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Glycosylation analysis from biological samples is often challenging due to the high complexity of the
glycan structures found in these samples. In the present study N- and O- glycans from human colorectal
cancer cell lines and human plasma were analyzed using ultrahigh resolution MALDI-FTICR-MS. N-gly-
cans were enzymatically released from cell lines and plasma proteins, whereas beta-elimination was
used for the release of O-glycans from the cells. The purified samples were mass analyzed using a 15T
MALDI-FTICR-MS system, with additional MS/MS (collision-induced dissociation) experiments for O-
glycan identifications. A total of 104 O-glycan and 62 N-glycan compositions were observed in the spectra
obtained from colorectal cancer cell line samples. In the cell line N-glycan spectra, the highest intensity
signals originated from high-mannose glycans, next to the presence of various complex type glycans.
Notably, in the O-glycan spectra mono- and disaccharide signals were observed, which are difficult to
detect using alternative glycomic platforms such as porous graphitized carbon LC-MS. In the N-glycan
spectra from plasma, isobaric species were resolved in MALDI-FTICR-MS spectra using absorption mode
whereas these overlapped in magnitude mode. The use of ultrahigh resolution MALDI-FTICR-MS for the
analysis of glycans in complex mixtures enables us to confidently analyze glycans in the matrix region of
the spectrum and to differentiate isobaric glycan species.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Protein glycosylation is a common co- and post-translational
modification that changes protein structure and function, and as
a consequence plays an important role in various biological pro-
cesses [1e4]. With regard to clinical utility and anticipated diag-
nostic applications, protein glycosylation changes have been
studied for many different health conditions, aging, multiple types
of cancer and autoimmune diseases [5e9]. The two main types of
protein glycosylation are N- and mucin-type O-glycosylation.

Most N-glycans share a pentasaccharide core-structure and
are attached to a specific asparagine in the protein backbone
(consensus sequence Asn-X-Ser/Thr with X any amino acid
except proline). N-glycans are often large, complex structures
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that have been studied extensively relying on their enzymatic
release from protein backbones [10]. To study protein N-glyco-
sylation various analytical methods are commonly used,
including fluorescent labeling and detection, capillary electro-
phoresis, liquid chromatography (LC) and mass spectrometry
(MS) [6,11e21].

Mucin-type O-glycans often vary vastly in size, from GalNAc
monosaccharides attached to serine or threonine residues (Tn-
antigens) to large oligosaccharides exhibiting a vast range of ter-
minal glycan motifs. Notably, for a comprehensive analysis of O-
glycans, a broad specificity release enzyme is lacking [18,22] and
the analysis of O-glycans often relies on their chemical release
from the protein backbone by reductive beta-elimination, result-
ing in glycan alditols that lack the reducing end for labeling with
e.g. a fluorescent tag [23]. This makes MS-analysis the preferred
method to characterize O-glycans, for example in combination
with porous graphitized carbon(PGC)-LC-MS or as permethylated
glycans using matrix-assisted laser desorption/ionization
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

ACN Acetonitrile
CEX Cation-Exchange
CID Collision Induced Dissociation
DTT Dithiothreitol
EtOH Ethanol
FTICR Fourier-Transform Ion Cyclotron Resonance
LC Liquid Chromatography
LLE Liquid-Liquid Extraction
MALDI Matrix-Assisted Laser Desorption/Ionization
MeOH Methanol
MS Mass Spectrometry
MQ Milli-Q water
PGC Porous Graphitized Carbon
TFA Trifluoroacetic Acid
TOF Time-Of-Flight

G.C.M. Vreeker et al. / International Journal of Mass Spectrometry 448 (2020) 1162672
(MALDI)-MS [20,24]. It is noted that in both the PGC LC-MS
workflows and in MALDI-MS the detection of short-chain O-gly-
cans (mono- and disaccharide units) is prohibited because of loss
during sample preparation and the overlap with matrix peaks,
respectively. Of note, these small glycans are functionally relevant
in cancer [25,26], and consequently methods are needed that
allow the facile detection and characterization of these O-glycans
from biological samples.

