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Abstract

N-linked glycans are complex biomolecules vital to cellular functions that have been linked to a
wide range of pathological conditions. Mass spectrometry imaging (MSI) has been used to study
the localization of N-linked glycans in cells and tissues. However, their structural diversity
presents a challenge for MSI techniques, which stimulates the development of new approaches. In
this study, we demonstrate for the first time spatial mapping of N-linked glycans in biological
tissues using nanospray desorption electrospray ionization mass spectrometry imaging (nano-
DESI MSI). Nano-DESI MSI is an ambient ionization technique that has been previously used for
imaging of metabolites, lipids, and proteins in biological tissue samples without special sample
pretreatment. N-linked glycans are released from glycoproteins using an established enzymatic
digestion with peptide N-glycosidase F and their spatial localization is examined using nano-DESI
MSI. We demonstrate imaging of N-linked glycans in formalin-fixed paraffin-embedded human
hepatocellular carcinoma and human prostate tissues in both positive and negative ionization
modes. We examine the localization of 38 N-linked glycans consisting of high mannose, hybrid
fucosylated, and sialyated glycans. We demonstrate that negative mode nano-DESI MSI is well-
suited for imaging of underivatized sialylated N-linked glycans. On-tissue MS/MS of different
adducts of N-linked glycans proves advantageous for elucidation of the glycan sequence. This
study demonstrates the applicability of liquid extraction techniques for spatial mapping of N-
linked glycans in biological samples, providing an additional tool for glycobiology research.
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Introduction

Glycosylation is a widespread post-translational modification of proteins that affects their stability,
folding, and interactions and plays an essential role in biological processes such as cell signaling
and signal transduction.'™ N-linked glycans are oligosaccharides covalently attached to asparagine
(Asn) residues of proteins containing the Asn-X-Ser/Thr consensus sequence, in which “X” is any
amino acid except for proline. Their structural diversity and complexity present a challenge to both
qualitative and quantitative analysis of biological samples with existing analytical techniques. At
present, the most common technique for studying N-linked glycans is liquid chromatography-mass
spectrometry (LC-MS).* LC-MS has been used for confident characterization and quantitation of
complex glycan mixtures with the drawback of extensive sample preparation. Alternatively,

shotgun glycomics approaches have been developed to improve the throughput of glycoprofiling.>
7

Mass spectrometry imaging (MSI) is widely used for mapping the spatial distributions of
molecules in biological tissues in a label-free fashion.®™*? Both the experimental implementation
and applications of MSI techniques have been extensively reviewed.>'***"” Imaging of N-linked
glycans has been mainly performed using matrix-assisted laser desorption/ionization
(MALDI).'®! In these experiments, tissues are sectioned and N-linked glycans are enzymatically
cleaved from glycoproteins by applying peptide N-glycosidase F (PNGase F) to the tissue.?” Due
to the low ionization yields in negative mode, MALDI MSI of N-linked glycans is commonly
performed in positive ionization mode.?! Meanwhile, on-tissue chemical derivatization is used to
stabilize negatively charged species, such as sialylated N-linked glycans, improving the sensitivity
of MALDI MSI experiments.?>?* Recently, MALDI-2 MSI has been used to enhance the
ionization of glycans in negative mode, providing access to additional N-linked glycans that cannot
be detected using traditional MALDI MSI experiments.?® This approach also enabled on-tissue
MS/MS for the structural characterization of N-linked glycans. Alternatively, ambient ionization
techniques are sensitive to analyzing N-linked glycans in both positive and negative ionization
mode without the need to stabilize labile sialic acid residues that are known to dissociate in MALDI
MSI.227 An ambient electrospray (ESI)-like ionization technique, infrared matrix-assisted laser
desorption electrospray ionization (IR-MALDESI), has been used for imaging of N-linked
glycans.”® IR-MALDESI enabled the ionization and detection of labile sialylated N-linked glycans
in negative ion mode without the need for chemical derivatization.

