
MALDI-2 for enhanced in situ N-glycan analysis

N-glycans are important players in a variety of pathologies including different types 
of cancer, (auto)immune diseases, and also viral infections.
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Abstract

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 spati- 
ally-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 MALDI-2, Bruker Daltonics).  
We demonstrate that negative  
ion mode MALDI-2-MSI is  
capable of providing high quality  
N -glycan tissue distributions. 
Combined with the advan- 
tageous 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. Providing a complete  
package for MS-based glycan 
research, MALDI-2 will become 
a valuable tool in glycobiology 
research.



Introduction

N -linked glycosylations, or N -glycans, 
are a class of common oligosaccharide  
post-translational protein modifi-
cations. They serve as important 
molecular modulators of the commu-
nication of a cell with its direct and 
indirect environment. Altered glyco-
sylation has been associated with 
a variety of pathologies, including  
various types of cancer as well as 
response to treatment strategies,  
and disease progression like  
metastasis [1-5].

Matrix-assisted laser desorption/
ionization mass spectrometry  
(MALDI-MS) is a common and much 
exploited tool for the analysis of 
N -glycans that are chemically or enzy-
matically released from their carrier  
proteins [6-8]. Methods utilizing  
positive ion mode (+) MALDI provide 
good sensitivity for the detection of 
alkali-metal adducts of N -glycans, but 
provide limited structural information 
in tandem MS applications. Negative 
ion mode (-) detection of deproto- 
nated species provides unique  
structural information, but lacks  
sensitivity due to extensive in-source 
dissociation (ISD) of the produced 
ions [9-11]. More recently, in situ 
analysis of N -glycans directly from 
tissue sections has been enabled by 
MALDI-MS imaging (MALDI-MSI). 
Partly due to the limited sensitivity 
of the negative ion mode, N -glycan 
MALDI-MSI has so far only been 
reported in positive ion mode, and 
structural information was always 
obtained through orthogonal analyses  
of tissue extracts [12-14].

When MALDI-2 (or MALDI combined 
with laser-induced postionization) 
was introduced by Soltwisch et al. in 
2015 [15] they showed increased ion 
yields for disaccharides in negative  
ion mode. This finding instigated 
our here presented study onto the  
feasibility of N -glycan analysis by  
(-)MALDI-2-MSI.

How to Perform  
(-)MALDI-2-MSI of 
N-glycans

Full experimental details including 
a comprehensive study onto the  
fundamentals of (-)MALDI-2-MS of 
oligosaccharides have been described 
in detail, recently [16]. Only the 
most relevant experimental aspects  
are summarized here. Formalin-fixed 
and paraffin-embedded (FFPE) 
human brain tissue (cerebellum) from 
a 79-year-old subject was sectioned 
at 5 µm thickness and mounted 
on standard microscope glass 
slides. Sections were dewaxed and  
consecutively rehydrated using xylene 
and an ethanol-to-water gradient.  
The endoglycosidase PNGase F was 
homogeneously applied to the tissue 
using an automated spray robot. The 
enzymatic reaction was incubated 
overnight at 37°C in a saturated humid 
environment. For negative ion mode 
analysis nor-harmane was used as 
the MALDI matrix and applied using 
the sprayer at 41 mM concentration 
in 50:50 acetonitrile:deionized water 
(%v/v). For the control analyses (on 
consecutive sections) in positive ion 
mode, 46 mM 2,5-dihydroxyaceto- 
phenone in 50:50 acetonitrile:de-
ionized water (%v/v) was used as 
MALDI matrix. Both matrices were 
mixed with 5 µM maltoheptaose, 
which served as internal standard for 
intensity normalization.

(-)MALDI-2-MSI was performed on 
the timsTOF fleX MALDI-2 (Bruker 
Daltonics, Bremen, Germany, [17]) at 
optimized conditions [16]: N2 cooling 
gas pressure (p), 3.0 mbar; MALDI 
laser pulse energy, 34 μJ; interlaser 
pulse delay (τ), 30 μs; MALDI-2 laser 
pulse energy, 350 μJ; 50 laser shots 
per pixel. (+)MALDI-MSI analysis was 
performed on the same timsTOF flex  
MALDI-2 instrument at optimized 
settings: p, 3.0 mbar; MALDI laser 
pulse energy, 34 μJ; 500 laser shots 
per pixel. Spectra were recorded 

using a 1 kHz repetition rate for 
both MALDI and MALDI-2 lasers, 
and over an m/z range between  
900-3000, using a 50 × 50 μm2 pixel  
size (“M5 small”). Following the 
MSI analysis, data were loaded 
into SCiLS Lab MVS (v. 2020a Pro, 
Build 8.00.11593, SCiLS Lab/Bruker  
Daltonics).