For glycan characterizations MALDI-MS is commonly per-
formed on a time-of-flight (TOF) mass analyzer. However, the
limited resolving power hampers identification of isobaric
species in MALDI-TOF spectra [27]. In the case of N-glycans
peak overlapping has been observed for large tri- and tet-
raantennary glycans [27] while for O-glycans high resolving
power (RP) is needed to distinguish small structures from
MALDI matrix signals. The highest RP and mass accuracy is
obtained with Fourier transform ion cyclotron resonance mass
spectrometer (FTICR-MS) [28]. The benefits of ultrahigh RPs
have been demonstrated for the analysis of complex mixtures
[29,30]. However, such high RPs generally come at the price of
decreased sensitivities and longer measurement times [27].
Therefore, increasing RP post-acquisition by means of data
processing is an attractive strategy.

The objective of the present study is to apply ultrahigh reso-
lution MALDI-FTICR-MS for detailed N- and O-glycosylation
analysis of complex samples. As an example, two cancer cell lines
are selected, from which N-glycosylation MALDI-TOF profiles
were previously reported by our group. In the current study the
high RP of MALDI-FTICR-MS obtained in absorption-mode pro-
vides glycan profiles with low ppm mass precision that facilitates
spectral alignment of multiple measurements or different sam-
ples. High RP of MALDI-FTICR-MS obtained in absorption mode
allows the resolution of isobaric glycan species and provides
glycan profiles with low mass measurement errors that facilitates
spectral alignment of multiple measurements or different sam-
ples [31]. Furthermore, high mass accuracy over a large m/z-
range improves N-glycan identifications. In addition, this study
focuses on small O-glycans (mono- and disaccharides) in the
matrix region of the MALDI-FTICR-MS spectra, to provide a
complimentary strategy to porous graphitized carbon-LC-MS
analysis.
2. Materials and methods