In this study, we examine for the first time the potential of an ambient ionization technique based
on localized liquid extraction for imaging of N-linked glycans. This class of ionization
technique'®31172931 includes desorption electrospray ionization (DESI)*?, nanospray desorption
electrospray ionization (nano-DESI)!"*3, liquid microjunction surface sampling probe*, liquid
extraction surface analysis®, scanning probe electrospray ionization, and single probe®’. Liquid
extraction-based approaches provide the advantage of direct analysis of tissue sections using
solvent composition tailored to improve extraction of analytes from the sample®*’*%%*° enhance

ionization efficiency*®*!, and enable online chemical derivatization*>. Nano-DESI uses localized



liquid extraction followed by electrospray ionization for quantitative mapping of different classes
of biomolecules in biological tissue samples with a spatial resolution down to 10 pm.* Previous
applications of nano-DESI have established its versatility for imaging of metabolites, lipids, and

proteins in complex biological tissues.**

Herein, we demonstrate the potential of nano-DESI MSI to imaging of N-linked glycans in
biological tissues both in positive and negative ionization modes without chemical derivatization.
To demonstrate the capabilities of the technique, we selected formalin-fixed paraffin-embedded
(FFPE) human hepatocellular carcinoma (HCC) and human prostate tissues due to the high
abundance of N-linked glycans in these tissues and their biological significance. The tissue
samples were prepared using an established method for the enzymatic cleavage of N-linked
glycans before the analysis by nano-DESI MSI. We use both positive and negative ion modes to
demonstrate the capabilities of nano-DESI MSI for imaging N-linked glycans. On-tissue tandem
mass spectrometry (MS/MS) experiments have been used for glycan identification. We have also
successfully imaged N-linked glycans in histology-stained tissue sections, which is advantageous
to attributing features in ion images to cell types and anatomical structures in tissues. This proof-
of-concept study expanding the capabilities of nano-DESI MSI to imaging of N-linked glycans in
biological tissues.

Experimental and Methods
Chemicals and Solvent Preparation

Maltoheptaose was purchased from Cayman Chemical (Ann Arbor, MI). HexiHexNAc,
Omnisolv LC-MS grade water, acetonitrile (ACN), and methanol (MeOH) were purchased from
MilliporeSigma (Burlington, MA). Solutions containing 2 uM HexiHexNAc: were used for
optimizing solvent composition for the analysis of N-linked glycans using nano-DESI. We used
7:3 MeOH:H20 (v/v) containing 5 pM maltoheptaose as a working solvent for nano-DESI MSI
experiments.

Tissue Preparation

The prostate cancer and HCC tissues used in this study were purchased from the Hollings Cancer
Center Biorepository & Tissue Analysis Core. Use for the study was approved as exemption 4
status by the Medical University of South Carolina Institution Review Board. The FFPE human
tissue samples were prepared for nano-DESI MSI using established methods briefly described
below.*

Dewaxing/Delipidation

The FFPE human tissue sections were heated at 60°C for 1 hr to melt the paraffin residue around
the tissue sections. After heating the FFPE tissue sections were cooled to room temperature. The
tissue sections underwent a series of eight washes in Coplin jars to eliminate salts, metabolites,
and lipids. The washes were performed using histology-grade xylenes (x2, 3 min), 100% ethanol



(x2, 1 min), 95% ethanol (1 min), 70% ethanol (1min), and LC-MS grade water (x2, 3 min each).
The washed tissue sections were placed in a vacuum desiccator for 5-min.

Antigen Retrieval

A vegetable steamer (Rival, Kansas City, Missouri, USA) was filled with distilled water and heated
for antigen retrieval. The tissue sections were placed in the steamer for 30 min inside a five-slide
mailer with a side opening, which contained 10mL of 10 mM citraconic acid buffer (pH 3, Sigma-
Aldrich, St. Louis, MO, USA). Next, the slide mailer was removed from the steamer and immersed
in cool water for 5 min until tissue sections reached room temperature. Tissue sections were
cooled by removing half of the buffer, replacing it with LC-MS grade water, and incubating for 5
min. This process was repeated 2 times. Subsequently, the tissue sections were rinsed with LC-
MS grade water and placed in a vacuum desiccator for 5 min.

