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ABSTRACT: N-glycans are important players in a variety of
pathologies including different types of cancer, (auto)immune
diseases, and also viral infections. Matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) is an important tool for
high-throughput N-glycan profiling and, upon use of tandem MS, for
structure determination. By use of MALDI-MS imaging (MSI) in
combination with PNGase F treatment, also spatially correlated N-
glycan profiling from tissue sections becomes possible. Here we
coupled laser-induced postionization, or MALDI-2, to a trapped ion
mobility quadrupole time-of-flight mass spectrometer (timsTOF fleX N Drda o | TR Ve
MALDI-2, Bruker Daltonics). We demonstrate that with MALDI-2 : el | [P | 1T Piee
the sensitivity for the detection of molecular [M — H] ™ species of N- '
glycans increased by about 3 orders of magnitude. Compared to the
current gold standard, the positive ion mode analysis of [M + Na]* adducts, a sensitivity increase by about a factor of 10 is achieved.
By exploiting the advantageous fragmentation behavior of [M — H]~ ions, exceedingly rich structural information on the
composition of complex N-glycans was moreover obtained directly from thin tissue sections of human cerebellum and upon use of
low-energy collision-induced dissociation tandem MS. In another set of experiments, in this case by use of a modified Synapt G2-S
QTOF mass spectrometer (Waters), we investigated the influence of relevant input parameters, in particular pressure of the N,
cooling gas in the ion source, delay between the two laser pulses, and that of their pulse energies. In this way, analytical conditions
were identified at which molecular ion abundances were maximized and fragmentation reactions minimized. The use of negative ion
mode MALDI-2-MSI could constitute a valuable tool in glycobiology research.

MALDI-2-MSI
In-situ MALDI-2-MS/MS

M atrix-assisted laser desorption/ionization mass spectrom- for the unambiguous identification of intersaccharide linkages.
etry (MALDI-MS) is a popular tool for high-throughput

analysis of oligosaccharides including N- and O-linked glycans.
Typically, the oligosaccharides are derived from glycoproteins
by enzymatic, or in the case of O-linked glycans, chemical

cleavage (e.g., PNGase F or f-elimination). MALDI-MS has

Therefore, negative ion mode MS finds its application mostly in

14-16 .
A hindrance for

tandem MS analysis of oligosaccharides.
more extensively exploiting this potential is given by the rather

low ion yields of MALDI for oligosaccharides in the negative ion

been used to profile glycans from a variety of biological matrices,
including biofluids such as serum, blood, and urine, as well as
other matrices (e.g, food sources and plant material).' ~® To also
reveal important spatial information on glycans in tissue,
MALDI-MS imaging (MALDI-MSI) can be used.”* Application
examples of MALDI-MSI comprise, for example, the role
specific glycosylation patterns play in the development and
pathogenesis of ovarian and breast cancer and myxoid
liposarcoma.”™"?

Because of the better detection sensitivity, the majority of
these applications relied on the detection of singly charged
alkali-metal adduct ions, typically [M + Na]*. For structure
elucidation, low-energy collision-induced dissociation (CID) is
commonly used and in positive ion mode typically results in
fragmentation of the glycosidic bond, with little formation of
cross-ring fragments. In contrast, CID in negative ion mode
predominantly yields diagnostic cross-ring fragments required
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mode. Therefore, a plethora of derivatization strategies has been
developed to stabilize and neutralize the notoriously labile

=19 as well as functionalize the

terminal sialic acid residues,'”
reducing end of the oligosaccharide with a stabilizing, often
fluorescent, and permanently charged group.'”~*' Although
functional, these strategies often result in complex sample
preparation protocols, which are prone to the inclusion of
experimentally induced measurement variations. Moreover,

chemical derivatization strategies are not always transferable to
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tissue sections, and therefore they may not be applicable to
MALDI-MSIL