2.1. Materials

Plasma standard (Visucon-F frozen normal control plasma,
pooled from 20 human donors, citrated and buffered with 0.02 M
HEPES) was obtained from Affinity Biologicals (Ancaster, ON, Can-
ada). Cancer cell lines SW48 and SW1116 were obtained from the
Department of Surgery at Leiden UniversityMedical Center (Leiden,
The Netherlands). The 1.5 mL Eppendorf® Safe-Lock micro-
centrifuge tubes (Eppendorf tubes), potassium hydroxide (KOH),
potassium borohydride (KBH4), glacial acetic acid, methanol
(MeOH), mucin from bovine submaxillary glands (BSM) type IeS
and Iodomethane (ICH3) were obtained from Sigma (Dorset, UK).
The 96-well release plates (4ti-0125), the PCR plates, the foil pierce
seals, the semi-automatic heat sealer (HT121TS), the polypropylene
collection plates and the silicone plate lids were purchased from
4titude (Surrey, UK). The LudgerTagTM permethylation microplate
kit (LT-PERMET-VP96) was obtained from Ludger Ltd (Oxfordshire,
UK). The VersaPlate tubes were purchased from Agilent Technolo-
gies (Stockport, UK). The CEX resin (BIO-RAD, AG® 50W-X2 Resin)
was purchased from Charlton Scientific (Oxon, UK). Trifluoroacetic
acid (TFA), fetuin from fetal calf serum, tris(hydroxymethyl)amino-
methane, sodium borohydride (NaBH4), Hydrochloric acid (HCl),
DL-Dithiothreitol (DTT), 8 M guanidine hydrochloride (GuHCl),
ammonium bicarbonate, 50% sodium hydroxide (NaOH), 1-
hydroxybenzotriazole 97% (HOBt), super-DHB (9:1 mixture of 2,5-
dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid,
sDHB), cation exchange resin Dowex 50W X8; cat. no. 217514 and
ammonium acetate were obtained from Sigma Aldrich (Steinheim,
Germany) and analytical grade ethanol, sodium chloride (NaCl) and
methanol were purchased from Merck (Darmstadt, Germany). 1-
Ethyl-3-(3-(dimethylamino)-propyl)carbodiimide (EDC) hydro-
chloride was purchased at Fluorochem (Hadfield, UK) and HPLC-
grade acetonitrile (ACN) was obtained from Biosolve (Val-
kenswaard, The Netherlands). Ethylenediaminetetraacetic acid so-
lution pH 8.0 and potassium hydroxide (KOH) were obtained from
Fluka and PNGase F (Flavobacterium meningosepticum recombi-
nant in E. coli; cat. no. 11365193001) and complete EDTA free pro-
tease inhibitor cocktail tablets were purchased at Roche.
MultiScreen®HTS 96-multiwell plates (pore size 0.45 m) with high
protein-binding membrane (hydrophobic Immobilon-P PVDF
membrane) were purchased from Millipore, 96-well PP filter plate,
cat.no. OF1100 from Orochem technologies (Naperville, USA), a2,3
neuraminidase, cat. no. GK80040) from New England Biolabs
(Ipswich, MA, USA), SPE bulk sorbent Carbograph from Grace dis-
covery sciences (Columbia, USA), Hepes-buffered RPMI 1640 cul-
ture media was purchased from Gibco (Paisley, UK). 0.5% trypsin-
EDTA solution 10x was obtained from Santa Cruz Biotechnology
(Dallas, USA), fetal bovine serum (FBS) and penicillin/streptomycin
at Invitrogen (Carlsbad, USA). T75 cell culture flasks were pur-
chased at Greiner-Bio One B.V. (Alphen aan de Rijn, The
Netherlands). Milli-Q water (MQ) was generated from a QGard 2
system (Millipore, Amsterdam, The Netherlands), which was
maintained at �18 MU. All automated steps in the analytical
workflow described were performed using a Hamilton MICROLAB
STARlet Liquid Handling Workstation from Hamilton Robotics Inc.
(Bonaduz, Switzerland).

2.2. Cell culture

The cells were cultured as described in Holst et al. [32]. Pellets
from three technical replicates of each cancer cell
(~2 � 1000000 cells/technical replicate) were transferred into
1.5 mL Eppendorf tubes, and stored at �20 �C.



Fig. 1. Absorption mode MALDI-FTICR mass spectra of released and reduced N-glycans from cell lines SW48 and SW1116. All glycans are assigned as [MþNa]þ. Only the relevant m/
z-range for glycans is shown.
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2.3. O-glycan release and purification from cell lines

Cell pellets containing ca. 2 million cells were resuspended by
pipetting action in 100 mL of water with resistivity 18.2 MU and
homogenized for 90 min in a sonication bath. Following the
disruption of cellular plasma membranes, each sample was
manually transferred into a reaction well on the 96-well release
plate. O-glycans were chemically cleaved from cell line proteins by
semi-automated reductive b-elimination [33]. Briefly, the 96-well
release plate containing the samples in-solution was placed on
the robot deck. 40 mL of a 1 M KBH4 solution in 0.1 M KOH in water
was dispensed into each reactionwell and the contents weremixed
by pipetting action. The release plate was sealed with a foil pierce
seal in a semi-automatic heat sealer and incubated in an ultrasonic
bath at 60 �C for 4 h off the robot deck. Following the incubation
step, the release platewas briefly centrifuged in order to avoid cross
contamination of samples. The seal was removed and the release
plate was placed back on the robot deck where two aliquots of
respectively 2 mL and 30 mL of glacial acetic acid were added to each
reaction well to terminate the reductive b-elimination reaction.