Enzymatic Digestion of N-Linked Glycans

PNGase F PRIME-LY (Bulldog Bio, Portsmouth, NH, USA) was uniformly applied to the tissues
using a TM-Sprayer (HT-X Technologies, Carrboro, NC, USA) at 25uL/min, 1200 mm/min
velocity, 3 mm spacing, and 15 passes in a crisscross pattern, nozzle heated to 45°C, and nitrogen
gas pressure was 10 psi. The tissue sections were then incubated at 37°C for 2 hrs in preheated
humidity chambers to enzymatically cleave N-linked glycans.

Mass Spectrometry

Electrospray ionization MS (ESI-MS) experiments were performed on a LTQ-XL linear
quadrupole ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) using solvent
compositions of 1:1 MeOH:H20, 8:2 MeOH:H20, 1:1 9:1 MeOH:H:0, and 6.5:3.5 ACN:H2O.
Additional ESI-MS experiments were performed on a Q-Exactive HF-X Orbitrap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA) using solvent compositions of 7:3
MeOH:H20 and 8:2 MeOH:H:0. In both ESI-MS experiments, the solvent was infused using a
syringe pump at 0.5 pL/min. ESI-MS was performed in positive ionization mode achieved by
applying a 5 kV potential to the syringe needle. The heated capillary inlet was at 300 °C. Mass
spectra were acquired with a mass resolution of (m/4m) 7,500 at m/z 200 on the LTQ-XL and with
a mass resolution of (m/4m) of 60,000 at m/z 200 on the Q-Exactive HF-X.

Nano-DESI analysis

Experiments were performed using a custom designed nano-DESI source on a Q-Exactive HF-X
Orbitrap mass spectrometer described in detail in our previous publications.*®* Briefly, the nano-
DESI probe is composed of two fused silica capillaries (OD 150 um x ID 50 um) that form a liquid
bridge on a sample surface. The primary capillary delivers the extraction solvent to the sample and
the nanospray capillary transfers the extracted analytes to a mass spectrometry inlet, where they
undergo electrospray-like ionization. A third fused silica capillary (200 um ID, 790 pm OD) pulled
to ~20 um OD using a P-2000 puller (Sutter instrument, Novato, CA) serves as a shear force probe.
The shear force probe controls the distance between the sample and nano-DESI probe.*®*° High-



resolution micromanipulators (5, XYZ500TIM, Quater Research and Development, Bend, OR)
are used to position all capillaries in front of the mass spectrometer inlet. Two Dino-Lite
microscope cameras assist in the placement of both the nano-DESI and shear force probes.

For nano-DESI MSI experiments, the working solvent is delivered at a rate of 0.5 pL/min by the
syringe pump. Data acquisition was performed in both positive and negative ionization modes.
Ionization was achieved by applying (%) 5.0 kV potential to the syringe needle for both ionization
modes. The heated capillary inlet was held at 300°C. Mass spectra were acquired with a mass
resolution of (m/4m) of 60,000 at m/z 200. Imaging data were acquired in lines at a scan rate of 40
um/s and a step between the lines of 150 uM. Data-dependent MS/MS spectra were acquired
directly from the tissue using higher-energy collision-induced (HCD) with a mass isolation
window of 0.5 m/z and HCD energy of 30 arbitrary units specific to the instrument.

For imaging of prostate cancer tissues, we used m/z ranges of 200-3,000 and 300-3,000 in positive
and negative ion mode, respectively. For imaging of HCC tissues, multiple selected ion monitoring
(SIM) scans were used to preconcentrate low-abundant ions within a narrow m/z window. The
instrument method was designed to acquire mass spectra from each m/z window in sequence while
the sample is scanned under the nano-DESI probe. As a result, each pixel of the image contains
information from multiple SIM windows. A data acquisition rate of 1 Hz was used for SIM, while7
Hz was used for full MS mode. Alternating between line scans of both full MS mode and SIM
methods were performed on the same tissue section to ensure accurate comparison between the
results obtained using these acquisition modes. Lines acquired with only full MS scans in positive
ion mode used an m/z range of 200-3,000. Lines acquired with SIM mode and full MS scans are
listed in Table 1. In both modes, the automatic gain control (AGC) was set to a target of 1x10°.
This value was selected to ensure an equal number of charges were analyzed in both full MS and
SIM modes for an accurate comparison. The maximum IT time was set to 500 ms, but typically
remained below 200 ms.