A powerful alternative to increase the ion yields of
deprotonated oligosaccharides is MALDI-MS coupled with
laser-induced postionization (PI), or MALDI-2-MSL** With
this recently introduced technique, the initial MALDI-particle
plume, which is formed in a fine vacuum environment of a few
mbar of N, is intercepted by the beam of a pulsed PI-laser (e.g.,
a g-switched Nd:YAG laser emitting at 266 nm”®) a suitable
distance and interlaser pulse delay. Very recently, also the first
successful adaptation of MALDI-2 in combination with an
atmospheric pressure (AP) ion source has been reported.”*
Somewhat depending on matrix, analyte, spot size, and pulse
energy of the ablation laser, optimal MALDI-2 conditions are
typically found if a central distance of the PI laser beam to the
primary laser spot of about 500 m and an interlaser pulse delay
of ~10 ys are established (see the Results and Discussion section
below). The interaction of the PI laser beam with the particle
plume gives rise to a significant boost in ion yields for numerous
classes of small molecules but also for more complex lipids like
phospho- and glycosphingolipids. The current hypothesis on the
working mechanism of MALDI-2, based predominantly on
studies that were performed with glycerophospholipids, consists
of two coexisting mechanisms.”” The first is based on resonance-
enhanced two-photon ionization (REMPI) of the MALDI
matrix. For aromatic MALDI matrices, this condition is
generally met for wavelengths shorter than 310 nm. Because
of energetically favorable reactions, the newly formed charges
are transferred to neutral analytes in close proximity, presumably
via gas phase collisions. Additionally, a mechanism similar to
aerosol MALDI® could result in a more conventional MALDI
process upon involvement of larger clusters. Further work is
needed to elucidate these pathways for different combinations of
MALDI matrices and laser parameters.””*>*”**

The application of MALDI-2 to the analysis of oligosacchar-
ides in negative ion mode could potentially simplify sample
preparation workflows and enhance ion yields and would
therefore improve reproducibility and sensitivity of the analysis.
While already indicated by an increase in signal intensity for
small disaccharides (Hex2) by Soltwisch et al., beneficial effects
for the analysis of larger, more complex oligosaccharides can,
however, currently only be suspected.”” Therefore, we have
studied these potential benefits of applying MALDI-2 for mass
spectrometry-based glycomics approaches and N-glycan MSI at
the examples of a set of standards and by the analysis of human
brain sections at 50 um pixel sizes. We also tested the potential
of low-energy CID tandem MS for generating structurally
informative fragments from [M — H] ™~ precursors of complex N-
glycans directly from human brain tissue.

B MATERIALS AND METHODS

Chemicals and Reagents. Acetonitrile (ACN) and LC-
MS-grade deionized water (dH,0) were acquired from Carl
ROTH (Karlsruhe, Germany). Nor-harmane (NOR), histo-
logical grade xylene, and Millipore Amicon Ultra-0.5 centrifugal
filter units (10 kDa molecular-weight cutoff (MWCO) filters)
were obtained from Sigma-Aldrich (Steinheim, Germany).
Ethanol (EtOH) and 2,5-dihydroxyacetophenone (2,5-
DHAP) were acquired from Merck (Darmstadt, Germany).
Oligosaccharide standards (Maltoheptaose DP7 (DP7); N-
glycan HSN4) were obtained from Biosynth Carbosynth
(Compton, U.K.). Endoglycosidase PNGase F, recombinant
(lyophilized) (Serva Electrophoresis, Heidelberg, Germany),

and ESI-L low concentration tuning mix (Agilent Technologies,
Santa Clara, CA, U.S.A.) were acquired at the indicated vendors.
Superfrost microscope glass slides were acquired from Thermo
Scientific (Schwerte, Germany).

Tissues and Tissue Treatment. Formalin-fixed and
paraffin-embedded (FFPE) human brain (cerebellum region)
tissue obtained from a 79-year-old male were obtained from the
Department of Neuropathology of the University Hospital
Miinster (UKM). The individual died from cardiovascular
disease without known neurological disorders. Tissues were
sectioned at 5 pm thickness and were mounted on Superfrost
glass slides (Thermo Scientific). Sections were stored at 4 °C in
the dark until further processing. Tissues were used following in
accordance with the research ethics board approval (111IPau;
UKM, Miinster, Germany).

Maltoheptaose Sensitivity Measurements. Sensitivity
measurements for the MALDI-2-MS analysis of oligosacchar-
ides were assessed using a timsTOF fleX MALDI-2 QTOF
instrument (Bruker Daltonics; details on the performed
modifications are provided in the Supporting Information)
and in ref 29. Spectra (n = S), recorded over an m/z-range of
500—1500, were acquired in positive ion mode using MALD],
and in negative ion mode both with and without MALDI-2;
MALDI-2 in the positive ion mode was also tried but did not
result in sizable differences in the ion abundances of the [M +
Na]* ions, and was therefore not used anymore in further
experiments. Spectra (400 laser shots summed) were acquired at
optimized settings: 3.0 mbar cooling gas pressure (N,),
50 X 50 um* pixel size (“MS small” setting, ablation surface
1280 um?), approximately 22 uJ or 52 yJ ablation laser pulse
energies in positive and negative ion mode, respectively. All
spectra were recorded using 1 kHz repetition rates for both
ablation and PI lasers. For the MALDI-2 measurements in
negative ion mode, approximately 350 uJ PI-laser pulse energy,
and an interlaser pulse delay of 30 ys were used.