Released O-glycans were purified by automated cation-
exchange (CEX) cleanup, collected in a polypropylene collection
plate and dried down in a centrifugal evaporator [33]. Following the
automated cation-exchange cleanup, the polypropylene collection
plate containing the dried samples was placed back onto the robot
deck. A 1 mL aliquot of MeOHwas dispensed into each well and the
contents weremixed by pipetting action. Samples were dried down
in a centrifugal evaporator.
2.4. Automated HT permethylation, liquid-liquid extraction (LLE)
and MALDI-spotting

The released and purified O-glycans were permethylated using
the LudgerTag™ permethylation microplate kit (LT-PERMET-VP96),
purified by liquid-liquid extraction, dried down in a centrifugal
evaporator and transferred to a PCR plate as previously described
[18]. Permethylation and sample purification by liquid-liquid
extraction were performed twice on the Hamilton MICROLAB
STARlet Liquid Handling Workstation in order to reduce the per-
centage of partial permethylation and to improve the efficiency of
the automated HT permethylation [18]. Samples were again dried
down in a centrifugal evaporator in order to be concentrated prior
to MALDI-FTICR-MS analysis. The samples were re-suspended in
10 mL of 70% methanol. The sDHB matrix (1.0 mL of 5 mg/mL super
DHB with 1 mM NaOH in 50% ACN) was spotted on a MTP Anchor-
Chip 800/384 MALDI-target (Bruker Daltonics) plate followed by
0.5 mL of permethylated sample and allowed to dry. Data acquisition
was performed once for each sample on the MALDI-target plate
using a 15T SolariX MALDI-FTICR-MS (Bruker Daltonics).
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2.5. N-glycan release from cell lines

N-glycans were released from cell lysates of three technical
replicates per cell line using a PVDF- membrane based approach as
described previously [32]. Briefly, cell pellets were resuspended in
lysis buffer (containing 50 mM Tris HCl, 100 mM NaCl, 1 mM EDTA,
Protease inhibitor cocktail), sonicated for 1 h at 60 �C and proteins
from ca. 500 000 cells were immobilized on a 96- well PVDF
membrane filter plates in denaturing conditions by adding 72,5 mL
of 8M GuHCl and 2,5 mL of 200 mM DTT and incubating for 1 h at
60 �C. After washing the samples with water to remove all the
unbound material, N-glycans were released by adding 2 mL of
PNGase F diluted in 13 mL of MQ to each well, incubating for 5 min,
adding another 15 mL of MQ and incubating overnight at 37 �C. The
glycans were recovered by centrifugation and washing (3 � 30 mL
MQ) of the PVDF membrane. Subsequently 20 mL of ammonium
acetate (pH 5) was added and incubated for 1 h. N-glycan reduction
was performed as described before [20]. In short, 30 mL of 1 M
NaBH4 in 50mMKOHwas added to the released glycans, incubated
for 3 h, where after the reaction was quenched with 2 mL of glacial
acetic acid. The glycans were desalted using strongly acidic cation
exchange resin. 100 mL of resin in methanol was packed in the 96-
well PP filter plate and three times washed with each of the
following solutions: 100 mL of 1M HCl, 100 mL methanol and 100 mL
water. The samples were loaded and elution was performed twice
with 40 mL of MQ and centrifugation. Subsequently the samples
Fig. 2. Absorption mode MALDI-FTICR mass spectra of released, reduced and permethylated
for the hexose ladder (in red) in the O-glycan spectrum of SW1116, which carries a quatern
interpretation of the references to colour in this figure legend, the reader is referred to the
were dried followed by borate removal with repeated methanol
additions and drying (co-evaporation). Additional carbon solid
phase extraction step was performed as described previously [20].