Results and discussion

N -glycan MALDI-2-MSI

The current ‘gold standard’ method for 
N -glycan MALDI-MSI is based on the  
detection of alkali-metal adducts 
(predominantly sodiated species) 
in positive ion mode. Therefore,  
analysis of deprotonated species in 
(-)MALDI-2-MSI was compared to 
the ‘gold standard’ method to assess 
whether the same N -glycans would 
be observed, and if they would have 
similar relative intensities and reflect 
the same spatial distributions of the 
species in brain tissue. Figure 1A 
shows two representative mass  
spectra obtained from the two  
analyses. Due to the previously  
mentioned ISD in the negative ion 
mode, there seems to be a slight bias 
towards the smaller N -glycans in the  
(-)MALDI-2-MSI analysis (for more 
details, see [16]). The affected  
glycans with an intensity variation 
of more than >±10% are highlighted 
in the spectrum. However, as can 
be deduced from Figure 1B-I, the 
recorded distributions showed 
the same glycans to be present in  
similar morphological areas upon 
measurement with the two ion  
polarities. It should be noted that  
(+)MALDI-2-MS of oligosaccharides 
was also attempted, but did not  
result in gains in ion yield as observed 
in the negative ion mode [16].

One striking observation is that the 
majority of the registered N -glycans 
has very similar expression profiles  
across the investigated brain 
area (Figure 2). To make sure the  



Figure 1: 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 using a standard staining protocol.   C , G  Example ion images for N-glycan H5N2 in human 
cerebellum.  D , H  Zoom-in on the histology with different morphological structures annotated (P – Purkinje cell, G – granular layer, M – molecular layer,  
W – white matter).   E ,  I  Zoom-in on example H5N2 images. In red, (-)MALDI-2-MSI images, and in blue, (+)MALDI-MSI images.
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N -glycan expression was not biased 
by the analysis, resulting in similar 
images for all detected N -glycans, 
and to validate the overall expression 
of N -glycans in the cerebellum, the 
expression of mannosidase 1, alpha 
(man1a1) was assessed in the brain 
through the Human Protein Atlas 
(http://www.proteinatlas.org) and the 
Allen Mouse Brain Atlas (http://www.
brain-map.org). We found man1a1 to 
be predominantly expressed in the  
Purkinje cell layer in both human 
and mouse cerebellum. 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. 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 gly-
comics, the negative ion mode is 
commonly used for obtaining tandem 
MS spectra, because these contain 
unique isomer-specific cross-ring 
fragment ion signals that are not 
readily available in the positive ion 
mode [18-19]. 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  

[14]. 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. 

Here we show that with the timsTOF  
fleX MALDI-2 advancements 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 1)  
was confirmed by (-)MALDI-2-MS/MS  
directly from the post-MSI analyzed 
tissue section. Figure 3 shows an 
example of an on-tissue MS/MS 
spectrum from H5N2, obtained using 
MALDI-2 in the negative ion mode.

Figure 2: Example images of various N-glycan species in the human cerebellum.  A - D  In red squares the images obtained using (-)MALDI-2-MSI of the 
human cerebellum, and in   E - G  the expression of the mannosidase 1, alpha (man1a1) enzyme in mouse brain (  E , expression profiling; F , in situ  
hybridization) and human (54 y/o male) brain ( G , immunohistochemistry) obtained from the Allen Mouse Brain atlas (http://www.brain-map.org) and the 
Human Protein Atlas (http://www.proteinatlas.org) respectively. Man1a1 expression occurs predominantly in the Purkinje cell layer (P) and the granular layer 
(G) of the brain, in comparison to the white matter (W) and molecular layer (M). Man1a1 is one of the enzymes of the N-glycan biosynthesis pathway. The 
enzyme is responsible for trimming a mannose residue from the H9N2 glycan to produce H8N2 in the endoplasmatic reticulum (ER).
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Conclusion

MALDI-2 performed in the negative ion mode induces a boost in [M–H]– ion yields for the analysis of 
oligosaccharides. Using optimized conditions, we showed how the increased ion yields could be highly 
beneficial for the acquisition of high-quality MS/MS spectra and the structural analysis of N -glycans from minute 
sample amounts. In combination with the high quality MALDI-2-MSI of N -glycans from tissue, the timsTOF fleX 
MALDI-2 will be a valuable and complete tool for many applications in mass spectrometry-based glycomics 
research.

Figure 3: MALDI-2 tandem MS spectrum of deprotonated H5N2 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 twenty 50 × 50 µm2-wide pixels from a human cerebellum tissue post-MSI analyzed 
by MALDI-2-MSI. 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 grey-ish hexagons represent various additional cross-ring fragments.
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