N-Glycan MALDI-2-MSI Sample Preparation and
Analysis. FFPE sections were dewaxed using two 10 min-
long washes in xylene. Following dewaxing, tissues were
rehydrated in a series of EtOH washes (100% EtOH (3x),
70% EtOH (1x), 50% EtOH (1x), dH,O (1X), 1X equals 20 2 s
dips) and washed in dH, O for an additional S min. Samples were
dried under a stream of N,. Endoglycosidase PNGase F was
buffer exchanged using 10 kDa MWCO filters, dissolved in
dH,0 (0.1 ug uL™"), and homogeneously applied on the tissue
sections using the SimCoat spray-robot (SonoTek; 40 passes;
flow rate, 30 yL min™~"; XY -stage-speed, 30 mm s%; line-to-line
distance, 1.8 mm; ultrasound power (at 48 kHz), 1.5 W).
Tissues were incubated overnight (18 h) at 37 °C in a saturated
humid environment. Following incubation 41 mM NOR, and
S uM maltoheptaose (in 50:50 (% v/v) ACN:dH,0) were
cosprayed on the tissue using the following parameters: 40
passes; flow rate, S0 uL min~}; XY-stage-speed, 30 mm s7L; line-
to-line distance, 1.8 mm; ultrasound power, 6.0 W (at 48 kHz).
Unless otherwise noted, MALDI-2-MSI was performed on the
timsTOF fleX MALDI-2 (Bruker Daltonics) in negative ion
mode at optimized conditions: N, cooling gas pressure, 3.0
mbar; ablation laser pulse energy, 34 uJ; interlaser pulse delay,
30 us; P1 laser pulse energy, 350 uJ; 50 laser shots per pixel. For
the analyses assessing the influence of cooling gas pressure and
interlaser pulse delay, the respective parameters were adjusted
accordingly, while all other parameters were kept identical.
Positive ion mode MALDI-MSI measurements were performed
after applying 46 mM 2,5-DHAP and S 4M maltoheptaose (in
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50:50 (% v/v) ACN:dH,0) using the same spraying method
used for applying NOR. Spectra were recorded at p = 3.0 mbar,
using an ablation laser pulse energy of 34 uJ, and 500 shots per
pixel. All spectra were recorded using 1 kHz repetition rates for
both ablation and PI lasers, and over an m/z range between 900
and 3000 using a S0 X S0 um? pixel size (“MS small”). After
acquisition, data was imported and analyzed in SCiLS Lab MVS
(2020a Pro, build 8.00.11593, Bruker Daltonics). Figures were
prepared in Prism (8.1.1, build 330, GraphPad), mMass (5.5.0,
www.mmass.org), and the Office 2016 software suite (Micro-
soft).

B RESULTS AND DISCUSSION

MALDI-2 of Oligosaccharides in Positive and Negative
lon Modes. First, we assessed whether the MALDI-MS-based
detection of oligosaccharides can be improved by applying
MALDI-2 with the analyses of oligosaccharide standards and
then with endogenous N-glycans from tissue sections. Our goal
was to study key effects of the MALDI-2 parameters, and not
least to optimize experimental protocols for MALDI-2-MS(I) of
N-glycans.

The intensities of the ablation and PI laser were systematically
varied to study their effects on the (post)ionization of the
oligosaccharide. In positive ion mode, the sodium adducts of
maltoheptaose did not benefit from MALDI-2, and even
decreased somewhat (by up to a factor of 3) with increasing
Pl-laser energy (Figure 1A). This observation is in line with
previously published observations on lipids, where decreased
MALDI-2 signal intensities of sodium adducts have been
hypothesized to be an effect of either the elevated pressure in the
ion source, leading to suboptimal ion transmission conditions,
or increased de novo formation of negative ion species during
the MALDI-2 procedure, having a neutralizing effect on positive
ion species.”””" The results displayed here led us to believe that
these observations are not analyte class specific. Similar to the
reports on MALDI-2 of lipids, the protonated maltoheptaose
ion received a boost in signal intensity. However, to achieve this
effect high ablation laser energies were required, which resulted
in partial dissociation of maltoheptaose via the loss of single or
more hexose units (Figure S1A,B, Supporting Information). The
option to boost protonated molecular ions of oligosaccharides
should perhaps be studied further in the future (e.g,, by using
different matrix systems).