2.6. N-glycan derivatization, purification and MALDI-spotting

The dried samples were dissolved in 25 mL of MQ water. Then,
5 mL of this samplewas added to 50 mL of ethylation reagent (0.25M
HOBt and 0.25 M EDC in EtOH) and incubated for one hour at 37 �C.
After incubation 55 mL of ACN was added. Purification was per-
formed as described before [27,34,35]. In short, in-house developed
cotton-HILIC microtips were washed three times with 20 mL MQ
and subsequently conditioned with three times 20 mL of 85% ACN.
The sample was pipetted up-and-down twenty times in the cotton-
HILIC tip and thereafter washed three times with 20 mL 85% ACN
with 1% TFA and three times with 20 mL 85% ACN. To elute, 10 mL of
MQ water was pipetted up-and-down five times. One microliter of
sDHB-matrix (5 mg/mL with 1 mM NaOH in 50% ACN) was spotted
onto a MALDI target plate (800/384 MTP AnchorChip, Bruker Dal-
tonics, Bremen, Germany) with 5 mL of sample. The spots were left
to dry and afterwards measured on a 15T SolariX MALDI-FTICR-MS
instrument.

2.7. N-glycan analysis from plasma

Samples were prepared according to the previously published
O-glycans from cell lines SW48 and SW1116. All glycan are assigned as [MþNa]þ, except
ary trimethyl ammonia group. Only the relevant m/z-range for glycans is shown. (For
web version of this article).



Fig. 3. Fragmentation spectrum of m/z 983.5117 which is assigned with the composition H2N2. The diagnostic ions (e.g. m/z 245, 284, 298, 690, 708) indicate that there are two
different isomers of H2N2 present in the cell line samples.
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method [27]. Briefly, the N-glycans were released from 6 mLVisucon
plasma by first incubating the plasma for 10min at 60 �C in 12 mL 2%
SDS, where after the releasemixture (6 mL acidified PBS, 6 mL 4% NP-
40 and 0.6 mL PNGase F) was added and the sample was incubated
overnight at 37 �C.

Automated derivatization, purification and MALDI-target plate
spotting were performed using the liquid handling platform
described before [27,36]. The carboxylic acid moieties of the sialic
acids were derivatized by adding 2 mL of sample to 40 mL ethylation
reagent (0.25 M EDC with 0.25 M HOBt in ethanol) and incubating
for one hour at 37 �C. Subsequently 42 mL 100% ACN was added and
after 10 min purification was performed in the same manner as
described in 2.6, however, all amounts were doubled in the auto-
mated purification. MALDI-target spotting was performed as
described in 2.6, but the sample and matrix volumes spotted were
2 mL and 1 mL respectively with premixing before spotting.
2.8. MALDI FT-ICR MS and MS/MS measurements

All MALDI-FTICR-MS measurements were performed on a 15T
SolariX XR mass spectrometer (Bruker Daltonics) equipped with a
CombiSource, a ParaCell and a SmartBeam-II laser system.

N-glycans were measured as previously reported. Briefly, for
each MALDI spot, one spectrum consisted of ten acquired scans and
1M data points was generated in them/z-range 1011.86 to 5000.00.
The laser was operated at a frequency of 500 Hz using the “me-
dium” predefined shot pattern and 200 laser shots were collected
per raster (i.e. 2000 per MALDI spot). The ParaCell parameters were
as follows: both shimming and gated injection DC bias at 0�, 90�,
180�, and 270� were 9.20, 9.13, 9.20, 9.27 V, respectively; the
trapping potentials were set at 9.50 and 9.45 V and the excitation
power and sweep step time at 55% and 15 ms The transfer time of
the ICR cell was 1.0 ms, and the quadrupole mass filter was set atm/
z 850.

O-glycans spectra were generated from ten acquired scans and
1 M data points, in the m/z-range 207-5000. As for N-glycans, 200
laser shots were collected per raster using a 500 Hz laser frequency
and the “medium” predefined shot pattern. The ParaCell parame-
ters were as follows: both shimming and gated injection DC bias at
0�, 90�, 180�, and 270� were 1.20, 1.13, 1.20, 1.27 V, respectively; the
trapping potentials were set at 1.50 and 1.45 V and the excitation
power and sweep step time at 45% and 15 ms The transfer time of
the ICR cell was 0.85 ms, and the quadrupole mass filter was set at
m/z 100. Collision-induced dissociation (CID) experiments were
performed with quadrupole (Q1) mass, isolation window and
collision energy optimized for each precursor ion.

