
Two potential isomers/conformers were observed for this
particular m/z (939.3692 m/z) within its retention window,
as shown by the drift time distribution within the inset,
with measured CCS of 426.5 Å2 and 446.7 Å2. However,
a few of the INLIGHT™ derivatized N-linked glycans
detected within the glycoprotein samples had multiple
elution windows. An example is shown in Fig. 5b, which
depicts the EIC for the NAT-labeled N-linked glycan
(Gal)3(GlcNAc)5(Man)3(NeuAc)2 enzymatically released
from bovine fetuin. This EIC showed three prominent
chromatographic peaks. To assess the IMS conformation
of the glycan within each retention window, the drift time
distribution associated with 1413.0335 m/z in each LC
window was extracted (Fig. 5b). The drift time distribu-
tion for the first LC window, 29.87 min to 30.68 min,
showed at least three isomers with CCS values of 523.0
Å2, 549.2 Å2, and 571.3 Å2 (with error below 0.4% RSD
using triplicate measurements). The second LC window,
30.84 min to 31.73 min, had a distinctive change in the
associated drift time distribution, showing at least two
isomers with CCS values of 525.4 Å2 and 549.7 Å2.
Again, the CCS values change in the third LC window
showing at least two isomers present with CCS of 526.1
Å2 and 554.1 Å2. Thus, IMS illustrated multiple species
in each LC elution window and demonstrates the vast
structural complexity for these glycans which is beyond
the scope of this study.

As stated previously, one of the limitations of this tech-
nique is the ability to discern information about structural or
linkage isomers as opposed to changes in derivatizedN-linked
glycan conformation. Thus, the data shown in Fig. 5 was
compared with previously published data in order to better
understand the variability that we observe in our CCS mea-
surements. Figure 5a, which depicts a narrow elution window
for the glycan (Gal)2(GlcNAc)4(Man)3 with two potential iso-
mers/conformers. Previous investigations of this glycan using
capillary electrophoresis and NMR indicated that approxi-
mately 90% of the observed galactose linkages for this glycan
are in the β1–4 in all locations, while approximately 10%
have a single branch with a β1–3 [64, 65]. While the current
nLC-IMS-MSmethod currently precludes assignment of link-
ages, this lends evidence to the observation of two
conformers/isomers within our bovine fetuin data for this spe-
cific glycan, particularly given that the two observed drift
spectra peaks are in approximately the ratio previously report-
ed in the literature. Previously published NMR data for bovine
fetuin [65] has indicated that the tribranched, sialylated N-

linked glycans comprise approximately 83% of the N-linked
glycans within bovine fetuin. However, there is a high degree
of complexity within this structure, ranging from the observa-
tion of β1–4 vs β1–3 linkages for the Gal moieties within the
branches to the linkage type (α2–3 versus α2–6) and actual
location of the Neu5Ac monosaccharides on the branched
structures. When accounting for the location of the two
Neu5Ac moieties alone, there are at least three possible iso-
mers for this same m/z that have been previously reported
[65]. Thus, while we are unable to assign structural and link-
age isomers versus potential glycan conformers given our cur-
rent findings, the observation of bothmultiple chromatograph-
ic windows combined with multiple apparent peaks within
each corresponding drift spectra agrees with the high degree
of chemical complexity associated with this N-linked glycan
noted using other techniques.

Currently, one of the major limitations of many IMS
platforms is the lack of resolving power possible for
closely related structures. As structural changes between
related glycan isomers may be subtle, the information ob-
tained from drift time distributions alone may not be able
to readily differentiate potential glycan isomers. As shown
in Fig. 5b, there were some glycans observed that not
only had multiple elution times, but also had broad drift
time distributions indicative of additional isomers or con-
formers that could not be baseline separated within this
drift tube. To investigate these broad distributions, the
data shown in Fig. 5 was also analyzed using a high-
resolution de-multiplexing (HRdm) approach previously
demonstrated to improve the resolving power of the
Agilent 6560 DTIMS-MS platform from ~ 60 to some-
where between 180 and 250 without compromising the
associated CCS measurements [44]. This analysis strategy
is employed post-acquisition, and consequently can be
readily performed on any DTIMS-MS data files acquired
with multiplexing.

To investigate the application of the HRdm algorithm
for the analysis of the INLIGHT™ derivatized glycans,
IMS-MS data for bovine fetuin (Fig. 5) was reprocessed
using the HRdm 1.0 at its medium processing power.
Currently, HRdm is available with three separate process-
ing levels, each with a different average resolving power.
To enhance the resolving power while minimizing both
the potential for artifacts and the reduction of data points,
the medium processing power was utilized here. The ad-
ditional parameters used to process the glycan data were
determined using Agilent tune mix files, also acquired
with 4-bit multiplexing and de-multiplexed using the
PNNL Pre-Processor. The ions from the tune mix display
a single, unimodal drift time distribution with a highly
characterized CCS value [43], so parameters were opti-
mized to maintain this prior to application with more
complex glycan data sets. Figure 6a illustrates the
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resulting IMS-MS nested spectra obtained for the third
chromatographic window (31.80 min to 32.53 min) of
the N-linked glycan (Gal)3(GlcNAc)5(Man)3(NeuAc)2.
Since the NAT and SIL glycans are drift time-aligned
and have identical drift time distributions prior to process-
ing, suggesting that the incorporation of 13C6 does not
significantly alter the structure, HRdm was only per-
formed on the NAT for direct comparison in the same
nested spectra (Fig. 6b). Interestingly, the resulting nested
spectra and drift time distribution after HRdm illustrate at
least 6 peaks (Fig. 6c, d) as compared to the ~ 2 before.
While the exact composition of the glycan structure can-
not be assigned from this information alone, these data
serve as a starting point for further investigations into
g lycan conf igu ra t ion u t i l i z ing th i s t echn ique .