In the negative ion mode, a clear boost in signal intensity as a
function of increasing Pl-laser energy was observed for the
deprotonated maltoheptaose molecule. However, it is well-
known that [M—H]~ ions of neutral oligosaccharides are prone
to in-source dissociation (ISD) - these fragment peaks were
indeed detected in both MALDI and MALDI-2 analyses (Figure
S1C,D, Supporting Information). However, under identical
conditions (besides applying PI) the intensity of the intact
maltoheptaose ion was enhanced much stronger by MALDI-2
compared to its ISD fragments (Figure S2, Supporting
Information). Previously, several groups successfully stabilized
deprotonated oligosaccharide ions by adding sodium iodide to
the MALDI matrix and therefore promote the formation of
iodide adducts.”"** This strategy did not result in increased
MALDI-2 signals in negative (data not shown), which is in line
with the findings on detection of adducts in positive ion mode
described earlier.

Optimization of MALDI-2 Parameters. To address this
and further mechanistic questions, next we studied the effects of
the experimental parameters of MALDI-2 with a focus on the
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Figure 1. Optimization of PI parameters in negative ion mode
MALDI-2 measurements. The influence of the ablation and PI-laser
pulse energies (at a fixed cooling gas pressure of 2.0 mbar, and an
interlaser pulse delay of 10 ys) on the signal intensity of (A) the [M +
Na]* signal of maltoheptaose (m/z 1175.37) and (B) the [M — H]~
signal of the oligosaccharide (m/z 1151.37 [maltoheptaose — H]").
Additionally, the effects of cooling gas pressure, and the interlaser pulse
delay on the signal intensity of deprotonated maltoheptaose molecules
were assessed. Spectra were acquired using an ablation-laser pulse
energy of (C) S and (D) 25 J, respectively. PI-laser pulse energy was at
the maximum energy of approximately 200 uJ. Common for the
MALDI-based analysis of neutral oligosaccharides, in-source fragmen-
tation occurred. Different types of fragments were produced under
different conditions; in panels A—D, black dots represent individual
measurements (average of n = 10 pixels). (E) Loss of a hexose (m/z
989.32 [maltoheptaose—C¢H,(Os—H]™) occurred predominantly
under MALDI-2 conditions (using both high ablation laser, and PI
energies). (F) Higher-energy cross-ring saccharide fragmentation (m/z
1031.33 [maltoheptaose—C,HgO,— H]™) occurred exclusively under
normal MALDI-conditions, and even at low ablation laser energies.
Relative fragmentation (E and F) was calculated as the fragment-
intensity over the sum of intact maltoheptaose and all detected
fragments.

negative ion mode analysis. By varying 7 and p in combination
with a relatively “low” ablation laser pulse energy, not far from
the ion detection threshold, we observed two sets of conditions,
or regimes, that resulted in increased maltoheptaose ion yields
(Figure 1C): regime (i) 0.5 mbar < p < 1 mbarand 10 us < 7 < 20
us and regime (ii) 1.0 mbar < p < 1.5 mbar and 20 us < 7 < 30 ps.

At high ablation laser pulse energy conditions (Figure 1D),
the highest maltoheptaose intensities were found at elevated
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pressure (1.5 mbar < p < 3.0 mbar) and 20 ps < 7 < 40 us. The
maximum absolute intensity of the deprotonated maltoheptaose
ion in the high ablation laser pulse energy experiment was
doubled compared to the intensity recorded at low ablation laser
pulse energy. At both low and high ablation laser pulse energy
settings, fragmentation occurred predominantly at low pressure
(p < 1 mbar) and short interlaser pulse delay (10 us < 7 < 20 us)
conditions (Figure S3A,B, Supporting Information). These
results indicate the presence of (at least) two ion populations
following the MALDI event. One being a population of
molecular jons exhibiting a high mean velocity, %enerated
(most likely) through a “thermal” desorption process,” and one
slower population with larger clusters, ejected from the tissue
surface through an ablation mechanism. Very similar findings
were obtained through modeling MALDI-plume development
by Knochenmuss”* and have been experimentally described by
Niehaus and Soltwisch for glycerophospholipids and glyco-
lipids,”” as well as by other authors for various analyte/matrix
systems and summarized in a review by Dreisewerd.”