AbsorptionmodeMALDI-FTICR-MS spectra were obtained using
AutoVectis software (Spectroswiss, Lausanne, Switzerland) [37].
DataAnalysis Software 5.0 (Bruker Daltonics) and mMass [38] were
used for the visualization and data analysis of MALDI-(CID)-FTICR-
MS spectra.
3. Results and discussion

3.1. N- and O-glycan analysis with MALDI-FTICR-MS

Ultrahigh resolution MALDI-FTICR mass spectra were obtained
from N- and O-glycans from two cell lines (referred to as SW48 and
SW1116). In Fig. 1 annotated spectra of these cell lines for both
glycosylation types are shown. The highest intensity signals found
in the N-glycan spectra corresponded to high-mannose glycan
structures. In addition, complex type glycans were annotated,



Fig. 4. Comparison of signals from MALDI-FTICR-MS measurements in magnitude mode and absorption mode. Due to increased resolution in absorption mode measurements the
overlapping peaks are resolved. In de left panel two N-glycans are resolved and in the right panel an underlying O-glycan signal is resolved from an overlapping non-glycan analyte.
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although observed at lower intensities. The total number of N-
glycans detected in the spectra from SW48 and SW1116 were 76
and 104, respectively (see Tables Se1). Of all N-glycan assignments
94% were within a mass measurement error of ±2 ppm, with the
remaining 6% within ±4 ppm, in a mass range of m/z 1000 to 3500.
Remarkably, these high-accuracy assignments were reproducibly
obtained from a single mass spectrum with lowest and highest
glycan peak intensities varying by more than a factor of 5000.

In the O-glycan spectra of SW48 and SW1116 (Fig. 2), 44 and 62
O-different glycan compositions were annotated respectively (see
Tables Se2). Of all O-glycan assignments 76% were within a mass
measurement error of ±2 ppm and an additional 18% within
±6 ppm, in a mass range of m/z 300 to 3000. Similar to the spectra
from theN-glycans the peak intensities varied bymore than a factor
of 5000. For many of these O-glycan compositions multiple glycan
isomers are possible. This is exemplified in the fragmentation
spectra of the sodiated permethylated alditol of the glycan
composition H2N2 (Fig. 3). Diagnostic fragment ions are observed
for both a linear and a branched tetrasaccharide structure (m/z
690.3291 and m/z 284.1459, respectively), and it is therefore
concluded that this mass spectrometric signal represents a mixture
of isomers. The linear glycan is proposed to be a core-1 O-glycan
structure (Gal1-3/4GlcNAc1-3Gal1-3GalNAcitol) while the
branched isomer is presumably a core-2 O-glycan structure (Gal1-
3/4GlcNAc1-6[Gal1-3]GalNAcitol). In Figure S-1 additional frag-
mentation spectra are shown that demonstrate similar types of
isomeric mixtures. Furthermore, high RPs in MALDI-FTICR spectra
allowed detection of glycan signals in the matrix region. An
interesting signal that was found corresponds to a single per-
methylated N-acetylhexosaminitol (m/z 330.19). This N-acetylhex-
osaminitol is most likely derived from a single GalNAc mucin-type
O-glycan (Tn-antigen). Importantly, the Tn antigen cannot be
detected with current PGC-LC-MS workflows for negative-mode
analysis of native (i.e. non-permethylated) O-glycan alditols [20],
and the mass spectrometric analysis of permethylated O-glycan
alditols therefore represents a complementary technique making
these biologically important short-chain O-glycans amenable for
analysis. Next to the here presented MALDI-FTICR-MS analysis, the
LC-MS analysis of permethylated glycans by reversed phase and
porous graphitized carbon stationary phases has recently obtained
increased attention. Such platforms may complement the MALDI-
FTICR-MS approaches by providing isomer separation, as has
recently been described for N-glycans [39e42].