Table 1. List of scan windows used for imaging HCC tissues in positive ion mode.

Scan Type m/z window
Full ms 300-2500
SIM 820-870
SIM 900-950

SIM 1400-1450
Full ms 1500-1600
SIM 1650-1700
SIM 1730-1780
SIM 1800-1850
SIM 2095-2145

Data Analysis



Each line scan was acquired as an individual file (RAW file format) using Xcalibur software
(Thermo Electron, Bremen, Germany). Data processing was performed using a Python code
developed by our group (https://github.com/hanghul024/RAW-MSI-generator). lon images were
constructed by plotting ion abundances of targeted m/z features within the mass tolerance window
of £10 ppm in each mass spectrum (pixel) as a function of the location on the tissue normalized to
the total ion count (TIC). To accurately reconstruct ion images for data acquired using SIM scans,
the pixels in the scan direction were aligned based on the experiment time stamp (scan time) as
previously described by our group.®' Next, GlycoHunter was used to create an initial peak list from
the experimental nano-DESI MSI data. Singly and doubly charged ions were identified by
searching isotopic peaks separated by 1.0 (z=1) and 0.5 (z=2) m/z in the data with a =10 ppm m/z
tolerance and a minimum abundance threshold of 1000 ions/scan.’? Candidate assignments were
searched with GlycoMod>?, a theoretical glycan database, where each identification was made with
a corresponding match to GlyConnect®*, an experimentally curated glycomic database. The criteria
for identification using Glyconnect were as follows: a =10 ppm m/z tolerance, presence of
HexsHexNAc:, and exclusion of pentose, KDN, or HexA monosaccharides. Further identification
of putative structures was made with GlycoWorkbench and in silico fragmentation was used to
match with the experimental MS/MS data.*

Results and Discussion

In this study, we use nano-DESI MSI to spatially map the distributions of N-linked glycans in two
different biological tissue samples: FFPE human HCC and prostate tissue. The experimental
workflow includes standard sample preparation steps required for imaging of N-linked glycans.
For FFPE tissues sections, tissue washes in xylene, ethanol, and water are carried out to remove
paraffin residue, salts, metabolites, and lipids to expose proteins in the sample. Antigen retrieval
is performed to remove protein cross-linking thereby providing the enzyme access to the
glycosylation sites. Next, PNGase F is pneumatically sprayed over the tissue sections, followed by
digestion at 37°C in a humidity chamber. The enzymatically cleaved N-linked glycans are then
analyzed by nano-DESI MSI.

We optimized the solvent composition by measuring the signal of the [M+Na]"ion of an N-glycan
standard, HexiHexNAc2, produced by electrospray ionization of a 2 uM HexiHexNAc2 solution
in five different solvents: 1:1 MeOH:H-O, 7:3 MeOH:H-O, 8:2 MeOH:H-0, 9:1 MeOH:H20, and
6.5:3.5 ACN:H20. The 9:1 MeOH:H20 mixture is typically used in nano-DESI MSI of lipids and
metabolites. Meanwhile, the 6.5:3.5 ACN:H20 mixture was used in the first IR-MALDESI
analysis of N-linked glycans.?® Because N-linked glycans are hydrophilic molecules, they are
expected to be better extracted into a solvent containing a higher percentage of H20. Indeed, we
observed the highest signal of HexiHexNAc: in 7:3 MeOH:H20 and used this solvent composition
in nano-DESI MSI experiments.

We performed imaging of N-linked glycans by nano-DESI in both positive and negative ionization
modes. N-linked glycans were detected as both singly and doubly sodiated species in positive
mode and as deprotonated species and chloride adducts in negative mode. A total of 38 native N-



linked glycans including high-mannose, hybrid fucosylated, and sialylated species were observed
by nano-DESI MSI between both HCC and prostate tissue sections. A complete list of the observed
species is provided in Tables S1 and S2. Among the observed N-linked glycans, 37% were
fucosylated and 24% were sialylated species containing at least one sialic acid residue.