Next, we asked if the negative ion mode MALDI-2-MSI
mechanisms, as revealed with the maltoheptaose standards, may
also apply for more complex glycans, namely enzymatically
released N-glycans. To account for possible tissue-type (and
area)-dependent variations in ion suppression effects,””*°~* we
homogeneously sprayed maltoheptaose (S M) onto human
cerebellum tissues and recorded MALDI-2-MSI data at a set of
different p (between 2.0—3.0 mbar, Figure S4A, Supporting
Information) and 7 (between 5—60 ps, Figure S4D, Supporting
Information) values. The [M — H]™ maltoheptaose signals were
used for normalization.

As for the pure maltoheptaose samples, the MALDI-2-MSI
data again show a strong pressure dependence on the
oligosaccharide/glycan signal intensity. Higher pressures, as
well as an optimal interlaser pulse delay around 30 ys were found
favorable for the analysis of N-glycans from tissue. However, the
effect of the interlaser pulse delay on the signal intensity was
much less pronounced than for the sample system above.

In-Source Dissociation in the Negative lon Mode. Next,
we recommenced to ask if fragmentation of oligosaccharides was
increased by the MALDI-2 process or whether it rather results
from the MALDI process, and fragment signals were merely
enhanced by MALDI-2. We found that the relative majority of
cross-ring fragmentation occurred under MALDI conditions
(no Pl-laser energy applied; Figure 1E). Similar to the
observations in the positive ion mode, dissociation of the
glycosidic bond resulting in the loss of a complete hexose
residue, occurred predominantly as an effect of increased
ablation-laser energy (Figure 1F). Also, in the MALDI-2-MSI
analyses, we detected fragment ions (cross-ring as well as loss of
hexose) for both the homogeneously sprayed maltoheptaose
internal standard, and endogenous N-glycans. When varying the
cooling gas pressure, the absolute intensities of the fragments
followed the same trends as the intact endogenous glycan
(Figure S4B, SI), but the relative abundances of fragments and
intact oligosaccharide remained the same (Figure S4C, SI).
Similar observations were made when changing the interlaser
pulse delay (Figure S4EF, SI). However, while the relative
abundance of the intact glycan did not change much under the
influence of 7, there were relative changes between the type of
fragments that were favored between short and longer interlaser
pulse delays (Figure S4F, SI). Short interlaser pulse delays
resulted predominantly in the formation of cross-ring fragments,
while longer interlaser pulse delays favored glycosidic bond

fragmentation. As cross-ring fragmentation generally requires
more fragmentation energy, and short interlaser pulse delays
result in PI of faster, high-energy single ions formed through
“thermal” desorption, these observations fit very well with the
presence of multiple ion populations in the MALDI plume
described above. Moreover, from these data we were able to
finally conclude that the observed in-source fragmentation is
mainly generated in the ablation process. The MALDI-derived
fragment ions were enhanced by MALDI-2, but under the tested
conditions no additional fragmentation induced by the second
laser pulse seemed to occur.

Improved MALDI-2 Measurement Sensitivity. Although
[M—H]" signal increases were observed for negative ion mode
MALDI-2 measurements, the ultimate question was whether the
signal increase would translate to an increase in measurement
sensitivity for MALDI-2. Therefore, a maltoheptaose dilution
series was prepared and analyzed in positive ion mode without
PI, and in negative ion mode both with and without PI. Due to
the homogeneous preparation, and the high pixel fidelity of the
timsTOF fleX, the amount of maltoheptaose per 50 X 50 yum®
pixel could be calculated (Supplementary Table S-1, Supporting
Information). In negative ion mode, MALDI-2 analysis (Figure
2A) resulted in the smallest lower limit of detection (LLOD) of
2 amol per pixel. This LLOD improved by 3 orders of magnitude

A 1000000+ )
MALDI-2 - negative = 22 fmol pixel”
100000 = mol pixel”
2 10000 = 215 amol plxef"
- 22 amol pixel”
.-; 1000~ w2 amol pixel
c
i3
£ 100
10
1+
-2 Hex -1 Hex Maltoheptaose
B 1000000+
MALDI - negative
100000
S
< 10000+
2 1000 .
3
H
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1_.
-2 Hex -1 Hex Maltoheptaose
C 1000000~
MALDI - positive
100000~
S
< 10000~
2 1000
®
2 i *
£ 100 .
10
1