Notably, it is still unclear to which extent other HexNAc sources
such as protein-linked N-acetylglucosamine (O-GlcNAc) which is
known to be mainly present on cytosolic proteins [43], may be
contributing to the N-acetylhexosaminitol signal. MALDI-FTICRMS/
MS analysis of permethylated N-acetylglucosaminitol and N-acee-
tylgalactosaminitol standards resulted in a similar fragmentation
pattern for both species (data not shown), pointing out that addi-
tional experiments are needed in order to identify whether or not
this signal is confounded by O-GlcNAc, and whether it can be
largely attributed to the Tn-antigen.

Moreover, in Figure S-2 the full mass range of one O-glycan
spectrum is shown, with a highly intense peak at m/z 316.32 that
could be identified by MS/MS as dodecyl-bis(2-hydroxyethyl)-
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methylazanium, a permanently charged compound originating
from plastics. Further optimizations in the sample workup and
purifications are therefore needed to turn these O-glycan spectra
into robust profiles.

As a final remark on the O-glycan spectra, it was noted that the
most intense peaks in SW1116 corresponded to a hexose ladder (see
Fig. 2). These signals were also observed in SW48 at a lower in-
tensity. The hexose ladder can be explained by the release of part of
the N-glycans in the beta-elimination reaction, resulting in the
appearance of additional high mannose glycans, as these N-glycans
were identified amongst the most abundant species in this cell line.
The ladder contains up to nine hexoses and a remainder mass that
was identified as a hexosamine with a quaternary methylated
amine group, thus carrying a positive charge (see fragmentation
data in Figure S-3). An overview of the observed m/z values from
the hexose ladder is shown in Tables Se3. An additional confir-
mation for the hypothesis that the hexose ladder resulted from the
high-mannose glycans was provided by the observation of two
additional hexose ladders in the O-glycan spectra: both ladders
likewise consisted of up to nine hexoseswith aN-acetylhexosamine
or a hexosamine, which both ionized as [MþNa]þ. The observedm/
z values of these ladders are also shown in Tables Se3.

3.2. Resolving glycan signals

The measurements on N- and O-glycans from cell lines were
compared with previous measurements performed in our group on
released N-glycans from plasma [27]. Moreover, in the current
study we evaluated the N-glycan MALDI-FTICR data from plasma in
absorption mode instead of magnitude mode, resulting in a further
improved resolution. Previously we reported that isobaric struc-
tures such as H7N6F1L1E1 and H6N5F1E3 were not distinguishable
in MALDI-time-of-flight (TOF)-MS, and that overlapping signals
were observed with magnitude mode measurements in MALDI-
FTICR-MS [27]. Now, with absorption mode evaluation of the sig-
nals these two glycans are fully resolved (see Fig. 4). In the O-gly-
cans spectra from cell lines this same effect is shown (Fig. 4 and S-
4). The signal, assigned as H3N3F1S1, is in absorption mode sepa-
rated from the overlapping signal in magnitude mode.

4. Conclusion

This study demonstrated that MALDI-FTICR-MS analysis allows
for glycan identifications in complex mass spectra with low ppm
mass measurement errors. However, a confident assignment of
monosaccharide composition will not resolve the issue that com-
plex biological samples often contain multiple glycan isomers. To
this end diagnostic fragment ions in CID-spectra assist structure
elucidation, as was exemplified in this study. In case overlapping
signals were observed in MALDI-FTICR-MS absorption mode visu-
alizations were a useful approach for increasing resolution and
improvingO- andN-glycan identifications. The benefits of ultrahigh
RPs allow the analysis of complex samples, such as a N- or O-gly-
come, without the need for time consuming chromatography. The
here presented strategy with low ppm mass measurement errors
and confident glycan compositional assignment holds great po-
tential for a comparative study on patient sample cohorts, such as
plasma samples or cell lines.
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