Nano-DESI MSI of Hepatocellular Carcinoma Tissue Sections

We selected HCC tissue as a model system that has been previously studied using MALDI MSI.>*
58 HCC is the most common form of liver cancer accounting for ~90% of all liver cancer cases and
ranking as the third leading cause of cancer-related deaths in 2020.%%° N-linked glycan
distribution has been identified as potential biomarkers of HCC, making this tissue an important
target for understanding glycosylation using MSI.>*® We used nano-DESI MSI to distinguish
regions of interest based on the localization of N-linked glycans in HCC tissue. An image of the
H&E-stained tissue shown in Fig. 1A displays distinct regions, including hepatocytes,
stroma/extracellular matrix, and tumors highlighted in Fig. 1B with green, red, and blue,
respectively. An averaged mass spectrum obtained from a line scan across the HCC tissue is shown
in Fig.1C. Doubly charged sodiated species, marked by pink dashed lines in Fig. 1C, constitute the
majority of N-linked glycans observed in the mass spectrum. Sialylated N-linked glycans, marked
by purple dashed lines in Fig. 1C, are observed as [M+3Na-H]*" ions due to neutral exchange of
an acidic proton on the sialic acid with a sodium ion. Several N-linked glycans are observed as
both singly and doubly charged sodiated species. Singly charged N-linked glycans above m/z 1,400
appear in low abundance in the full mass spectrum, which limits the sensitivity of nano-DESI MSI
performed in the broadband detection mode.

To increase the sensitivity of nano-DESI MSI experiments, we used SIM mode. This method
utilizes several narrow m/z windows to increase the signals of low-abundance species.®!
Consequently, each pixel of the image contains information from multiple SIM windows. In this
study, we used SIM windows listed in Table 1 that include a majority of the observed N-linked
glycans. Fig. 2 provides a comparison of the signal observed for HexsHexNAc4 at m/z 1663.5837
in full MS (Fig. 2A) and SIM mode (Fig. 2B). An optical image of the tissue section is shown in
Fig. 2C and the corresponding ion images obtained in full MS and SIM modes are shown in Figs.
2D and 2E, respectively.
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Figure 1. (A) Optical image of the H&E stained FFPE hepatocellular carcinoma tissue section and (B)
optical image with regions of interest identified to be hepatocytes (green), stroma and extracellular matrix
(red), and HCC (blue). (C) N-linked glycan profile obtained from a line scan across the HCC tissue section.
The internal standard is seen as the major peaks at m/z 1175.3696 as [M+Na]", m/z 1013.3193 as [M-
Hex+Na]", and m/z 599.1794 as [M+2Na]*" in the spectra.

Averaged mass spectra acquired in full MS and SIM modes are shown in Figs. 2A and 2B,
respectively. In full MS mode, the signal of the [M+Na]" ion of HexsHexNAc4 at m/z 1663.5837
of 1.1 x10? is close to the noise level. In SIM mode, the signal increases to 1.8x10° as shown in
Fig. 2B. Ton images obtained in both full MS (Fig. 2D) and SIM mode (Fig. 2E) demonstrate the
effect of the 16-fold increase in ion signal on the quality of nano-DESI MSI data. In particular,
the distribution of HexsHexNAcs4 cannot be determined using full MS acquisition mode. In
contrast, SIM mode reveals the localization of HexsHexNAc4 to the tumor regions in the HCC
tissue. Additionally, as depicted in Fig. S1, we observe an increase in signal-to-noise for doubly
sodiated species in SIM mode compared to full MS mode, indicating the improved ion image
quality obtained in SIM mode. We conclude that SIM mode enhances the sensitivity and quality
of nano-DESI MSI data, enabling the localization of N-linked glycans in the HCC tissue.
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Figure 2. Mass spectra averaged over adjacent line scans acquired in (A) full MS and (B) SIM modes to
indicate ion signal of HexsHexNAc4 (m/z 1663.5837; [M+Na]") marked by a yellow asterisk. (C) Optical
image of the HCC tissue section and the corresponding ion images of HexsHexNAc4 acquired in (D) full
and (E) SIM MS modes. Scale bar is 5 mm. The ion images are normalized to TIC and the corresponding
normalized ion abundance scale is shown at the 99.9 percentile.