-2 Hex -1 Hex Maltoheptaose

Figure 2. Oligosaccharide sensitivity. A dilution series of spraycoated
maltoheptaose on glass slide was analyzed by (A) MALDI- 2-MS in
negative ion mode, (B) MALDI-MS in negative ion mode, and (C)
MALDI-MS in positive ion mode. The bars show the mean intensity of
the performed experiments (n = S). Asterisks (*) highlight the lower
limit of detection (signal-to-noise ratio (SNR) > 3), and error bars
represent the SEM.
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Figure 3. Spectra and images of positive-ion mode MALDI-MSI and negative ion-mode MALDI-2-MSI. (A) Average spectra for negative ion-mode
MALDI-2-MSI (red) and positive ion-mode MALDI-MSI (blue) with assigned N-glycan species. Colored N-glycan compositions represent a >  10%
variation of intensity between positive and negative ion-mode analyses. Peaks with an asterisk (*) in the positive ion mode spectrum are potassium
adducts. (B,F) H&E stained consecutive section displaying cerebellar brain morphology. (C,G) Example images for N-glycan HSN2 in human
cerebellum. (D,H) Zoom in on histology with different morphological structures annotated (P, Purkinje cell, G, granular layer, M, molecular layer, W,
white matter). (E,I) Zoom in on example HSN2 images. In red, negative ion-mode MALDI-2-MSI images, and in blue, positive ion-mode MALDI-

MSI images.

in the equivalent negative ijon mode measurement without
MALDI-2 (LLOD: 2 fmol per pixel; Figure 2B) and 1 order of
magnitude in the positive ion mode MALDI measurements of
the maltoheptaose sodium adduct (LLOD: 22 amol per pixel;
Figure 2C). Further studies are required to assess whether
similar performance benefits are achieved for various glycan
classes, and for in situ analysis from tissue.

N-Glycan MALDI-2-MSI. To evaluate whether ion species
generated from the same N-glycans in both positive ion mode

MALDI and negative ion mode MALDI-2 would show the same
profiles and spatial distributions in tissue, a comparison
experiment was performed on human cerebellum tissues. Figure
3A shows the represetative average tissue spectra obtained from
the two analyses. Tissue analysis using negative ion mode
MALDI was also attempted, but the resulting spectra were of
such poor quality that the MSI data would only comprise of
noise. Due to the ISD in the negative ion mode, there seems to
be a slight bias toward the smaller N-glycans in the MALDI-2-
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Figure 4. MALDI-2 tandem MS spectrum of deprotonated HSN2 from human cerebellum. The red trace shows a pseudo-MS1 spectrum, where
quadrupole filtering was applied but no collision energy (0 eV). The black trace shows the low-energy CID MS/MS spectrum that resulted by applying
a collision energy of 100 eV (laboratory frame). Both spectra were acquired from a total of 20 50 X S0 m* wide pixels from a human cerebellum tissue
previously analyzed by MALDI-2-MSL. Based on mass matching (mass error tolerance, 10 ppm), the majority of high intensity peaks could be
assigned with fragment identities. Note that the applied method, which is not incorporating the use of ion mobility spectrometry, does not allow for
separation of isomeric fragments. For visualization, only one hypothetical isomer is therefore denoted. Blue squares represent N-acetylhexoses
(HexNAc), green circles represent hexoses (Hex), and grayish hexagons represent various additional cross-ring fragments.

MSI analysis. The affected glycans with an intensity variation
more than > + 10% have been highlighted. However, as can be
deduced from Figure 3B—I, the recorded distributions showed
the same glycans to be present in similar morphological areas
upon measurement with the two ion polarities.