Furthermore, it agrees well with the high degree of glycan
structural complexity suggested by previous work using
other analytical methods [64, 65].

Application of nLC-IMS-MS to INLIGHT™ derivatized
glycans in complex samples

The nLC-IMS-MS analytical workflow was applied to en-
zymatically released N-linked glycans from pooled human
plasma to assess its utility to define the glycans in a com-
plex biological system. Pooled plasma has previously
been assessed using INLIGHT™ on an Orbitrap™ mass
spectrometer, and therefore, a target list exists from this
study [26]. A representative base peak chromatogram
(BPC) obtained for INLIGHT™ derivatized N-linked

Fig. 6 To assess the HRdm
algorithm analysis of
INLIGHT™ derivatized N-linked
glycans from bovine fetuin, the
drift time distributions obtained
within the third retention window
of the N-linked glycan
(Gal)3(GlcNAc)5(Man)3
(NeuAc)2 was examined. a The
NAT-labeled form was selected
for HRdm analysis, as shown in
the IMS nested spectra. The
resulting drift time distribution (b)
illustrated HRdm can be used to
better resolve closely related
derivatized isomers/conformers,
as HRdm predicted at least six
potential peaks (NAT with
HRdm) within the drift time dis-
tribution (c) compared to the two
observed without HRdm (d)
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glycans from pooled human plasma is shown in Fig. 7a. It
was observed that a majority of the INLIGHT™
derivatized N-linked glycans eluted between 11 and
26 min using the current nLC gradient (grey box in Fig.
7a). To show the benefit of IMS within a traditional nLC-
MS workflow, the data was summed over this chromato-
graphic window and the resulting IMS and MS nested
spectra are shown in Fig. 7b. Numerous 2+ ion pairs that
displayed the characteristic isotopic distribution for
INLIGHT™ derivatized glycans were observed (Fig.
7b, c). To verify these pairs, their m/z was compared to
the plasma INLIGHT™ derivatized N-glycan target list
based on the work by Hecht et al. [26], resulting in the
identification of 37 N-linked glycans in the pooled plasma

samples (see ESM Table S8). After putative identification,
each of the INLIGHT™ derivatized N-glycans from the
pooled plasma was compared to the trend lines observed
for the 1+ and 2+ INLIGHT™ derivatized N-glycans (Fig.
7d, yellow circles) established by both the derivatized N-
linked glycan standards as well as those enzymatically
released from the glycoproteins bovine fetuin and horse-
radish peroxidase (Fig. 3). These putative plasma
N-linked glycans mapped onto the m/z vs CCS trend line
observed for INLIGHT™ derivatized glycans within the
same charge state (Fig. 3), providing increased confidence
in these identifications. This approach is particularly ad-
vantageous for analysis of N-glycans from complex bio-
logica l samples tha t have not been previous ly

Fig. 7 The base peak
chromatogram for the nLC-IMS-
MS analysis of INLIGHT™
derivatized N-linked glycans en-
zymatically released from human
pooled plasma (a). Many drift-
aligned peak pairs were observed
between 11 and 26 min in the LC
gradient (b). A zoomed-in view of
one selected drift-aligned pair (c)
illustrates a separation of 3.0101
m/z, consistent with a 2+
INLIGHT™ derivatized N-gly-
can. The identified features from
plasma that displayed the distinc-
tive isotopic distribution of being
NAT- and SIL-labeled in an ap-
proximate 1:1 ratio and were drift
time-aligned were then plotted on
the m/z vs. CCS trend lines
established in Fig. 3 (d)
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characterized as the paired features observed within nLC-
IMS-MS data facilitate more confident identifications be-
yond those obtained using nLC-MS alone.

Conclusions

The combination of nLC-IMS-MS and the INLIGHT™ pro-
vides a rapid analysis strategy for N-glycans in complex sam-
ples. The use of IMS drift time alignment for the NAT- and
SIL-labeled N-glycans, combined with the distinctive isotopic
distributions provided by the incorporation of the 13C6, facil-
itates confident identifications of N-linked glycans within
complex biological samples. Additionally, as the
INLIGHT™ labeled glycans appear to have molecular trend
lines based on m/z and CCS values, as has previously been
observed in IMS for other classes of biologically relevant
molecules, the rapid identification of putative glycans and
glycan subclasses is possible. This ability lends itself well to
the analysis of novel sample types for which there is no liter-
ature precedence for the N-linked glycans being observed.
While further investigations into linkage assignments are still
necessary, these experimental findings can be used with frag-
mentation data and computational investigations for putative
annotations of glycan structures.
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