To examine whether nano-DESI MSI is compatible with histopathological imaging, we performed
imaging of N-linked glycans in H&E-stained tissue sections. In these experiments, we compared
the distribution of N-linked glycans in two similar HCC tissue sections: one prepared with only
the application of PNGase F and a consecutive one subjected to H&E staining followed by PNGase
F application shown in Fig. 3A and 3B, respectively. Optical images of the two sections and the
corresponding TIC-normalized ion images of N-linked glycans are shown in Fig. 3. There is a
good correspondence between both the abundance and localization of the N-linked glycans in the
two HCC tissue sections. This result demonstrates that the current multiplexed imaging protocol
for MALDI MSI analysis is also compatible with nano-DESI MSI experiments.®> Comparable
localizations of N-linked glycans are observed in the regions of interest in the HCC tissue including
hepatocytes, stroma and extracellular matrix, and HCC. These regions were described earlier and
are highlighted in Fig. 1B. For example, HexsHexNAca at m/z 843.2872 observed as a [M+2Na]**
ion is present in the tumor regions with increased ion signal observed in tumor 1. Another doubly
sodiated species, HexsdHexiHexNAc4 at m/z 916.3163 is localized to both the tumor and stroma
regions of the HCC tissue. Meanwhile the singly sodiated species, HexsHexNAcz at m/z 933.3197
is present in both the tumor and hepatocyte regions and HexsHexNAc: at m/z 1743.5909 is mainly
present in the hepatocyte region. These observations are consistent with a previous study, in which



10

MALDI MSI was used to examine the distributions of N-linked glycans in HCC tissue.%® In that
study, high mannose glycans such as HexsHexNAc2 were found to be elevated in the tumor tissue
while fucosylated complex biantennary glycans such as HexsdHexiHexNAcs were elevated in the
stroma and extracellular matrix region. The multiplexed imaging of tissues using nano-DESI
MSI and H&E staining is important for placing the molecular information obtained from nano-
DESI MSI experiments into the context of tissue histopathology.
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Figure 3. Optical images of HCC tissue sections with the (A) application of PNGase F only and (B) H&E
followed by PNGase F application in positive ion mode. TIC-normalized nano-DESI images of
HexsHexNAcs (m/z 843.2872; [M+2Na]*"), HexsdHex;HexNAcs (m/z 916.3163; [M+2Na]*"),
Hex;HexNAc, (m/z 933.3197; [M+Na]"), HexsHexNAc, (m/z 1743.5909; [M+Na]"). Scale bar is 5 mm.
The normalized ion abundance scale is shown at the 99.9 percentile.