One striking observation is that, although varying notably in
their structural composition, the majority of the registered N-
glycans expess very similar expression profiles across the
investigated brain area (Figure SS, Supporting Information).
Presumably due to the general difficulty to access human brain
samples for these analytical purposes, we could not find any
previous MALDI-MSI-based data for N-glycans in the human
cerebellum in the literature for comparison. However, both the
Human Protein Atlas (http://www.proteinatlas.org) and the
Allen Mouse Brain Atlas (http://www.brain-map.org) contain
data on the expression of key-enzymes of the N-glycan
biosynthesis pathway. Mannosidase 1, alpha (manlal) is the
enzyme responsible for trimming HIN2 to H8N2 in the
endoplasmatic reticulum (ER). As it is one of the “early-stage”
enzymes of the biosynthesis pathway, all N-glycans that are
expressed have been processed by this enzyme, and therefore it
is a good marker for the presence of N-glycosylated proteins. We
found manlal to be predominantly expressed in the Purkinje
cell layer in both human and mouse cerebellum (Figure S6,
Supporting Information). Additional expression was found in
the granular layer, although at lower levels compared to the
Purkinje cells. These findings correspond well to the
distributions found for the N-glycans detected by MSI
Especially the negative ion mode MALDI-2 analysis showed a
very clear delineation of the Purkinje cells and granular layer in
all of the recorded glycan distributions (Figures 3 and SS,
Supporting Information).

An additional benefit of the analysis of oligosaccharides in the
negative ion mode is the absence of peak-splitting that occurs in

positive ion mode through the presence of multiple alkali-metal
adducts for the same glycan (e.g, sodium and potassium
adducts; Figure 3A). In MALDI-MSI experiments, local
differences in salt concentrations can affect adduct formation,
which will ulimately result in biased (semi)quantitative data.***'
Although additional research is needed to assess potential
differences in (post)ionization efficiencies of various glycan
classes (e.g., high-mannose vs complex-type, sialylated and/or
fucosylated species), in our view, these results show clearly that
MALDI-2-MSI can be an exceedingly useful tool for the
visualization of N-glycans in FFPE tissue sections.

In Situ MALDI-2-MS/MS. In mass spectrometry-based
glycomics, the negative ion mode is commonly used for
obtaining tandem MS spectra, as they contain unique isomer-
specific cross-ring fragment ion signals not readily available in
positive ion mode.”"**** In previous MSI-based studies on N-
glycans, oligosaccharide compositions were determined based
on mass-matching, often in combination with the off-tissue
analysis of extracts by MALDI-MS/MS."”* This indirect, and
laborious approach is often required as the sensitivity of
MALDI-MS/MS is generally too low for structure elucidation
directly from tissue.

In our initial study, highlighting the general capabilities of the
timsTOF fleX MALDI-2 instrument, we already included
examples for the in situ MS/MS analysis of (glyco-)lipids
recorded from murine tissue.”” Here we show that with this
instrument similar advancement are achieved for on-tissue MS/
MS of N-glycans. In total the identity of 14 out of the 38
tentatively assigned N-glycan species as observed in the MALDI-
2-MSI analysis (Figure 3) was confirmed by MALDI-2-MS/MS
directly from the previously analyzed tissue section (Table S2,
Supporting Information). Figure 4 shows an example of an on-
tissue MS/MS spectrum from HSN2, obtained using MALDI-2
in the negative ion mode. Consistent with work by Harvey,
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where MS/MS analyses of electrosprayed [M—NO,] ™ and [M—
(NO;),]* ions from neutral high-mannose N-linked glycans
and their 2-aminobenzamide derivatives was performed, the
most abundant fragment peaks were present in the analyzed
spectra.44

B CONCLUSIONS

MALDI-2 performed in the negative ion mode induces a boost
in [M—H]" ion yields for the analysis of oligosaccharides. As a
result, this provides an order of magnitude higher sensitivity
compared to the current “gold standard”, the positive ion mode
MALDI analysis of sodium-adducts of oligosaccharides. In the
mechanistic part of our study, we moreover optimized several
key parameters for MALDI-2-MSI of N-glycans in the negative
ion mode. Using the so optimized conditions, we showed how
the increased ion yields could be highly beneficial for the
acquisition of high-quality MS/MS spectra and structural
analysis of N-glycans from minute sample amounts. Although
having a focus on N-glycans and neutral standards (maltohep-
taose), we foresee that the method will also reach out beyond
these systems. It could, for instance, also comprise valuable for
O-glycan analysis. And, although not studied in the context of
this manuscript, making use of the trapped ion-mobility
separation (TIMS) capabilities of the timsTOF fleX MALDI-2
instrument, valuable information on the presence and
distribution of N-glycan isomers in tissue is expected to benefit
strongly from MALDI-2. In summary, MALDI-2 could comprise
a valuable tool for many applications in mass spectrometry-
based glycomics research.
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