Prostate Tissue Imaging

We have also conducted imaging of N-linked glycans in FFPE human prostate tissue sections using
nano-DESI in both positive and negative ionization modes. Fig. 4 shows the corresponding optical
and ion images of N-linked glycans acquired in positive and negative modes. Optical images of an
H&E stained prostate tissue section and two adjacent prostate tissue sections used for imaging in
positive and negative mode are shown in Figs. 4A-C, respectively. lon images of the N-linked
glycans observed in positive mode are shown in Fig. 4D. The most abundant N-linked glycans in
positive mode include [M+2Na]*" ions of HexsHexNAcas at m/z 843.2878 and HexsdHex1HexNAc4
at m/z 916.3165, and an [M+3Na-H]*" ion of a sialylated glycan, HexsdHexiHexNAcsNeuAc; at
m/z 1072.8572 and are localized to the stroma regions. The high mannose N-linked glycan,
HexsHexNAc: at m/z 721.2344 observed as a [M+2Na]*" species is localized to the lumen region.
These observations are consistent with previous studies mapping N-linked glycan distributions
with MALDI MSI, in which core-fucosylated N-linked glycans such as HexsHexNAcsNeuAc: and
HexsdHexiHexNAcsNeuAc: are observed in the stroma region and high-mannose N-linked
glycans such as HexsHexNAc2 and Hex7HexNAcs are observed in the lumen regions.5*%
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Figure 4. Optical images of (A) H&E-stained prostate cancer tissue with the tumor region outlined in
black, (B) FFPE prostate cancer tissue for positive ion mode, and (C) FFPE prostate tissue for negative ion
mode used in nano-DESI MSI. (D) Ion images of HexsHexNAc, (m/z 721.2344; [M+2Na]*),
HexsHexNAcs (m/z  843.2878; [M+2Na]*"), HexsdHex;HexNAcs (m/z 916.3165; [M+2Na]*"),
HexsHexNAcsNeuAc; (m/z 999.8272; [M+3Na-H]*"), HexsdHex;HexNAcsNeuAc, (m/z 1072.8572;
[M+3Na-H]*"), and HexsdHex;HexNAcs (m/z 1098.8846; [M+2Na]*") obtained in positive ion mode. (E)
Ion images of HexsdHex;HexNAcisNeuAcl (m/z 1037.8704; [M-2H]*), HexsHexNAcsNeuAc, (m/z
1110.3864; [M-2H]*), HexsdHex;HexNAcsNeuAc, (m/z 1183.4153; [M-2H]*) obtained in negative ion
mode. Scale bar is 5 mm. All ion images are normalized to TIC and the corresponding normalized ion
abundance scale is shown at the 99.9 percentile for positive ion mode and 99.3 percentile for negative ion
mode.

Ion images obtained in negative mode (Fig.4E) highlight the localization of sialylated N-linked
glycans. Sialylated N-linked glycans were readily observed in negative ion mode as intact species.
Furthermore, five N-glycans observed exclusively in negative ion mode include,
HexsdHex1HexNAcsNeuAci, HexsdHexiHexNAcs, HexsdHexiHexNAc4NeuAc, and
HexesHexNAcsNeuAcs. Their efficient ionization in nano-DESI is attributed to the presence of a
negative charge on the carboxylic residue of the sialic acid on the N-linked glycans. This indicates
that nano-DESI is a ‘soft’ ionization technique that preserves labile sialic acid species without
requiring chemical derivatization. Sialylated N-linked glycans have been previously detected
directly from tissues using IR-MALDESI experiments in negative ionization mode.?® Similar to
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MALDI-MSI, we also observe a minor amount of in-source fragmentation. We evaluate the neutral
loss of a hexose for the singly and doubly sodiated species of the standard, maltoheptaose,
observed in the mass spectra shown in Fig. S2. We estimate the extent of in-source fragmentation
to be ~10% for [M+Na]" ions and <5% for [M+2Na]*" ions. Based on the results of nano-DESI
MSI, this minor in-source fragmentation does not have a measurable effect. Overall, the nano-
DESI MSI experiments revealed that sialylated N-linked glycans constituted 66% of native N-
linked glycans observed in negative ion mode as compared to only 17% in positive mode. We
observed 34 N-linked glycans in HCC and 38 species in prostate tissue samples using nano-DESI
MSI. This result is comparable to MALDI MSI study by Powers et al., in which 33 species were
detected in HCC tissue.®> A more recent MALDI MSI by DelaCourt et al. reported the detection
of 51 N-linked glycans in HCC tissue.’® Meanwhile, a significantly larger number of N-linked
glycans have been observed in prostate tissue using IR-MALDESI (53 species) and MALDI MSI
(73 species).?®%* Although the results obtained using nano-DESI MSI are fairly close to what has
been reported using more established MSI modalities for imaging of N-linked glycans, further
optimization of tissue preparation and solvent composition is required to improve the performance
of this technique for glycan imaging. Nevertheless, this first proof-of-concept study demonstrates
that nano-DESI MSI is well-suited for studying the localization of N-glycans in tissues, which
expands the range of applications of this imaging technique.

Sequence Elucidation by on-tissue MS/MS of N-linked Glycans

Tandem mass spectrometry (MS/MS) was performed to elucidate the structures of the observed
N-linked glycans. Fragment ions were assigned according to the Domon and Costello
nomenclature.®® Briefly, glycosidic fragments containing the reducing end of a N-linked glycan
are designated as X, Y, and Z. Glycosidic fragments containing the non-reducing end of N-linked
glycans are designated as A, B, and C. The MS/MS of HexsdHexiHexNAc4 of the singly and
doubly sodiated adducts are shown in Fig. 5. The MS/MS spectrum of different adducts provide
complementary information about the glycan sequence.
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Figure 5. Fragmentation spectra of HexsdHex;HexNAc, of adducts in the form of (B) [M+2Na]*" at m/z
916.3165 (pink asterisk) and (C) [M+Na]" at m/z 1809.6456 (blue asterisk). Singly charged cleavages are
denoted with blue dashed line. Doubly charged cleavages are denoted with a pink dashed line. Cross-ring
cleavages, A and X, include superscript numbers indicating the cleaved linkages in the sugar ring. The
subscript number indicates the location of the cleavage. Labels with two cleavage sites are linked with a
slash to indicate internal fragment ions generated from cleavage at both locations.

Loss of a sodium ion is one of the major dissociation pathways observed for the [M+2Na]**

precursor (Fig. 5A), which is consistent with previous studies focused on CID of doubly sodiated
glycans.®” Meanwhile, the MS/MS spectrum of [M+Na]" (Fig. 5B) is dominated by glycosidic
cleavages resulting in formation of abundant B and Y ions. Glycosidic bond cleavages make up
~70% of the observed fragment ions of [M+2Na]** and ~ 60% of the observed fragment ions of
[M+Na]". MS/MS spectra of both adducts contain the Yo fragment, which corresponds to the loss
of the core fucose. The presence of a core fucose is confirmed by fragments containing the non-
reducing end of the N-linked glycan such as B4 and Bsions that do not include fucose. Several
internal fragments produced by a combination of two bond cleavages are observed in both MS/MS
spectra in comparable abundance. Other fragment ions including Z1, B2, B4, and Y4, appear in both
spectra, but in differing abundance. However, Y1 and Y2 fragments corresponding to glycosidic
cleavages appear only in the MS/MS spectrum of [M+2Na]*". Meanwhile, C4, Cs, and Y5
fragments appear only in the MS/MS spectrum of [M+Na]*. Collectively, HCD of both adducts
contain fragment ions corresponding to glycosidic cleavages at each sugar-sugar bond. The
differences in the observed fragmentation of the [M+2Na]*" and [M+Na]* precursors provide
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additional structural information necessary for identifying the sugar sequence of
HexsdHexiHexNAcs. Of the N-linked glycans assignments observed in positive mode in this
study, nine were confirmed by examining glycosidic cleavages observed in the MS/MS data shown
in Fig. S3.

Conclusion

We have developed a method to spatially map N-linked glycans in biological tissues using nano-
DESI MSI. The approach is compatible with H&E staining, which is advantageous for multiplexed
imaging of tissue sections. Nano-DESI is well-suited for analyzing N-linked glycans in
heterogenous tissues in both positive and negative ionization modes, as demonstrated by observing
38 N-linked glycans in this study. The formation of multiple adducts favored in nano-DESI MSI
enhances the structural information obtained using on-tissue MS/MS of N-linked glycans. The
collective fragmentation patterns observed in the MS/MS spectra enable elucidation of the glycan
sequence. This proof-of-concept study provides a foundation for future multiplexed imaging of N-
linked glycans and peptides. Further research is required to optimize the extraction solvent and
instrumentation to improve the detection of native N-linked glycans by nano-DESI. Our results
showcase the potential of nano-DESI MSI to spatially characterize N-linked glycans in biological
tissues.

Supporting Information:

Lists of N-Linked glycans detected in positive and negative ion mode (Tables S1 and S2);
comparison of full MS and SIM modes for doubly sodiated species on HCC tissues (Figures S1);
mass spectrum and ion images evaluating the in-source fragmentation of maltoheptaose (Figures
S2); MS/MS spectra of N-linked glycans (Figures S3). (PDF)
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